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Abstract

To reliably predict contaminant migration through the geo-
sphere and the biosphere a fundamental process understand-
ing is prerequisite. To name a few of these processes: sorp-
tion/desorption, precipitation/dissolution, redox equilibrium/
disequilibrium, entrapment in mineral lattices by co-precipita-
tion and matrix diffusion, colloidal transport, porewater diffu-
sion, advective flow... Studying natural systems in which sev-
eral, if not all, of these processes occur at the same time is
very challenging. This is the reason why experimentalists tend
to study simplified systems, where the contribution of individ-
ual parameters can be identified and quantified separately, un-
til the complex interrelation of these processes is understood.
Frequently, geochemical and reactive transport models are used
to identify the contribution of each individual process involved
and design experimental programs to verify the equations imple-
mented. These models can later be used to predict contaminants
migration in natural systems.

The work in hand focuses on the change of transport param-
eters during precipitation of simple salts (sulfates, carbonates)
in porous media under diffusive conditions via monitoring of
non-reactive (conservative) tracers. The main goal was to ver-
ify the general applicability of the relationship between porosity
(ε) and effective diffusivity (De), and determine if the empirical
Archie’s law in its simplest form - De/Dw = εm, with Dw as free
water diffusivity and m as fitting factor - is universally appli-
cable in reactive systems. Sand was used as a simple but well-
defined porous material, and non-swelling clay illite as a com-
plex porous media possessing permanent negative charge. The
initial transport parameters (De, ε, m, geometric factor) were
quantified by several complementary experimental approaches:
conservative tracer through diffusion (tritiated water), Mercury



Intrusion Porosimetry (MIP) and micro-Computed Tomography
(µCT) coupled to a pore-morphology model. The methods used
to estimate the transport parameters were in good agreement
(e.g. porosity of 0.42 ± 0.09 with HTO tracing, 0.42 ± 0.02
with MIP and 0.40 ± 0.08 with µCT). One- and two-dimensions
(1D/2D) continuum reactive transport models were developed
with CrunchFlow and successfully calibrated on the through
diffusion experimental data.

Then, a counter-diffusion method was used to precipitate ce-
lestite (SrSO4) or calcite (CaCO3) in the porous media. The
evolution in diffusivity of the systems was followed by conserva-
tive radio-tracers: HTO and 36Cl and in addition with 85Sr in a
lesser proportion.

The HTO flux during porosity clogging showed a reproducible
behavior for both celestite and calcite precipitation: the flux first
increased in proportions indicating no effects of porosity reduc-
tion, then decreased quickly when the first signs of precipitation
were observed, and stabilized at a non-zero value. The steady
state reached after the drop indicated that the pore space re-
mained open, as part of the tracer was still diffusing through
the precipitation front. The fronts were thin (< 1 mm) white
disks visible to the naked eye.

The porosity evolution was followed by imaging methods:
µCT for the sand and autoradiography for the clay. A detailed
µCT analysis of one diffusion cell confirmed that the pore space
was still open and connected. The porosity in the front was
reduced to a value of about 0.30, three quarters of the initial
porosity. A pore morphology model applied to the 3D volume
showed that this small porosity reduction had an impact on the
tracer migration greater than anticipated. The most likely ex-
planation was a drastically increased complexity of the diffusion
path. In addition, the reacted medium and celestite precipitates
were analyzed post-mortem (SEM-EDX and selective dissolu-
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tion). The SEM-EDX images showed crystals in a wide range
of sizes and morphologies arranged in different possible micro-
porous aggregates. The aggregates filled the pore spaces and
cemented the sand grains together.

The calibrated 1D continuum models were used on the ex-
perimental data in an attempt to reproduce the precipitation
induced transport changes and develop a predictive model. The
1D continuum reactive transport models did not satisfactorily
fit the experimental data. The reason could be an oversimplified
De-ε relationship (Archie’s law) using just one cementation fac-
tor and a more developed model based on an extended Archies
law should be tested.

The clay material, a Na-exchanged and purified illite (illite-
du-Puy), was well described in the literature. The initial trans-
port parameters of the compacted illite (1700 kg ·m3 dry den-
sity) have been determined to be ε ≈ 0.40-0.60, HTO-De ≈
1.8-2.0×10−10 m2 · s−1, 36Cl-De ≈ 0.7-1.1×10−10 m2 · s−1. Ce-
lestite was precipitated in the pore space of two samples. The
HTO flux (≈ 6.7×10−9 m · s−1) was about 2 times lower than
for an undisturbed sample (≈ 1.3×10−8 m · s−1) used as a refer-
ence. It was constant for the duration of the experiments (360
days). The 36Cl flux was much different than the reference flux:
the through diffusion was delayed by 18 days, stayed at a very
low value for 57 days, and decreased below detection limits for
the rest of the experiment. These results were interpreted as a
full clogging of the anions accessible porosity, while the smaller
pores - negatively charged and therefore inaccessible to anions
- remained fully open and available for the neutral species and
cations diffusion. The porosity in the precipitation front (≈
0.29) of the sample analyzed by autoradiography was reduced
by half of its initial value (≈ 0.53). This should correspond to
the portion of the porosity accessible to anions.

As for the sand systems, the 1D and 2D continuum reactive



transport models could not reproduce the experimental data.
Therefore, continuing work should include:

1. a realistic pore space geometry implementation in a 2D or
3D pore scale model,

2. the consideration of more complex kinetics (e.g. nucleation
and surface growth, inhibition processes and critical satu-
ration indexes) as well as

3. the implementation of different pore water types and the
permanent clay surface charges inducing ion specific acces-
sible porosity in the compacted clay system.



Zusammenfassung

Zuverlässige Aussagen zum Schadstofftransport und der Mo-
bilität von Gefahrstoffen durch die Geosphäre und Biosphäre
erfordern ein grundlegendes Verständnis der kontrollierenden
Prozesse; um nur einige hier zu nennen: Sorption/Desorption,
Mineralfällungs und Auflösungsvorgänge, Redoxprozesse inklu-
sive deren Kinetiken, Matrix-Diffusion, kolloidalen Transport,
Porenwasserdiffusion, advektiven Fluss...

Das Studium des Schadstofftransports in natürlichen Syste-
men zur Erlangung eines fundamentalen Prozessverständnisses
ist oftmals dadurch erschwert, dass mehrere der oben genannten
Prozesse parallel ablaufen und eine klare Differenzierung sehr
anspruchsvoll wenn nicht sogar unmöglich ist. Dies ist einer der
Hauptgründe, warum oftmals in einem sogenannten “Bottom-
up” Ansatz Experimentatoren in vereinfachten Systemen den
Beitrag einzelnen Prozesse/Parameter identifizieren und separat
quantifizieren. Häufig werden geochemische und reaktive Trans-
portmodelle verwendet, um über Parametervariation den Bei-
trag jedes einzelnen beteiligten Prozesses zu identifizieren und
somit auch experimentelle Versuchsprogramme zu gestalten, um
die implementierten oftmals auch auf empirischen Zusammen-
hängen basierenden Gleichungen zu überprüfen. Solche validier-
ten reaktiven Transportmodelle ermöglichen dann die zuverlässi-
ge langfristige Prognose der Schadstoffmobilität in der Umwelt.

Die hier vorgestellte Arbeit fokussiert auf die Veränderung
der Transportparameter während der Ausfällung einfacher Salze
(Sulfate, Carbonate) in porösen Medien unter diffusionskontrol-
lierten Bedingungen. Das Hauptziel der Arbeit ist es, die allge-
meine Anwendbarkeit der Beziehung zwischen Porosität (ε) und
effektivem Diffusionskoeffizient (De) unter diesen transienten
Bedingungen zu quantifizieren und festzustellen, ob die empiri-
schen Archie-Gleichung in ihrer einfachsten Form -De/Dw = εm,
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mit Dw als ionenspezifischer Diffusionskoeffizient im freies Was-
ser und m als Anpassungsfaktor - universell in reaktiven Trans-
portsystemen anwendbar ist.

Sand wurde als einfaches, aber gut definiertes poröses Ma-
terial und ein nicht-quellfähiges Tonmineral (Illit) als ein kom-
plexes poröses Medium mit permanenter negativer Schichtla-
dung verwendet. Die initialen Transportparameter (De, ε, m,
geometrische Faktor) wurden mittels komplementärer experi-
menteller Ansätze quantifiziert: Diffusion konservativer Tracer
(tritiiertes Wasser; HTO), Quecksilber-Porosimetrie (MIP) so-
wie Mikro-Computertomographie (µCT) und Einbindung in ein
Poren-Morphologie-Modell (GeoDict). Die eingesetzten Metho-
den zur Abschätzung der initialen Transportparameter des ge-
wählten porsen Mediums (Sand) zeigten ein sehr gute Überein-
stimmung (z.B. Porosität von 0,42 ± 0,09 mittels HTO, 0,42
± 0,02 mit MIP und 0,40 ± 0,08 mit µCT). Ein- und zwei-
dimensionale (1D/2D) Kontinuum Modelle zum reaktiven Trans-
port wurden mit CrunchFlow entwickelt und erfolgreich auf
Basis der konservativen Tracerdaten kalibriert.

In einem nächsten Schritt sind Gegendiffusionsexperimen-
te zur Ausfällung von Coelestin (SrSO4) oder Calcit (CaCO3)
in diesem porösen Medium durchgeführt worden. Die Entwick-
lung der Diffusivität des Systems wurde durch die konservati-
ve Radio-Tracer HTO bzw. 36Cl verfolgt und zusätzlich in eini-
gen Versuchen 85Sr eingesetzt. Der HTO Diffusionsfluss während
der Porenraumverstopfung (Clogging) zeigte ein reproduzierba-
res Verhalten sowohl für induzierte Coelestin- als auch Calcit-
Fällung: (1) Die Durchflussmenge erhöht sich ver-gleichbar zu
dem nicht reaktiven System und weißt keine Effekte einer Po-
renraumreduktion auf und (2) fällt beim ersten Anzeichen ei-
ner Präzipitation schnell ab und stabilisiert sich auf einem über
Null liegenden Wert. Der erreichte stationäre Zustand nach dem
Abfall des Durchflusses deutet darauf hin, dass der Porenraum
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offen bleibt und der konservative Tracer trotz gebildeter Präzi-
pitationsfront weiterhin diffundieren kann. Die Präzipitations-
front ist dünn (< 1 mm) und als solche mit dem bloßen Au-
ge im experimentellen Plexiglas- Aufbau erkennbar. Die Poro-
sitätsentwicklung wurde durch bildgebende Verfahren verfolgt:
µCT für den Sand und Autoradiographie für den kompaktierten
Illit. Die detaillierte µCT Analyse einer Diffusionszelle bestätigt,
dass der Porenraum unter der µCT Auflösung (5,89 µm) noch
offen und zu 100% verknüpft ist (keine Dead-End Poren). Die
Porosität in dieser Präzipitati-onsfront reduziert sich auf et-
wa 0.30, und somit drei Viertel der ursprünglichen Porosität.
Ein auf das 3D Volumen angewandtes Poren Morphologie Mo-
del zeigte eindeutig, dass diese geringe Porositätsreduktion eine
größere Auswirkung auf den Tracertransport als erwartet hat.
Die hierfür plausible Erklärung ist eine signifikant erhöhte Kom-
plexität des Diffusionspfads (Tortuosität). Zusätzlich wurde das
reagierte Medium und die Coelestin Präzipitate post-mortem
mittels REM-EDX und selektivem Säureaufschluss analysiert.
Die REM-EDX-Bilder zeigten Kristalle in einer Vielzahl von
Größen und Morphologien in verschiedenen möglicherweise auch
mikroporösen Aggregaten angeordnet.

Die kalibrierten 1D Kontinuum Modelle der initialen Trans-
porteigenschaften des Sand wurden in einem nächsten Schritt
auf die experimentellen Daten angewandt, um die Mineralaus-
fällungs- induzierten Transportparameteränderungen zu repro-
duzieren und ein Prognosemodell zu entwickeln. Die 1D Kon-
tinuum reaktive Transportmodelle konnten nicht zufriedenstel-
lend die experimentellen Daten anpassen. Der Grund hierfür ist
die zu grob vereinfachte De-ε Beziehung (Archie-Gleichung) mit
der Verwendung von nur einer Zementierung-Faktor m und wei-
terführende Arbeiten müssen auf eine Modellentwicklung fokus-
sieren, in der eine erweiterten Archie-Gleichung getestet wird.

Bezüglich des Transport im kompaktierten Ton wurde als



Tonmineral, ein Na-ausgetauschter und aufgereinigter Illit (Illite-
du-Puy) verwendet, der bereits in der Literatur sehr gut be-
schrieben ist. Die initialen Transportparameter des verdichte-
ten Illit (1700 kg·m−3 Trocken-dichte) wurden mit ε ≈ 0,43-
0,60, HTO-De ≈ 1,8-2,0 ×10−10 m2 · s−1, 36Cl-De ≈ 0,7-1,1
×10−10 m2 · s−1 bestimmt. Coelestin wurde im Porenraum von
zwei kompaktierten Illit-Proben gefällt. Der HTO-Fluss im Falle
der Präzipitation war mit≈ 6.7×10−9 m·s−1 ungefhr um die Hlf-
te im Vergleich zur ungestrten Referenzprobe ≈ 1.3×10−8 m·s−1
reduziert und blieb im weiteren Verlauf des Experiments über
360 Tage konstant. Das Verhalten im Anionen-Transport (36Cl)
war jedoch deutlich unterschiedlich zum Referenzsystem: das
36Cl Signal konnte in den Durchdiffusionsexperimenten erst mit
18 Tagen Verzögerung gemessen werden und blieb auf einem
sehr niedrigen Fluss für weitere 57 Tage bevor es auf einen Wert
unterhalb der Nachweisgrenze für den Rest der experimentellen
Laufzeit abfiel. Diese Ergebnisse können als eine volle Verstop-
fung (Clogging) der Anionen verfügbaren Porosität interpretiert
werden, währendem die kleineren Poren - negativ geladen und
daher unzugnglich fr Anionen - völlig offen sind und weiterhin
für die Diffusion neutraler Spezies und Kationen zur Verfügung
stehen. Die in der Fällungsfront durch Autoradiographie an der
Probe bestimmte Porosität von ≈ 0,29 entspricht etwa der Hälf-
te der ursprünglichen Porosität von ≈ 0,53 und stimmt gut mit
dem Anteil an Anionen-zugänglichen Porosität in Referenzexpe-
rimenten überein.

Wie für die Sandsysteme konnten die 1D- und 2D-Kontinuum
reaktiven Transportmodelle auch hier nicht die experimentellen
Daten reproduzieren. Daher sollten zukünftige Arbeiten folgen-
de Punkte näher untersuchen;

1. Realistische Porenraumgeometrie-Implementierung in 2D-
/3D-Porenskalenmodellen,
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2. die Berücksichtigung auch komplexerer Kinetiken (z.B. Keim-
bildung und Oberflächen-wachstum, Inhibierungsprozesse
und kritische Sättigung Indizes) sowie

3. die Umsetzung der verschiedenen Porenwasserarten und die
Permanentladung der Tonmineraloberflächen induzierten io-
nenspezifische zugängliche Porosität im kompaktierten Ton.
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Introduction

The diffusion of conservative radio-tracers (HTO, 36Cl and 85Sr)
through simplified porous media (compacted sea sand and pu-
rified illite) was followed during porosity reduction by precip-
itating simple salts (SrSO4 and CaCO3). The main goal was
to describe the relationship between porosity (ε) and effective
diffusivity (De), and determine if Archie’s law was applicable to
reactive and heterogeneous systems.

General context

The migration of contaminants through the geosphere towards
the biosphere and drinking water reservoirs is an important sub-
ject of study in many fields. Contaminants can be dissolved
green-house gases in the case of CO2 storage (Wasch et al.,
2013), heavy metals and acidic fluids in the case of acid mine
drainage remediation (Ayora et al., 2013), radio-nuclides in the
case of hydrothermal systems (Guarracino et al., 2014; Steefel
and Lasaga, 1994) and high level nuclear wastes repositories (Liu
et al., 2014; Xie et al., 2011), or a combination of many in the
case of permeable reactive barriers efficiency (Indraratna et al.,
2014).

The dissolved contaminants migrate in the geosphere via two
main mechanisms: fluid flow in pores and fractures and/or molec-
ular diffusion in the pore network of low hydraulic conductiv-
ity rocks. The impact of geochemical reactions on these con-
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taminants transport must be assessed in order to predict the
evolution of contamination fronts with time. The main geo-
chemical reactions influencing the transport of dissolved species
are: (1) sorption/desorption processes, (2) uptake in minerals
by lattice diffusion and co-precipitation and (3) precipitation-
recrystallization/dissolution. These processes are highly depen-
dent on the fluids geochemical conditions (redox, pH, ionic stren-
gth, composition, temperature). The first two processes influ-
ence directly dissolved species transport, while the last one in-
fluences the migration indirectly by changing the pore space
geometry (e.g. porosity, tortuosity).

Motivation and description of the work

Archie’s law and similar relationships were mainly derived from
non-continuous measurements in homogeneous and simple porous
media (e.g., compacted sands and/or beads, sandstones, lime-
stones). The powders grain sizes and compaction states were
varied to vary porosity. In the case of gaseous diffusion, the
materials were partly saturated with water to vary accessible
porosity. Even for such simple systems, strong derivations from
Archie’s law were observed at low porosity (< 0.20, Ioanni-
dis et al. (1997)). Very few experiments were performed on
geochemically disturbed media, where the porosity was var-
ied by partial dissolution of the mineral phases (Molins et al.,
2014; Navarre-Sitchler et al., 2009). No published experimental
works described continuous diffusion experiments during poros-
ity changes (precipitation or dissolution).

To better understand the diffusivity response of a porous ma-
terial to geochemical perturbations - and considering the previ-
ous observations - it appears necessary to perform continuous
diffusivity measurements on various porous media during poros-
ity variations. In a first time, a very simple system was studied:
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purified sea sand compacted in laboratory. Its mineralogical
composition and petro-physical properties were characterized.
The two main methods used to quantify the initial transport
parameters and follow the evolution of porosity and diffusiv-
ity during porosity clogging were: (1) conservative radio-tracer
through diffusion and (2) micro-Computed Tomography (µCT)
coupled to pore-morphology modeling:

1. The through diffusion method uses double reservoir diffu-
sion in transient conditions experiments (Boving and Grath-
wohl, 2001; VanBavel, 1952; VanLoon et al., 2003a) to di-
rectly estimate the effective diffusivity and porosity from
the experimental data. Combined to the counter-ion diffu-
sion method, the precipitation of salts in the pore space of
the material can be controlled (Prieto et al., 1997, 2002).

2. µCT coupled to pore morphology modeling is a power-
ful and non-destructive analysis tool that gained increas-
ing interest in the past two decades in domains like CO2

sequestration (Molins et al., 2014; Sell et al., 2013) and
soil sciences (Khan et al., 2012). It is used to characterize
and predict the evolution of porous materials under vari-
ous petro-physical, geochemical and hydro(geo)logical con-
ditions (Andra et al., 2013a,b; Hilpert and Miller, 2001;
Saenger et al., 2011). This method was used to quantify
the materials initial transport parameters and the amount
of precipitate that formed during clogging experiments. A
pore morphology model was used to estimate the effects of
the precipitation front on the materials transport proper-
ties.

In addition, the precipitates were analyzed with SEM-EDX,
to characterize their nature, shapes and sizes. Then, they were
dissolved, to quantify the amount of precipitation. One and two
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dimensions (1D and 2D) reactive transport models were build
with CrunchFlow. They were calibrated on the experimental
data obtained from the simple through diffusion of HTO prior
to porosity clogging. Precipitation of celestite or calcite was
introduced in the models, and the code applied Archie’s law
to calculate the response of porosity. The results of the models
could be compared with the experimental data on several points
- e.g., the HTO flux, the mass of precipitate, the position of the
precipitation front and the minimum porosity reached in the
precipitation front.

A slightly more complex system was studied in addition to the
compacted sand: a compacted purified and Na-exchanged non
swelling clay (illite from le Puy en Velay, called illite-du-Puy).
The main difference with the sand was the dual porosity, char-
acteristic of clays, where the anions are excluded from a part of
the pore water due to high surface charges. To keep the system
simple, a typical non-swelling clay was used, excluding the inter-
layer diffusion processes. The illite used was very well described
in the literature. Its composition and physico-chemical proper-
ties were well known (Fialips and Robinet, 2011), as well as its
initial transport parameters (Glaus et al., 2010, 2012). It was
used in experiments very similar to the published works of Glaus
et al. (2010). For this system, the standard double-reservoir and
counter-diffusion methods were used. Celestite was precipitated
in the pore space of two samples. One of these samples was
impregnated with 14C-MMA resin, cut in different places and
exposed to an autoradiographic film. The porosity of the ex-
posed surfaces was estimated following the method of Hellmuth
and Siitari-Kauppi (1990) and Sammartino et al. (2002).
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State of knowledge

The present work focused on the description of porosity clog-
ging effects on molecular diffusion of radiotracers in pore water.
The molecular diffusion is a well known phenomenon, however
it is not fully understood when taking place in natural porous
media, and especially in clays and clay-rocks. In such sys-
tems, the porosity is complex and may vary as a function of
the (geo)chemical conditions.

Molecular diffusion in pore water

Diffusive solute transport, or volume diffusion, is the random
motion of ions and dissolved species in a liquid, or of gaseous
species in a gas. It occurs in response to temperature, pres-
sure or concentration gradients. In porous media, two types of
pore volume diffusion can be differentiated: (1) molecular dif-
fusion and (2) Knudsen diffusion (Park et al., 1996). When the
ratio of the pore radius to the mean free path of the diffusing
species is big (≥ 10), molecular diffusion dominates the trans-
port. Knudsen diffusion dominates when the ratio is small (≤
0.1). The diffusive flux, F, through the unit cross-sectional area
of a porous medium under steady state conditions can be de-
scribed by Fick’s first law (Boving and Grathwohl, 2001; Crank,
1975; Garrels et al., 1949):

F = −De ·
dC

dx
(1)

where C is the concentration of the diffusing element, x is the
space coordinate measured normal to the section, dC/dx repre-
sents the concentration gradient and De is the effective diffusion
coefficient of the diffusing element. When the boundary con-
ditions are constant (transient conditions), the diffusive flux is
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described by Fick’s second law:

ε · ∂C
∂t

= De ·
∂2C

∂x2
− ρ · ∂Cs

∂t
(2)

where ε is the porosity, ρ is the bulk dry density of the
medium, Cs is the sorbed concentration of the diffusing species
in the medium and ∂Cs/∂t is called the sink term and is due
to the sorption of the species. In the case where the sorp-
tion is linear and can be described by a distribution coefficient
Kd = Cs/C, at local equilibrium:

∂C

∂t
=

De

ε+Kd · ρ
· ∂

2C

∂x2
=
De

α
· ∂

2C

∂x2
(3)

where α is the rock capacity factor. In the cases where the
diffusing species are conservative (no sorption), Kd · ρ = 0 and
therefore α =ε.

The through diffusion of dissolved species is largely influ-
enced by the porosity, as seen form eqs. 2 and 3, and by the
geometry of the pore space. The geometry is often described
by the geometric factor, G (Boving and Grathwohl, 2001), also
called the tortuosity factor, τ 2f (Agbogun et al., 2013; Shack-
elford and Moore, 2013). This factor is the ratio of the constric-
tivity, δ to the tortuosity, τ 2. The constrictivity accounts for the
steric hindrance when relatively large molecules pass through
relatively small pores. It is only important if the size of the dif-
fusing species is comparable to the size of the pores (nano- and
sub-nanopores) (Boving and Grathwohl, 2001). The definition
of tortuosity varies in the literature (Ghanbarian et al., 2013;
Shackelford and Moore, 2013). In the majority of the cases, it is
defined as the square of the ratio of the effective path length, le,
to the length of the porous medium, l (see illustration fig. 1):

τ 2 =

(
le
l

)2
(4)
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Figure 1: Schematic illustration of the tortuosity, where a tortuous path
length, le, is compared to the porous material length, l.

When the pores are large compared to the diffusing species,
the constrictivity equals 1 and therefore G = 1/τ 2f = 1/τ 2 (Bov-
ing and Grathwohl, 2001; Ghanbarian et al., 2013). The geo-
metric factor is a parameter that cannot be measured experi-
mentally. It can be calculated when the porosity and resistivity
factor, Rf - equivalent to the diffusivity ratio, D’ - is known. The
relationship that allows this calculation is derived from Archie’s
law (Archie, 1942):

Rf =
Re

Rw
= ε−m (5)

where Re is the resistivity of the fluid in the pore space, Rw

is the resistivity of the free fluid, and m is a fitting factor, of-
ten called cementation factor or exponent (Appelo et al., 2010).
This relation is also known as the Bruggeman equation in soil
sciences. When the diffusivity of the species is measured instead
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of the resistivity of the fluid, Archie’s law is written as (Boving
and Grathwohl, 2001; Klinkenberg, 1951):

D′ =
De

Dw
= εm (6)

where De is the effective diffusion coefficient of the species in
the pore solution and Dw is the diffusivity of the same species
in pure water. When taking into account the geometric factor
(Boving and Grathwohl, 2001):

D′ =
De

Dw
= εm =

ε

G
(7)

Eq. 7 was widely used in the literature to describe vari-
ous porous materials (e.g., Garrels et al., 1949; Klinkenberg,
1951; Marshall, 1959; Millington, 1959; Reible and Shair, 1982).
Its reliability is widely discussed, especially for complex porous
materials (e.g., nano-porous catalysts, clays and clay rocks, het-
erogeneous materials like soils) (Boving and Grathwohl, 2001;
Navarre-Sitchler et al., 2009). Often, a different version of the
law had to be used in order to explain experimental results. For
example (Currie, 1960; Shearer et al., 1965):

D′ = γ · εµ (8)

where γ is dependent on the porosity and µ is a measure of the
pore space or accessible porosity and pore continuity (µ ≤ m).
Other variations of the relationship imply the use of constants
being multiplied and/or added to the porosity term (e.g., Dye
and Dallavalle, 1958; Flegg, 1953; Rust et al., 1957). In most
of the cases, the law was modified in order to fit the exper-
imental data, when simply adapting the fitting factor m was
not enough. More recently, Boving and Grathwohl (2001) and
Navarre-Sitchler et al. (2009) suggested to use the accessible (or
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effective) porosity, εa, rather than the total porosity. The acces-
sible porosity is the portion of the porosity that is available for
diffusion. If the saturation of the material is complete, there is
no anion-exclusion due to charged water layers and there is no
isolated pores, then ε= εa.

The cementation exponent in Archie’s law formula can devi-
ate strongly between different publications on the same systems,
e.g., m = 2.0 (Shao et al., 2013) and m = 1.0 (Steefel and Licht-
ner, 1998) for the Maqarin natural analogue site. Gao et al.
(2013) found that two groups of rocks belonging to the same
sandstone formation could not be described with the same m.
More complex systems - like clays and clay rocks - containing
both nano- and microporosity could only be described in terms
of a sum of two power laws (Tyagi et al., 2013). The later the-
oretical work demonstrated the important effects of nanopores
on the overall transport parameters of clay systems.

Pore water in clays

In compacted clays, up to three types of water coexist (Appelo
et al., 2010; Glaus et al., 2010; Montavon et al., 2009): (1) the
free (mobile) water, which fills the micro and part of the nano-
pores, (2) a charged double layer, bound to the surface of the
clay particles and (3) bond water between the layers of swelling
clays, called the interlayer. These different types of water are
illustrated in fig. 2. The charged double layer, or diffuse double
layer, is an electrostatic water layer at the surface that balances
the clays negative charge (Sposito, 2004). The most common
swelling clays are smectites. Their interlayer may have different
thicknesses (from 1 to 3 water layers), depending on the chemical
conditions (pH, ionic strength) (Holmboe et al., 2012). The
interlayer water is not accessible to anions due to their large
sizes. The diffuse double layer is also not accessible to anions,
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as it is positively charged. The free water, the most abundant
type, is accessible to both cations and anions.

Figure 2: Schematic illustration of the different types of water found in
compacted clays.

The combination of these three types of water creates a dou-
ble porosity: the totality of the pore space is accessible to cations
and neutral species, while anions can diffuse only in the free pore
water (Montavon et al., 2009; Tournassat and Appelo, 2011).
This is called the anion exclusion phenomenon. The paths avail-
able for anion diffusion are even more complex due to the over-
lapping of diffuse double layers (higher tortuosity). The cations
diffusion is furthermore enhanced by the surface diffusion, a pro-
cess by which the cations migrate in the diffuse double layer at
the surface of the clays at a faster rate than in the free pore
water (Glaus et al., 2012). A typical diffusion experiment in
such systems will see the cations diffuse faster than expected,
and the anions be delayed (Glaus et al., 2010, 2012; Van Laer
et al., 2014).

The overall and anion accessible porosity of a compacted clay
are dependent on the pore water (geo)chemistry and degree
of compaction (Shackelford and Moore, 2013). At high ionic
strength and/or high pH, the charged double layer is thicker,
therefore decreasing the anion accessible porosity. In a similar
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fashion, at high degrees of compaction the portion of free water
is smaller than at low compaction, resulting in a smaller overall
and anion accessible porosity. The charged double layers tend to
superpose more, further decreasing the anion accessible porosity.

Reactive barriers and predictive modeling

Molecular diffusion in pores is the major migration process oc-
curring in most of the engineered reactive barriers, e.g., CO2

sequestration and long term geological disposal of high activity
and long life radioactive wastes. The aim of the barriers is to
limit - if not completely eliminate - the migration of contami-
nants towards the biosphere. The multi-barrier systems in the
case of geological waste storage consist of the superposition of
several barriers: the steel canisters containing the wastes are
stored in concrete chambers, in some cases surrounded by a few
meters of compacted bentonite. The whole is embedded in a
deep and thick host rock with very low hydraulic conductivity
(saline formation, granite, clay rock).

In such systems, the geochemistry of the concrete, bentonite
and host rock are very different and vary with time and cor-
rosion. The high contrasts between the different pore waters
generate several complex processes that affect the contaminants
migration, directly or indirectly (sorption, precipitation, disso-
lution...). The exact role of each different process and the quan-
tification of their impact cannot be experimentally assessed, es-
pecially over the long periods (1,000 to 1,000,000 years) that are
of interest in most safety assessment cases. Very often, reactive
transport models are needed to interpret the experimental data
and predict the long term evolution of reactive barriers. The
models are calibrated on short term experiments (a few days to
a few years), where the processes were studied separately. The
reactive transport modeling is in itself a field in development, as
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many different codes exist, that may give similar, complemen-
tary or different results, as different transport equations and
scales (continuum or pore scale models) are taken into account.
Some models focus more on the geochemistry, others on the hy-
draulics or the transport. All present serious limitations and are
in constant improvement.

Structure of the manuscript

This manuscript is divided into two parts. Part I describes the
materials and methods. In part II, the experimental and mod-
eling results are described. Part I and Part II are made of four
and three chapters, respectively, for a total of 7 chapters:

Chapter 1 describes the tools used to characterize the puri-
fied sea sand’s composition and chemical properties (XRD,
XRF, N2-BET and sorption). The methods used to charac-
terize the compacted sand - Mercury Intrusion Porosimetry
(MIP) and µCT- are also described. An in-depth descrip-
tion of the illite-du-Puy is given as a literature review.

Chapter 2 explains the double-reservoir and counter-diffusion
methods. The diffusion cells and experimental protocols
used for each material are presented, as well as the linear
regression method used to estimate the transport properties
from HTO through diffusion data.

Chapter 3 relates the post-mortem analysis performed on the
sand (selective dissolution and SEM-EDX of the precipi-
tates) and illite (impregnation and autoradiography).

Chapter 4 describes the reactive and non reactive modeling
procedures performed with CrunchFlow (1D and 2D mod-
els).
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Chapter 5 concerns the full characterization of the sand’s com-
position, physico-chemical properties and initial transport
parameters, obtained from the combination of the methods
described in chapters 1 and 2.

Chapter 6 presents the experimental results obtained for the
clogging experiments in sand and illite, obtained from the
combination of the methods described in chapters 2 and 3.

Chapter 7 presents the modeling results, and compares them
to the experimental data.

The conclusions are presented together with expectations for
future work on the topic. A published paper on the uptake
of radionuclides during co-precipitation with celestite (SrSO4)
and strontianite (SrCO3) is reported in appendix A. A complete
sensitivity analysis of the model was performed, and the results
are presented in appendix B.





Part I

Materials and methods





Chapter 1

Characterization of the porous
materials

Two porous materials were used in the diffusion-controlled col-
umn experiments: commercially available purified sea sand (Me-
rck product no. 1.07711.5000, average particle size 100 to 300
µm) and purified Na-exchanged illite (illite-du-Puy; Blanc et al.
(2007b); Fialips and Robinet (2011); Glaus et al. (2012); Van Laer
et al. (2014)). The purified sea sand was thoroughly analyzed.
The illite is a material of well known properties, both in a pow-
der and compacted state. A literature review describing the
properties of the material is given.

1.1 Purified sea sand

The purified sea sand was characterized as a powder (surface
properties, chemical and mineralogical composition) and as a
compacted material (porosity, effective diffusivity, tortuosity...)
by different methods. Before performing any analyzes and ex-
periments, the sea sand was cleaned and prepared.
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1.1.1 Cleaning procedure

A batch of sand was put in MilliQ water with a volume to mass
ratio of 2:1. A small aliquot of 100 µL HNO3 was added to the
suspension (pH ≈ 3-4), which was then vigorously agitated for
a few seconds. The turbid supernatant was poured out of the
vessel a few seconds after agitation, giving enough time for the
biggest particles to sediment and leaving the fines in suspension.
This procedure was repeated 7-10 times until the supernatant
appeared clear and a stable and a neutral pH was reached. The
sand was then dried in an oven at 105◦C for at least 24 hours.

Prior to setting up the diffusion experiments, aliquots of the
clean and dry sand were resuspended in the same background
electrolyte planned to be used in the experiments, and left to
equilibrate for a minimum of three days. The background elec-
trolyte used was spanning a concentration range between 1 and
500 mmol · L−1 NaCl.

1.1.2 Composition and chemical properties

The composition and chemical properties of the sand powder
were characterized with several complementary methods: X-Ray
diffraction (XRD), X-Ray fluorescence spectrometry (XRF), N2-
BET and batch sorption experiments.

Mineralogical and chemical composition

The sand’s mineralogical composition was characterized by XRD.
The analysis on the bulk powder and fines were performed on a
Bruker D8 Advance equipped with a Cu-alpha radiation source
and a Sol-X energy dispersive detector. The fines were extracted
from the bulk powder during the cleaning procedure. During the
first wash, a few drops of the supernatant were put on a sample
holder, where they were left to dry at room temperature for a
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few days before being analyzed.

The chemical composition of the raw and of the cleaned pow-
der was obtained with XRF spectrometry, on a MagiXPRO, Fa.
Philips, with a Rh anode at 3.6 kW. The trace elements were
measured for undiluted powder pellets, and the major elements
were diluted 14 times in melted glass pellets and measured at
3.2 kW.

Surface area

The nitrogen Brunauer-Emmett-Teller gas adsorption method
(N2-BET) was used to quantify the specific surface area of the
raw and cleaned purified sea sand using a Quantachrome Au-
tosorb 1 with a 5 points measurement. The sample was out-
gased at 150◦C for 72 hours. In addition, N2 adsorption and
desorption isotherms were performed, to check for a possible
micro-porosity within the grains.

Sorption of strontium

The strontium retardation by sorption could have an impor-
tant impact on celestite precipitation in diffusion experiments.
Such mechanisms should be taken into account in the inter-
pretation of the results and models. Therefore, the strontium
sorption on sand was measured in batch experiments. Aliquots
of the sea sand powder were put in suspension in 20 mL 1-
100 mol · L−1 NaCl background electrolyte solution spiked with
SrCl2 ranging from 1 to 100 µmol · L−1. In these conditions, a
speciation model predicted that more than 99.9% of the stron-
tium in solution is free Sr2+ ions. The solid/liquid ratio was
varied (between 10 and 150), as well as the contact times and
the pH of the solution. All experimental conditions are sum-
marized in table 1.1. The suspensions were filtered with a 0.22
µm cut-off membrane filter (Millipore), and the equilibrated so-
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lutions were analyzed with ICP-OES (PerkinElmer Optima 4300
DV).

Table 1.1: Summary of the initial experimental conditions for the sorption
experiments of Sr2+ on purified sea sand.

Run Contact time S/L ratio [NaCl] [Sr]ini pH

hours g L−1 mmol · L−1 mmol · L−1

1 36 10 1 0.001 to 1 5.5

2 24 25 1 0.05 to 0.1 5.5

3 24 50 1 0.05 to 0.1 5.5

4 24 100 1 0.05 to 0.1 5.5

5 24 150 100 0.05 to 0.1 5.5

6 24 100 100 0.05 2 to 11.2

7 24 100 1 0.05 2 to 11.2

8 24 50 1 0.05 to 0.09 10

9 24 100 1 0.05 to 0.09 10

1.1.3 The compacted material

Prior to the diffusion experiments, the porosity of the compacted
material was characterized by Mercury Intrusion Porosimetry
(MIP) and micro-tomography (µCT) imaging coupled to pore-
morphology modeling.

Mercury Intrusion Porosimetry

The MIP was performed at Federal Institute of Material Re-
search and Testing (BAM, Berlin, Germany) with an Autopore
III (Micromeritics, USA) apparatus, following a modified ap-
proach after Minagawa et al. (2008). Two small cells were es-
pecially designed to fit in the MIP apparatus (fig. 1.1). These
cells were composed of a glass tube of 10 mm length by 7 mm
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inner diameter made in-house. They were closed on both ends
by glued-on glass frits of 200 µm average pore diameter (ROBU
glass filter, porosity 0, Hattert, Germany). The sand was com-
pacted using the same method as for the diffusion cells (see
section 2.1.2): one glass frit was glued to one end of the empty
glass tube, and then the sand (kept in MilliQ water suspension)
was scooped in the tube, which was firmly and repeatedly hit
on the preparation table throughout the procedure. Once the
tube was filled, it was left to dry at room temperature for one
hour, and the second glass frit was glued on top of the sample.
The samples were then dried in an oven at 105◦C for 24 hours.

Figure 1.1: Glass cell filled with compacted purified sea sand used for MIP
analysis.

Computed Tomography

The diffusion cells used for the experiments with purified sea
sand are specifically designed for µCT measurements. They are
made of Plexiglas, a material that has little X-rays absorption
as compared to sand (Hubbell and Seltzer, 2004). The cells
are cylindrical with rotational symmetry, portable, and their
position is adjustable as their reservoirs are inclusive and not
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linked with tubing and pumps (fig. 1.2). Their dimensions are
thought to be large enough to provide a representative volume
of the porous material for the diffusive transport conditions, and
still small enough to obtain a good resolution with µCT and to
perform the diffusion experiments within reasonable time-frames
(1-2 months).

Figure 1.2: Photograph of a diffusion cell used for the sand material.

The measurements were performed on a CT-alpha 160 X-ray
device (Procon, Germany) at 100 keV X-ray energy and 125 µA
tube current, with a 1 mm Al-filter on diamond-coated target,
with 10 times 2 second exposure time on a Hamamatsu flat panel
detector. The cells were placed at a distance from the source
that allowed the measurement of the central 30 mm of the 50
mm long columns, with a resolution in the order of 15 µm. A
high resolution measurement (5.89 µm) was also performed on
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one sample. The samples were placed vertically on the rotating
plate, resting on either their low concentration reservoir (diffu-
sion experiments without clogging) or SO4-reservoir (diffusion
experiments with porosity clogging). The measurements were
made for 800 angles of rotation. The approach used to treat the
µCT data and characterize the porous material is summarized
in fig. 1.3.

Figure 1.3: Treatment procedures used for the data acquired through
µCT and approach used to characterize the porous materials from the treated
data sets.

The volumes were reconstructed from the 800 projections
with Octopus (Inside Matters, Ghent, Belgium). The recon-
structions produced 2048 images, or slices, of 2048×2048 pixels
resolution and perpendicular to the direction of diffusion. The
slices were directely treated for beam hardening correction with
Octopus. The stacks of images were then treated as 3D volumes
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with the image treatment software Avizo (FEI Visualization Sci-
ences Group, Bordeaux, France). For some of the volumes mea-
sured, a non-local mean filter was applied to homogenize the
gray levels of the images and soften the edges (Buades et al.,
2005). The volumes were then segmented, meaning that the
constituting elements (e.g., the sand grains, the pore space, the
precipitated secondary phase) were differentiated and labeled.
The segmentation process was based on the gray levels of the
images. The user defined a threshold within the histogram of the
images that corresponded to one element (e.g., the sand grains),
and the rest of the gray values were assigned to the other element
(e.g., the pore space). This process could be done either in 16
bits (65536 gray values) or 8 bits (256 gray values). The segmen-
tation process for the diffusion cells without porosity clogging
resulted in a 2-color 3D volume, with one value assigned to the
sand grains, and the other to the pore space. When the dif-
fusion cells contained a secondary phase (celestite), that phase
was either segmented separately from the two other materials
to characterize the precipitate itself, or together with the sand
grains to characterize the changes in porosity.

The segmented volumes were implemented in a commercially
available pore-morphology model, GeoDICT (Math2Market, Kai-
serslautern, Germany). This model allows the estimation of the
average porosity (total, open and closed), pore and grain size
distributions, effective diffusivity and tortuosity, amongst other
properties, of the implemented volumes in the 3 Cartesian direc-
tions. For the porosity estimation, the model interprets neigh-
bor voxels as belonging to the same connected group if they
are in contact by either their face, or edge or vertex. Isolated
connected groups of the voxels with the pore value are seen as
isolated pores. The effective diffusivity was calculated with a
bulk (Laplace) diffusion approach. It is a continuum mechan-
ics approach, with a Laplace equation in pores with Neumann
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boundary conditions at the pore-surface interface. The tortu-
osity factor was calculated as the ratio of the porosity to the
effective diffusivity (eq. 7). The geometrical pore and grain size
distributions were calculated by fitting spheres of increasing ra-
dius in the pores. The centers of the spheres were placed in the
center of the pores, and their radius increased with a step size of
1 voxel length, until the spheres reached the surface of the sand
and celestite grains. The final radius of the spheres corresponds
to the radius of the pores or grains (Wiegmann et al., 2013).

1.2 Illite-du-Puy

Illite is a non-swelling phyllosilicate of the dioctahedral 2:1 type,
or TOT (Fialips and Robinet, 2011). The O-sheet is essentially
aluminous with Fe2+/Fe3+ and Mg2+ substitutions, and the T-
sheet is essentially siliceous with Fe3+ and Al3+ substitutions.
The permanent negative charge of the layers, ranging gener-
ally between 0.8 and 0.9 per half cell (4T+3O sites), is due to
substitutions of Al3+ by divalent cations (Fe2+ and Mg2+) in
O-sites. This charge is compensated by cations, mostly K+, on
the surface and interlayer spaces. As the permanent negative
charge is high, the ionic bounds with the K+ are strong. These
strong bounds keep the layers close together, preventing water
from entering in the interlayer space. The clay particles are thus
non-swelling (Fialips and Robinet, 2011).

The clay material used in the present study was the illite-du-
Puy, a natural clay extracted from the Puy-en-Vellay (Massif
Central, France) Upper Eocene clay formation. The material
contains up to 40% of carbonates and quartz, with a clay frac-
tion composed primarily of illite (80-100%) (Fialips and Robinet,
2011). The illite-du-Puy used in this study was purified (removal
of quartz and carbonaceous phases) and Na-exchanged in a stan-
dardized way, described in details by Glaus et al. (2012). The
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purification method consists of an acid treatment using buffered
formic acid during which calcite is removed and the illite ex-
changeable ions are replaced by Na+. The illite-du-Puy was
provided by PSI, Switzerland. The sample powder contained
the < 63 µm size fraction, which was obtained through crush-
ing and sieving of the rock pieces (Poinssot et al., 1999). For
the acid treatment, the received illite sample was equilibrated
in formate buffer solution (0.05 mol · L−1 formic acid and 0.05
mol · L−1 Na-formate in 1 mol · L−1 NaCl, pH ≈ 3.5) at a mass
to volume ration (m:V) of 100g:1L for 4 hours by gentle mag-
netic stirring. The solid phase was separated by centrifugation
(500 g for 5 minutes), re-suspended in 1 mol · L−1 NaCl and
equilibrated overnight (also by gentle magnetic stirring). This
washing procedure was applied three times. After removing 80
to 85% of the liquid phase, the settled suspension was trans-
ferred in dialysis bags and dialysed against MilliQ water in a
volume ratio of 1:5 to 1:10 (internal volume: external volume).
The volume of the internal solutions increased during dialysis
due to swelling effects. The external solution was replaced twice
every 24 h, until no NaCl was detectable in the external solution
(checked by adding AgNO3). In the last step, the clay suspen-
sions were freeze dried. The characterization of the transport
properties were carried out with this material in standardized
diffusion experiments.

1.2.1 Generalities about illite-du-Puy

XRD patterns of the purified and Na-exchanged material agreed
with the presence of 2/1 type clay minerals (80-90%), K-feldspar
(5-12%) and micas (1-5%) (Blanc et al., 2007a; Fialips and Robi-
net, 2011). XRD was also performed on oriented preparations
(<2 µm fraction). The mineralogical quantification of the clay
fraction led to the detection of well crystallized illite (70-80%)
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and an illite/smectite (I/S) mixed layer (20-30%) (Blanc et al.,
2007b). The I/S mixed layer has a low proportion of smectite
(80/20) and low ordering (R=1). Grain density measurements,
repeated 5 times, yielded a mean value of 2.789 ± 0.001 g·cm−3

(Fialips and Robinet, 2011).
Fialips and Robinet (2011) published an in-depth review of

the known physico-chemical propertied of the illite-du-Puy. They
found an average specific surface area of 110.5-132.1 m2·g−1 and
a total CEC of 189-191 meq·Kg−1 determined by the Cohex
method. The formula of the Na-exchanged illite-du-Puy half-
cell is:

K0.64Na0.12Ca0.04(Al1.17Fe0.49Mg0.33)[Si3.52Al0.48]O10(OH)2

1.2.2 Transport properties of the compacted material

Glaus et al. (2012) performed several diffusion experiments with
HTO and 85Sr in illite-du-Puy pellets compacted to a bulk-dry
density of 1700 kg·m−3 (estimated porosity of 0.39). In ex-
perimental conditions similar to the present study (pH ≈ 5.5,
ionic strength ≈ 0.5 mol · L−1, ambient air and room tempera-
ture), they obtained an effective diffusion coefficient of (2.1 ±
0.2)×10−10 m2 · s−1 for HTO, and an accessible porosity of 0.60
± 0.21 from a 1D modeling fit. The effective diffusivity of 85Sr in
the same clay pellet was found equal to 1.6 ×10−10 m2 ·s−1, and
the accessible porosity to 0.42. The fast diffusion of the 85Sr was
attributed to surface-diffusion phenomenon, where the cations
have an enhanced mobility on the negatively charged surface of
the clay particles constituting the porous material (Oscarson,
1994; Gimmi and Kosakowski, 2011).

Similar experiments, performed by Van Laer et al. (2014) in
illite-du-Puy pellets compacted to a bulk-dry density of 1700 kg·
m−3, gave an HTO effective diffusivity of (1.8 ± 0.3)×10−10 m2 ·
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s−1, in good agreement with the results of Glaus et al. (2012),
and an accessible porosity of 0.42 ± 0.11. These values were
obtained by fitting the experimental data with 1D transport
models.

These experimental procedures were reproduced by a co-worker
of the author (unpublished work), and the results were fitted
with a 3D model (COMSOL) taking into account the real ge-
ometry of the pierced filter supports. The HTO effective diffu-
sivity was (1.97 ± 0.05)×10−10 m2 · s−1 and the 36Cl effective
diffusivity was (1.00 ± 0.05)×10−10 m2 ·s−1 for a total accessible
porosity of 0.43 ± 0.09 and an anion accessible porosity of 0.25
± 0.08. These values are compared to the published values in
table 1.2.

Table 1.2: Values of effective diffusivity (De, in×10−10 m2·s−1) and accessible
porosity (εa) for various tracers found in the literature for the 1700 kg·m−3

compacted Illite at 0.5 mol · L−1 NaCl and pH ≈ 5.5.

Tracer εa De Source

0.60 ± 0.21 2.1 ± 0.2 Glaus et al. (2012)

HTO 0.42 ± 0.11 1.8 ± 0.3 Van Laer et al. (2014)

0.43 ± 0.09 1.97 ± 0.05 unpublished work
85Sr 0.42 1.6 Glaus et al. (2012)
36Cl 0.25 ± 0.08 1.00 ± 0.05 unpublished work
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Diffusion experiments

The non-steady state through diffusion method, also called time-
lag or transient method, was used to measure the effective diffu-
sivity (De) and porosity (ε) of the materials (Barrer, 1953; Bov-
ing and Grathwohl, 2001; VanLoon et al., 2003a). This method
also allows the continuous measurement of the two parameters
during porosity clogging by precipitation.

The experimental set-ups used for diffusion in sand and illite
differed slightly, as the two materials have very different prop-
erties. The diffusion cells used were optimized for the different
materials used. However, the protocols for through diffusion
prior to and during porosity clogging were very similar.

2.1 Diffusion and porosity clogging in sand

An extensive characterization of the compacted sea sand initial
properties (prior to porosity clogging) was performed with con-
servative tracer through-diffusion experiments. The transport
properties of the sand were determined on 10 different samples,
in up to 4 duplicates, and in 2 different ionic strengths (1 and
500 mmol · L−1 NaCl). Once the properties were well character-
ized, precipitation experiments in diffusion-controlled conditions
were performed by counter-diffusion of Sr2+ and SO2−

4 (precip-
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itation of celestite) or Ca2+ and CO2−
3 (precipitation of calcite),

following the method of Prieto et al. (1997, 2002) with other
porous matrix material.

2.1.1 The diffusion cells

As discussed previously, the diffusion cells used for the sand
were especially designed to be suitable for computed tomog-
raphy measurements. Their dimensions were chosen to allow
good resolution with µCT and to perform diffusion experiments
within reasonable time-frames (1-2 months). They are built of
50 mm long and 10 mm inner diameter cylinders (or column)
with a 5 mm wall thickness filled with the porous material, and
of two 20 mL capacitance reservoirs screwed at each end of the
cylinder (fig. 2.1). A few of the results that are presented in
section 5.2.2 were obtained with 1.5 mL reservoirs.

Figure 2.1: Schematic representation of a typical cell used for the diffusion
experiments with purified sea sand.
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The column and reservoirs are separated by a filter set, com-
posed of a 18 µm nylon gaze (Millipore) placed between two
filter supports. The filter supports were 2 to 3 mm thick disks
of Plexiglas pierced by 37 holes of 1 mm diameter in their center
(fig. 2.2). These filter supports had a porosity of 0.37, very simi-
lar to that of the compacted sand, and a tortuosity of 1 (straight
cylindrical pores). Two inlets were drilled in each reservoir, for
the sampling and renewing of the solutions within.

Figure 2.2: Photos of the pierced filter supports used in the sea sand (left)
and illite-du-Puy (right) diffusion cells. The holes are straight cylinders of
about 1 mm diameter.

To prevent any leaks possibly leading to pressure gradients
in the cells, many precautions were taken. The screws of the
column were covered with Teflon band prior to the coupling
with the reservoirs. In addition, the inlets and remaining space
between reservoirs and column screws were clogged with paraf-
fin. In order to prevent density driven flows, the cells were kept
perfectly horizontal on a leveled metallic plate.

2.1.2 Filling the columns with the porous material

The filling procedure was designed to be reproducible in terms
of compaction, and to obtain a homogeneous porous material
free of air bubbles. First of all, one reservoir was filled with the
background electrolyte. Then, one filter set was mounted and
the empty, dried and clean column was screwed on top of it. A
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small aliquot of the background electrolyte was poured into the
column up to the third of its height. The equilibrated sand still
in its suspension was slowly scooped into the column, allowing
the sand to gently and homogeneously settle, up to the top of
the column. The excess of solution was removed as the sand
column formed. Throughout the whole procedure, the cell was
firmly and repeatedly hit on the preparation table in order to
compact the sand. Once the column was filled, the second filter
set was mounted on top of it. The remaining reservoir, still
empty, was screwed and then filled with the same background
electrolyte solution.

2.1.3 Characterization of the initial properties

The initial properties of the compacted sand (porosity, diffusiv-
ity and tortuosity) were determined by through diffusion of a
conservative tracer, here tritiated water (HTO). This method
is relatively simple to setup and gives reliable results, although
such experiments have to be conducted over relatively long pe-
riods (up to 2 months).

The background electrolyte composition and concentration
were constant throughout the whole system: the pores and both
reservoirs were filled with the same background solution. Trac-
ings were performed in 1 mmol · L−1 and 0.5 mol · L−1 NaCl.
One of the reservoir - called the high concentration reservoir -
was spiked with the conservative tracer at around 4.5 kBq ·mL−1-
(4×10−9 mol · L−1) or around 8.5 kBq ·mL−1 (8×10−9 mol · L−1).
The amount of tracer measured in the opposite reservoir - the
low concentration reservoir - was used to determine the initial
parameters of the material as described later in section 2.3. The
boundary conditions were kept constant by regularly renewing
the solutions in the reservoirs (twice a week). This ensured that
the amount of tracer in the low concentration reservoir did not
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exceed 1% of the amount in the high concentration reservoir,
and the variation in activity in the high concentration reservoir
did not exceed 5%, as recommended by VanLoon et al. (2003a).
Experimental conditions are reported in table 2.1.

Table 2.1: Summary of the experimental conditions for the HTO through
diffusion experiments performed to characterize the initial properties of the
compacted sea sand.

Cell Run [HTO] [NaCl]background

ID kBq ·mL−1 mmol · L−1

S1 HTO1 4.81 1

S1 HTO2 5.00 1

S1 HTO3 4.39 500

S2 HTO1 4.78 1

S2 HTO2 4.75 1

S2 HTO3 9.50 1

S2 HTO4 4.39 500

S3 HTO1 4.39 500

S3 HTO2 9.35 500

S4 HTO1 8.45 500

S5 HTO1 8.43 500

S6 HTO1 8.44 500

S7 HTO1 8.45 500

S8 HTO1 9.36 500

S9 HTO1 8.41 500

S10 HTO1 8.39 500

2.1.4 Clogging of the pore space

The counter-diffusion protocol used for the precipitation of sec-
ondary phases in the compacted sand pore space was similar to
the simple through diffusion experiment described previously.
One of the two reservoirs contained the cation of the mineral
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to be precipitated (SrCl2 for celestite or CaCl2 for calcite) and
the other reservoir contained the anion (Na2SO4 for celestite
and Na2CO3 for calcite). The cation and anions were present in
equal concentrations. These concentrations were varied between
0.01 and 0.50 mol · L−1. The NaCl background electrolyte ini-
tially saturating the porous material had either the same con-
centration or the same ionic strength as the solutions in the
reservoirs. For some of the celestite precipitation (runs CEL)
and all of the calcite precipitation (runs CAL) cells, the reser-
voirs were spiked with H4SiO4 in a concentration corresponding
to equilibrium with quartz (1.74 × 10−4 mol · L−1), in order to
have similar conditions as in the pore space. The cation reser-
voirs were spiked with HTO (2 to 8.4 kBq ·mL−1) or a cocktail
of HTO (2 kBq ·mL−1), 36Cl (2 or 1 kBq ·mL−1) and 85Sr (0.2
kBq ·mL−1). All initial conditions are reported in tables 2.2 and
2.3. The experiments noted with a “◦” were performed on new
samples which were not used previously for HTO through diffu-
sion experiments.

Table 2.2: Summary of the experimental conditions for the through diffusion
experiments performed in sea sand for porosity clogging by precipitation of
celestite (SrSO4).

Cell Run Tracers, in kBq ·mL−1 [NaCl]background [Sr2+] & [SO2−
4 ]

ID HTO 36Cl 85Sr mmol · L−1 mmol · L−1

S4 CEL 1.96 1.96 0.23 30 a 10

S5 CEL 1.98 1.08 0.22 150 a 50

S6 CEL 1.91 0.99 0.22 300 a 100

S7 CEL 1.94 0.98 0.22 750 a 250

S3 CEL 9.35 - - 500 500

S13 CEL◦ 4.21 - - 500 500

S14 CEL◦ 4.24 - - 500 b 500
a Si4+ added to the reservoirs.
b KI was used as background in the pore space instead of NaCl.
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Table 2.3: Summary of the experimental conditions for the through diffusion
experiments performed in sea sand for porosity clogging by precipitation of
calcite (CaCO3).

Cell Run Tracers, in kBq ·mL−1 [NaCl]background [Ca2+] & [CO2−
3 ]

ID HTO 36Cl mmol · L−1 mmol · L−1

S1 CAL 2.12 0.82 30 10

S2 CAL 2.21 - 150 50

S9 CAL 2.21 - 300 100

S10 CAL 2.17 - 750 250

S8 CAL◦ 8.43 - 500 500

The activities of the tracers in the cation and anion reservoirs
were measured with Liquid Scintillation Counting for all three
tracers (PerkinElmer Tri-Carb 3110 TR).

2.2 Diffusion and porosity clogging in clay

For the illite-du-Puy system, no simple tracing experiments were
performed prior to the clogging experiments, as such studies
were already performed by other authors in similar experimen-
tal conditions (Glaus et al. (2010, 2012) and a coworker, un-
published work). The counter-diffusion protocol was also used
for the precipitation of celestite within the pore space, in condi-
tions comparable to the experiments performed on the sea sand.
The clogging experiments were performed on two identically pre-
pared samples.

2.2.1 The diffusion cells

The diffusion cells used for the illite-du-Puy were made of PEEK
and had a smaller thickness than for the sand. The system
was similar: a cylinder of 25 mm inner diameter and 33 mm
length held the 10 mm thick compacted clay pellet, and two end
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pieces were fixed at each opening of the column (fig. 2.3). The
material and end pieces were separated by a 22 µm membrane
filter placed on supporting plates. The filter supports were 25
mm diameter and 2 mm thick PEEK plates pierced with 91
holes of 1 mm diameter (porosity of 0.15 and tortuosity of 1, fig.
2.2). In this set up, the end pieces were not reservoirs. They
had one inlet and one outlet connected by an inclusive weaving
channel, so that the solution circulating in the channel was in
direct contact with a maximum of the filter supports surface.

Figure 2.3: Schematic representation of a typical cell used for the diffusion
experiments in compacted illite-du-Puy (longitudinal section).

2.2.2 Preparation of the porous material

The purified and Na-exchanged illite powder provided by the
CatClay project (Fialips and Robinet, 2011) was pressed into
pellets of 10 mm thickness and 24.7 mm diameter. Approxi-
mately 8.6 g of the powder was placed in a half-open diffusion
cell and compressed to a bulk dry density approaching 1700
kg·m3, resulting in a porosity of 0.40 for a water content of 2%.
The cell was then closed by the remaining end piece, and the
background electrolyte solution was circulated through one of
the end pieces with the help of a peristaltic pump, while the in-
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let and outlet of the other end were left open to let the air escape.
This method allowed the full saturation of the clay with solu-
tion by capillary suction. After a saturation period of at least
2 days, the second end piece was connected to the background
electrolyte reservoir and the system was left to equilibrate for
an additional day.

2.2.3 Clogging of the pore space

For the clogging of the porosity by precipitation of celestite,
two samples were prepared (IdP1 and IdP2). The experimental
set-up is schematically presented in fig. 2.4. One of the reser-
voirs was filled with 0.5 mol · L−1 SrCl2, and the other with 0.5
mol · L−1 Na2SO4. The pore space was initially filled with a 0.5
mol · L−1 NaCl solution, in the same concentration as the solu-
tions in the reservoirs. The cation bearing solution was spiked
with HTO and 36Cl as the conservative tracers, in equal concen-
trations (2000 Bq ·mL−1).

Figure 2.4: Experimental protocol used for the diffusion experiments in com-
pacted illite-du-Puy with porosity clogging by celestite precipitation. Modi-
fied from VanLoon et al. (2003a).
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The Sr-reservoir of one of the two cells (IdP1) was also spiked
with 85Sr (200 Bq ·mL−1) as a reactive tracer. The Sr-reservoirs
were 500 mL bottles and were not renewed during the duration
of the experiments, as the large volumes ensured that the system
was kept within the ideal conditions for constant boundary con-
ditions (concentration variation of less than 5%). The samples
were regularly taken directly from the reservoir. As the volumes
required for analyzes were small (1 to 2 mL), the variation in
the volume was not significant. The SO4-reservoir was a 15 mL
flask and was renewed every day until the flux of tracers signif-
icantly decreased, and then only once a week for the remaining
time. A peristaltic pump circulated the solutions at a constant
and slow flow rate (50 µL ·min−1) through each end pieces.

2.3 Analytical treatment of the diffusion data

The method used to calculate the effective diffusivity and poros-
ity of the porous materials from through diffusion data obtained
in transient conditions was that described in details by VanLoon
et al. (2003b,a). This method will be briefly described there-
after. First, the total amount of tracer diffused from the high to
the low concentration reservoir, called the cumulative activity,
was calculated. Then, the resulting data were plotted against
the time, and the effective diffusivity (De) and porosity (ε) were
given by the slope and intercept of the linear regression of the
last points of the diffusion curve (steady state part of the flux),
respectively.

2.3.1 The cumulative activity

The total amount of tracer diffused through the porous material,
Qtracer, is the sum of the activity measured in the low concentra-
tion reservoir at each sampling and renewal, Atracer. When only
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HTO was present, its activity was measured in cpm (counts per
minute) with LSC. The background, Cbkg, was subtracted from
the net count rate, Cnet, to obtain the count rate of the tracer
in the sample, CHTO:

CHTO = Cnet − Cbkg (2.1)

When cocktails of tracers were used in the experiments (HTO,
36Cl and/or 85Sr), the method to differentiate the count-rates of
each different tracer from the LSC emission spectra was slightly
more complex, as the LSC technique measured the emissions of
the 3 tracers. The emission spectra was bimodal with a clear
separation of the 2 peaks around 20 KeV. The first peak (0 to 20
KeV) corresponded to the combined emissions of HTO, 36Cl and
85Sr, and the individual count-rates of the 3 tracers could not be
differentiated. The second peak (20 to 2000 KeV) corresponded
to the emission of 36Cl only.

The concentration of 85Sr in the samples was directly mea-
sured with gamma-spectroscopy (in Bq ·mL−1), as it was the
only tracer with gamma emissions. The C85Sr was accounted
for in the first peak of the LSC emission spectra. It could
be back-calculated from the 85Sr concentration measured with
gamma spectroscopy, knowing the efficiency of the LSC method
for 85Sr in the 0-20 KeV window. The C36Cl was calculated from
the 20 to 2000 KeV window, and the 36Cl in the 0-20 KeV win-
dow was back-calculated. Finally, the CHTO could be calculated
as follows:

CHTO = Cnet − (Cbkg + C36Cl + C85Sr) (2.2)

These diffused activities were converted from cpm to Bq. For
the conversion, one had to take into account the counting ef-
ficiency of the LSC device, f, in each energy window. It was
measured on standard solutions of the tracers in different con-
centrations and sample volumes, before and after every batch
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of samples. To give an example, it was approximately 0.30 for
HTO in the 0-20 KeV window, meaning that the counting re-
covered approximately 30% of HTO activity in the sample. The
conversion was made as follows:

Atracer =
Ctracer

60 · fwindowtracer

(2.3)

Finally, the cumulative activity was calculated as:

Qtracer =
n∑
i=1

Atracer(i) (2.4)

2.3.2 The linear regression

The linear regression of the diffusion curve (Qtracer = f(time))
must be calculated on the last data points of the curve, when
the flux of diffused material becomes constant. The flux, F (in
Bq ·m−2 · s−1), is calculated as the ratio of activity in the low
concentration reservoir, Atracer, at a time t to the surface of the
cross section of material normal to the diffusion direction, S,
over the time of contact (∆t = ti−1 − ti):

F =
Atracer

S ·∆t
(2.5)

An example of a typical diffusion and flux curves is illustrated
in fig. 2.5. On this example, the linear regression was made on
the last points of the diffusion curve, when the flux is constant.

The formula of the linear regression is expressed as follows:

Qtracer = a+ b · t (2.6)

The porosity (ε) can be calculated from the intercept (a):

a = −S · L · C0 · ε
6

(2.7)
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Figure 2.5: Typical diffusion (squares) and flux (stars) curves, with an ex-
ample of linear regression (straight line) on the last points of the diffusion
curve (at constant flux).

Where L is the length of the porous material, in m, and C0

is the activity in the high concentration reservoir, in Bq ·m−3.
The effective diffusivity (De) can be derived from the slope of
the line (b):

b =
S · C0 ·De

L
(2.8)

In addition, the geometric factor (G) of the material was
calculated as follows:

G =
Dw

De · ε
(2.9)

As discussed in the introduction, the geometric factor is the
ratio of the tortuosity to the constrictivity. In the case of a
simple porous material with relatively large pores like poorly
compacted sea sand, the constrictivity for all dissolves species
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can be assumed to be 1 (Boving and Grathwohl, 2001). There-
fore, one can assume that the tortuosity is approximately equal
to the geometric factor in the present case.



Chapter 3

Post-mortem analysis

The post-mortem treatment differed with the porous material.
The precipitates formed in the sand during clogging experiments
were characterized with SEM-EDX, and their mass was esti-
mated from selective acidic dissolution treatment. For one of
the two clay samples, the material was impregnated directly in
the diffusion cell with a 14C labeled MethylMethAcrylate (14C-
MMA) resin and the connected porosity was measured with au-
toradiography.

3.1 Characterization of the precipitates in the

sand system

The reacted sand was simply pushed out of the diffusion cells,
separated into small samples, cleaned and analyzed. One small
solid sample from the precipitation front was analyzed with
SEM-EDX in order to characterize the shape, size and com-
position of the clogging phase. The rest of the samples were
dissolved with a celestite selective acid treatment, in order to
estimate the mass of precipitate.
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3.1.1 Sampling of the porous material

The reservoirs of the diffusion cells were removed, and the sand
was pushed out of the columns with a piston. The compacted
sand kept its cylindrical shape once out of the column, allowing
to easily cut out samples every 5 mm. Each column provided
10 samples of about 0.5 g of material. The solid samples were
rinsed with MilliQ water in a vacuum filter. Large volumes of
cleaning solution were used as compared to the volume of the
pore solution (about 10 mL of MilliQ water for an estimated
0.2 mL of pore solution) to ensure the complete removal of the
pore solution. The contact time between the samples and the
cleaning solution were very small (a few seconds) to avoid dis-
solving the precipitate. The samples were then dried in an oven
at 105◦C for 24 hours. A few mg of the solid samples contain-
ing the precipitation front were sampled for SEM-EDX analysis
(FEI Quanta 650 FEG). The remaining solid samples were put
separately in suspension in hot acidic solutions for several hours
in order to reach complete dissolution of the secondary phase,
as described thereafter.

3.1.2 Quantification of the precipitation

The dissolution protocol used for the celestite was adapted from
the study on dissolution kinetics of celestite by Aydogan et al.
(2006) (see appendix C for details on the procedure). The solid
samples were put in suspension in 100 mL of 0.5 mol · L−1 HCL
(pH ≈ 2), and stirred at 500 rpm and 70◦C for 6 hours. The
suspensions were then filtered with a vacuum filter set equipped
with 0.22 µm membrane filters, and 2 aliquots of each equili-
brated acidic solutions were analyzed by ICP-OES (PerkinElmer
Optima 4300 DV) for their contents in Sr and Si. The detection
limits were approximately 0.1 mg · L−1 and 0.01 mg · L−1 for the
Si4+ and Sr2+, respectively. The remaining solid (sand matrix)
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was rinsed with MilliQ water and dried. Again, a few mg of
the solid samples that contained the precipitation front were
sampled and analyzed with SEM-EDX (FEI Quanta 650 FEG)
to ensure that no secondary phase remained and check the effi-
ciency of the dissolution protocol.

3.2 Characterization of the porosity in the

clay system

It is possible to estimate the porosity of materials by using an im-
pregnation and autoradiography method, as described by (Hell-
muth and Siitari-Kauppi, 1990; Sammartino et al., 2002). Such
a method was used on one of the two compacted illite diffu-
sion cells (IdP1). First, the position of the precipitation front
was localized with the help of a µCT scan. Then, the sam-
ple was impregnated with 14C-PMMA (polymerized 14C-MMA
resin) and cut-out in various samples of different orientations.
Finally, numerical and film auto-radiography were performed
on the different exposed sections. The average porosity of the
compacted clay could be estimated at various locations within
the sections thanks to the digital and numerical analysis of the
autoradiographs.

3.2.1 µCT

Prior to impregnation, the precipitated celestite within the clay
sample was localized by µCT on a Viscom X8050-16 (VISCOM
AG). The diffusion cell was scanned without the external metal-
lic screws maintaining the cell (c.f. fig. 2.3), as they present
high X-ray absorption. The volume was reconstructed from the
1800 projections obtained over 360◦ of rotation with the software
DigiCT v2.4.2 (@Digisens). The spatial resolution obtained was
27.2 µm.
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3.2.2 Impregnation

To remove the pore water from the sample, the diffusion cell
was placed in an oven at 105◦C for 2 weeks (15 days). After
drying, the air was removed from the system by placing the
cell in a vacuum chamber on a plate heated at 75◦C for three
days. The impregnation was conducted in the vacuum chamber
with a 14C-MMA resin. The activity of the 14C tracer in the
resin was 185 MBq ·mL−1. An aliquot of Benzoyle Peroxyde
(0.5%) was added to the resin as a thermal catalyst. A two-steps
protocol ensured that the resin would penetrate in the sample by
capillary forces from the inlets and outlets of the diffusion cells,
thus filling all connected pores (isolated pores are not accounted
for with such a method). First, 64 mL of the 14C-MMA was
slowly introduced in the Teflon beaker containing the diffusion
cell within the vacuum chamber. Then, after 2 weeks, a second
volume of 36 mL was added. The impregnation lasted 19 more
days. The sample was then polymerized in a thermal bath with
the temperature going from 75◦C to 60◦C and back to 55◦C in
60 hours.

3.2.3 Sampling

The polymerized sample was cut in different directions and the
PEEK column containing the compacted illite was removed with
a small diamond coated saw. The orientation of the different
sections were based on the µCT and ensured that the precipi-
tation front was present in each of them. The sample was first
cut in half along the longitudinal direction (in the direction of
diffusion), along the diameter of the cylinder. One of the halves
was cut in the transverse direction in 3 semi-cylindrical sections,
one of which was cut in the longitudinal section. The sections
were polished first with a SiC 400 powder (P600, Buehler), and
then with diamond suspensions of decreasing grain sizes (15, 3
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and 0.05 µm; Metadi Solution, Beuhler). The result of the sam-
pling procedure was the creation of 4 flat surfaces of different
orientations. These surfaces are presented in fig. 3.1.

Figure 3.1: Polished surfaces of the different sections cut in the compacted
illite-du-Puy sample IdP2.

3.2.4 Autoradiography

Autoradiography is a method that allows the imaging of the
tracer activity within the first few tenths of Å below the surface
of the samples. The radiographs are digitized to be transcribed
into gray-scale images where different gray values correspond
to different activity levels. The activity can be correlated with
the amount of tracer present in the connected pore-space, and
therefore to the average connected porosity of each pixels (or
representative volume), given that the density of the mineral
phases and of the 14C-PMMA are known. A numerical and film
autoradiography techniques were used.

The numerical autoradiography method is based on the ex-
citation of the Eu2+ atoms of a photo-sensitive phosphorous
screen (BaFBr:Eu2+, Fuji Plate BAS TR2025) by the liberation
of photons during the photo-stimulation of the surface by a laser
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beam. The autoradiographs were digitized in 16 bits images of
25 µm resolution with a scanner. The main advantages of this
technique is the short exposure times required for acquisition (a
few hours) and a better linearity between optical densities (gray
levels) and activities as compared to film autoradiography.

The film autoradiography technique requires the exposition
of the polished surface of the samples to a photo-sensitive film
(Kodak Biomax MR) in a dark chamber for 5 to 8.5 days. These
autoradiographs integrate the beta radiation emitted by the im-
pregnated pores located in a thickness of 100 Å below the sur-
face. For this technique, films have to be exposed to calibration
standards of known activity in the same time as the samples.
The 20 µm resolution radiographs were digitized in 16 bits with
a spatial resolution of 10.4×10.4 µm2, and converted to 8 bits
(256 gray levels).

The local connected porosity is calculated for each pixel us-
ing the calibration function, the average grain density (about
2.6 kg·dm−3 for illite-du-Puy, Fialips and Robinet (2011)) and
the tracer activity, as described in details by Sammartino et al.
(2002). The estimations and porosity maps of the surfaces were
obtained with the software AutoRadio (Prêt, 2003). The soft-
ware allows for the calculation of the porosity for each pixel of
the radiographs, but also for bigger regions and for transects.



Chapter 4

Geochemical modeling

Reactive and non-reactive transport modeling was used to de-
termine the transport properties of the porous materials and
reproduce the clogging experiments, to calibrate and build a pre-
dictive reactive transport model. The linear regression method
presented in section 2.3.2 is a rather simple approach to de-
termine the transport properties of the materials. However, it
does not take into account the influence of the filters own trans-
port parameters, a phenomenon called the filter effect. Another
method to determine the transport parameters in a more ac-
curate way is by fitting the experimental data with a 1 or 2
dimensions (1D or 2D) transport model, while taking into ac-
count the filter properties. The transport models were built with
CrunchFlow (Steefel and Lasaga, 1994; Steefel, 2009).

4.1 Non-reactive transport

The HTO through diffusion in compacted sand and illite-du-
Puy prior to porosity clogging was modeled in 1D and 2D.
The database used with the CrunchFlow gimrt code - ther-
moddem.dbs (Blanc et al., 2007a) - used the Debye-Hückel for-
malism. The experiments were often conducted at high ionic
strength (up to 0.50 mol · L−1 NaCl), a domain where this for-
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malism might lead to significant errors. To verify the applicabil-
ity of this formalism at high ionic strength, a simple activities-
fitting study was performed, as described thereafter (section
4.1.1). The main species in solution were HTO, H+, Cl−, Na+

and H4SiO4. The secondary species considered were HCl (sta-
bility constant at 25◦C, logKHCl = 0.71) and NaOH (logKNaOH

=14.75).

The experimental data fitting was done by varying the poros-
ity and tortuosity of the porous material until the modeled HTO
flux satisfactorily reproduced the experimental data. To obtain
the flux in a constant boundary conditions model, one has to
artificially precipitate the tracer in a mesh cell situated just be-
fore the reservoirs. Indeed, the reservoirs of the system have
constant concentrations, one being the source of the tracer and
the other one the sink. As the concentration of HTO in the sink
reservoir is kept to 0.0 mol · L−1, the information on the amount
of diffused HTO was retrieved with this simple trick. A phase
named HTO prec was created in the database, with a stabil-
ity constant at 25◦C, logKHTO prec = -99.99, and a precipitation
rate of 1 × 10−3 mol·m2·s−1, thus ensuring a complete and fast
precipitation of the tracer.

4.1.1 Debye-Hückel vs. Pitzer

To ensure that the Debye-Hückel formalism could accurately
describe the system at 0.5 mol · L−1 NaCl, a simple test was
run with PhreeqC code, which contains a Pitzer database
(pitzer.dat). The activities of Na+ and Cl− ions in a solu-
tion of increasing concentrations of NaCl were obtained with
the pitzer.dat database. The values were then fitted by chang-
ing the activity coefficients of the two main species (γNa+ and
γCl−) when performing the same modeling with the phreeqc.dat
database, which uses the Debye-Hückel formalism. The new γ
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were then tested in conditions comparable to the experimental
conditions.

4.1.2 1D model

The 1D model was based on the diffusion experiments, and was
constituted of 2 reservoirs (high and low HTO concentration), 2
filter supports, the porous material and the HTO precipitation
grid cell. The conceptual model is schematically presented in
figure 4.1. The influence of the meshing of the system was as-
sessed in a parameter sensitivity study (see appendix B), where
the mesh size was varied between 1 and 0.05 mm and the results
compared. The porosity of the pierced filter supports was set
to 0.370 and 0.146 for the sand and illite systems, respectively,
with a tortuosity of 1 as the holes were straight cylinders (fig.
2.2). The whole pierced surface was in contact with the com-
pacted material, filters and/or reservoir. The un-pierced part
of the supports in the case of the sand system was in contact
with the O-rings and diffusion cell walls. Therefore, they were
not accounted for in the calculation of the porosity and in the
model.

4.1.3 2D models

Two types of 2D models were built: (1) one with homogeneous
porosity and tortuosity distribution in the Y direction, and (2)
one with a realistic filter sets geometry (heterogeneous distribu-
tion of porosity in the Y direction). The second model was built
in order to take into account the filter effects in a more realistic
way. The porosity and tortuosity values were alternated: grid
cells with a value of 1 for both parameters were alternated with
grid-cells with a value of 0 for both parameters. The ratio be-
tween the two types of grid-cells was equal to the porosity of
the filter sets (0.370 and 0.146 for the sand and illite systems,
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Figure 4.1: Schematic of the conceptual 1D and 2D models used to fit the
experimental data on HTO through diffusion in the sea sand and illite-du-
Puy systems.

respectively). The conceptual models are illustrated in fig. 4.1.
The dimensions and mesh size in the Y direction were varied to
test the model’s sensitivity to these parameters (appendix B).

4.2 Reactive transport

As for the simple through diffusion (no porosity evolution), the
through diffusion during precipitation of celestite and calcite
was performed in 1D and homogeneous and heterogeneous 2D
models, based on the same conceptual models as depicted in fig.
4.1. The Debye-Hückel activity coefficients were re-calculated
for each main species in solution based on a Pitzer fit. The same
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trick as for the simple through diffusion simulation consisting in
artificially precipitating the tracer in a specific grid-cell was ap-
plied in the cases presented thereafter. An extensive parameter
sensitivity study was performed on the mesh size, filter geom-
etry, specific surface area of the precipitating mineral phase,
precipitation kinetics, reactive or neutral porous material and
minimum porosity (see appendix B). The minimum porosity is
a limiting value of porosity set in the model input for porosity
clogging. It indicates to the code that the porosity cannot de-
crease below this value, or in other words that once this value
is reached, no more precipitation occurs.

The clogging mineral phase was constrained to precipitate
only in the porous material. The porosity at a time t (εt) was
calculated at each time step of the simulation based on the vol-
ume fraction of the precipitate formed (φprec) and the volume
fraction of the porous material (φmat) or previous porosity (εt−1),
as follows:

εt = 1− (φprec(t−1) + φmat) = εt−1 − φprec(t−1) (4.1)

The volume fraction of the mineral phase was calculated as
the number of moles of mineral precipitated in one grid-cell
multiplied by the molar volume of said mineral phase (ratio
of the molar mass to the density). In a more complex system
where several mineral phases are involved in processes of pre-
cipitation and dissolution, the volume fractions of each phase
must be taken into account. The molar volume of calcite was
equal to 36.93 kg·dm−3. The precipitation rate was 1.91×10−3

mol·m2·s−1, and the activation energy was 10.01 kcal·mol−1 (from
thermoddem.dbs, Blanc et al. (2007a)). The molar volume of
celestite was 46.25 kg·dm−3, its precipitation rate was 5.12×10−8

mol·m2·s−1, and its activation energy was 8.13 kcal·mol−1 (from
thermoddem.dbs, Blanc et al. (2007a), and from Dove and Czank
(1995)).
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Table 4.1: List of the primary and secondary species considered in the sim-
ulation of porosity clogging by celestite and calcite precipitation in the sand
and illite system, with stability constants (logK).

Primary species Secondary species LogK

Celestite precipitation

Sr2+ SrCl+ 0.23

SrOH+ 13.29

SrSO4 -2.30

SO2−
4 HSO−

4 -1.98

NaSO−
4 -0.94

Calcite precipitation

Ca2+ CaHCO+
3 -1.10

CaCl+ 0.29

CaOH+ 12.78

CO2−
3 NaCO−

3 9.06

NaHCO3 0.25

Common to both systems

HTO

H+

Na+ NaOH 14.75

Cl− HCl 0.71

H4SiO4

The specific surface area of the reactive phases is an impor-
tant parameter to take into account. As the specific surface area
of the precipitate during the clogging process could not be ex-
perimentally determined, different values were tested in order to
assess the model sensitivity on this parameter, as it could not
be directly measured on the precipitates obtained during dif-
fusion experiments (see appendix B). The value finally chosen
was 40 m2·g−1. The primary and secondary species in solution
considered for simulation are listed in table 4.1.



Part II

Results and discussion





Chapter 5

Properties of the purified sea
sand

Prior to diffusion experiments, the sand was characterized both
as a powder (chemical and mineralogical composition, sorption
of strontium) and as a compacted material (porosity, diffusivity
and other transport properties). The initial transport properties
were also estimated by applying the linear regression method to
the conservative tracer (HTO) through diffusion experimental
results.

5.1 Physico-chemical properties of the sand

powder

The chemical and mineralogical composition of the sand pow-
der was characterized for the raw and the cleaned material. The
sorption of strontium was characterized only for the cleaned ma-
terial.

5.1.1 Chemical and mineralogical composition

The XRD analysis of the bulk powder confirmed that the sand
consists almost solely of silica (>99% SiO2). The impurities
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contained at least two minor mineral phases from the kaolinite
and mica groups.

The XRD analysis was confirmed by X-ray Fluorescence (XRF)
measurements on the bulk powder (table 5.1). The powder
mainly consists of silica (97.8 wt% SiO2). Aluminum was identi-
fied as major impurity, with a proportion of 0.9 wt% Al2O3. As-
suming that Al constitutively enters in the composition of kaoli-
nite would correspond to 2.25 wt% kaolinite in the sea sand. The
other major elements found were K, Ti, Fe and Ca, in decreas-
ing order of abundance. The differences in content of the various
elements between the cleaned and raw sand are not significant.
However, this pre-treatment step is thought to be necessary, as
it removes the numerous fine particles that could influence the
pore size distribution, and therefore the transport parameters
of the compacted material. The presence of fine particles would
also lead to greater uncertainties in the µCT measurements, as
they might be smaller than the resolution of the apparatus.

Table 5.1: Chemical composition (major and minor elements) of the raw and
cleaned sand powder from XRF analysis.

Major elements (wt%)

SiO2 Al2O3 K2O TiO2 Fe2O3 CaO

Raw sand 99.1 0.88 0.42 0.10 0.09 0.03

Cleaned sand 99.2 0.89 0.42 0.09 0.09 0.03

Minor elements (ppm)

Ba Zr Sr Rb Cr Pb

Raw sand 105 64 19 14 7 3

Cleaned sand 102 55 18 13 7 4

Ba, Ce, Cr, Nd, Rb, Sr and Zr were present in trace amounts
(10 to 100 ppm). Their concentration did not change during the
cleaning step. Based on the XRF analysis and the total mass of
≈ 6.25 g of sea sand inserted in each diffusion column, the Sr
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amount is estimated to be 0.12 mg. Such a small amount would
not influence the selective dissolution results for the quantifica-
tion of precipitated celestite. It would lead to an error of +0.25
mg at maximum, under the assumption that all Sr was bond in
celestite and would be released during the selective dissolution
process.

5.1.2 Specific surface area

The specific surface area (SSA) is a factor that can greatly in-
fluence sorption and through diffusion results. The SSA of the
sand was not affected by the cleaning procedure, during which
the fines were removed. It was equal to 0.53 m2 · g−1 and 0.56
m2 · g−1 for the raw and cleaned material, respectively. The hys-
teresis in the sorption-desorption curve (fig. 5.1) indicates the
presence of meso- to micropores within the sand grains. How-
ever, the sorption-desorption curve is of type V, which indicates
a poor N2 sorption on the sand (Brunauer et al., 1940; Balbuena
and Gubbins, 1993; IUPAC, 1997). One must be cautious when
interpreting such a curve.

5.1.3 Sorption of strontium

Attempts were made to quantify the sorption of Sr2+ on the free
sand powder, in various ionic strength, pH and solid to liquid
ratios. The sorption was found negligible in the conditions rel-
evant to the present study (below 5% at pH ≈ 5.5, high ionic
strength and 0.001 to 1 mmol · L−1 Sr2+). The diffusion exper-
iments with celestite precipitation imply the through diffusion
of a high concentration SrCl2 solution (0.01 to 0.5 mol · L−1)
from a source reservoir to a sink reservoir (SO4-reservoir), in
high background electrolyte (0.03 to 0.75 mol · L−1 NaCl) and
at constant pH ≈ 5.5. The quantity of sorbed Sr2+ on the sand
surface in these experimental conditions was close to or below
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Figure 5.1: N2-BET sorption-desoption isotherms for the cleaned sea sand.

detection limits (≈ 5 µg · L−1 = 4.4×10−4 mol · L−1). Based on
these results, the retardation of Sr2+ ions in their migration in
the compacted sand by sorption on the grains surface was not
included in the models.

5.2 Initial transport parameters of the com-

pacted sand

The initial transport parameters of the compacted purified sea
sand were characterized by (1) MIP (connected porosity and
pore size distribution), (2) through diffusion of HTO (acces-
sible porosity, effective diffusivity, geometric factor) and (3)
µCT (overall, connected and isolated porosity, effective diffu-
sivity, pore size distribution, tortuosity factor). The results ob-
tained with each of these methods are reported and compared
in table 5.2.
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Table 5.2: Summary of the average initial transport parameters of compacted
sea sand obtained with MIP, HTO through diffusion and µCT.

Technique ε
φav De

G
µm ×10−10 m2s−1

MIP 0.42 ± 0.01 43.85 ± 0.48 - -

HTO 0.42 ± 0.09 - 4.48 ± 0.17 2.11 ± 0.42

µCT 0.40 ± 0.08 39.89 ± 5.70 2.21 ± 0.43 2.72 ± 0.39

5.2.1 Mercury intrusion porosimetry

The Pore Size Distributions (Hg-PSD) obtained for the two mea-
sured samples (MIP1 and MIP2) are reported in fig. 5.2. The
reported distributions are corrected from the glass filters con-
tribution, which had a well known average pore size of 200 µm.
The distribution curves are very reproducible, as are the average
pore diameter (Φav), the median pore diameter (ΦD50) and the
connected porosity reported in table 5.3.

Table 5.3: Accessible porosity (εa) and average and median values of pore
diameter (Φ, in µm) obtained on 2 samples of compacted purified sea sand
with mercury intrusion porosimetry.

Sample εa Φav ΦD10 ΦD50 ΦD90

MIP1 0.404 43.37 17.90 40.17 63.21

MIP2 0.427 44.32 5.73 41.35 71.44

5.2.2 Tracers through diffusion

The results of the HTO through diffusion experiments - as de-
picted in fig. 5.3 and table 5.4 - show a high reproducibility in
the through diffusion curves and transport parameters obtained
with the linear regression method.
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Figure 5.2: Pore size distribution of compacted purified sea sand from MIP
measurements (Hg-PSD) on 2 samples.

Figure 5.3: HTO flux for through diffusion experiments in compacted pu-
rified sea sand prior to porosity reduction. The dashed lines represent the
boundaries of the confidence interval.
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Table 5.4: Accessible porosity (εa), effective diffusivity (De, in ×10−10 m2 ·
s−1), geometric factor (G) and cementation factor (m) obtained on 10 sam-
ples of compacted purified sea sand with HTO through diffusion and linear
regression method.

Experiment εa De HTO G ≈ τ 2f m

S1-HTO1 0.372 ± 0.015 3.43 ± 0.14 2.43 ± 0.24 1.90 ± 0.11

S1-HTO2 0.347 ± 0.014 3.71 ± 0.15 2.09 ± 0.21 1.70 ± 0.10

S1-HTO3 0.393 ± 0.016 4.39 ± 0.18 2.00 ± 0.20 1.74 ± 0.10

S2-HTO1 0.441 ± 0.018 3.46 ± 0.18 2.27 ± 0.23 2.00 ± 0.11

S2-HTO2 0.463 ± 0.019 3.66 ± 0.20 2.28 ± 0.23 2.07 ± 0.09

S2-HTO3 0.331 ± 0.013 4.51 ± 0.18 1.69 ± 0.17 1.48 ± 0.08

S2-HTO4 0.394 ± 0.016 4.23 ± 0.17 2.08 ± 0.21 1.79 ± 0.10

S3-HTO1 0.441 ± 0.018 4.04 ± 0.16 2.44 ± 0.24 2.09 ± 0.12

S3-HTO2 0.394 ± 0.016 4.48 ± 0.18 1.96 ± 0.20 1.72 ± 0.10

S4-HTO1 0.472 ± 0.019 4.52 ± 0.18 2.34 ± 0.23 2.13 ± 0.12

S5-HTO1 0.502 ± 0.020 4.44 ± 0.18 2.53 ± 0.25 2.35 ± 0.13

S6-HTO1 0.409 ± 0.016 4.43 ± 0.18 2.07 ± 0.21 1.81 ± 0.10

S7-HTO1 0.425 ± 0.017 4.52 ± 0.18 2.10 ± 0.21 1.87 ± 0.11

S8-HTO1 0.404 ± 0.016 4.62 ± 0.19 1.95 ± 0.20 1.74 ± 0.10

S9-HTO1 0.442 ± 0.018 4.45 ± 0.18 2.22 ± 0.22 1.98 ± 0.11

S10-HTO1 0.453 ± 0.018 4.46 ± 0.18 2.27 ± 0.23 2.03 ± 0.08

Average 0.418 ± 0.087 4.48 ± 0.16 2.11 ± 0.42 1.92 ± 0.44

5.2.3 µCT imaging

µCT with a resolution of ≈ 12 to 15 µm were performed on
7 different diffusion cells prior to porosity clogging, 5 of which
were segmented both with and without Non Local Mean (NLM)
filtering (Buades et al., 2005). All imaged volumes were seg-
mented and implemented in a pore morphology model.
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Table 5.5: Total porosity (ε), effective diffusivity (De, in ×10−10 m2 ·s−1) and
geometric factor estimated with µCT coupled to a pore morphology model
for 7 different diffusion cells containing compacted purified sea sand, prior to
porosity clogging.

Sample NLM filter ε (= εa) De G ≈ τ 2f
CT1 no 0.321 1.78 2.84

CT1 yes 0.417 2.81 2.33

CT2 no 0.378 2.29 2.66

CT2 yes 0.383 2.14 2.88

CT3 no 0.420

CT3 yes 0.328

CT4-mes1 no 0.369 2.21 2.62

CT4-mes1 yes 0.388 2.02 3.01

CT4-mes2 no 0.432

CT4-mes2 yes 0.357

CT4-mes3 no 0.406

CT4-mes3 yes 0.375

CT5 no 0.494

CT5 yes 0.445

CT6 no 0.359

CT7-seg1 no 0.462

CT7-seg2 no 0.402

The porosities (overall ε, connected or accessible εa and closed
εx), effective diffusivity and geometric factor obtained are re-
ported in table 5.5. All pores were connected, thus ε= εa. The
effective diffusivity and tortuosity were evaluated only for 3 sam-
ples, as such calculations are expensive in CPU time. In order
to test the reproducibility of the procedure, the sample CT4 was
measured and implemented in the model three times indepen-
dently and the same data set of sample CT7 was segmented two
times independently.
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Pore size distribution (PSD)

The geometrical PSD (Geo-PSD) and the mercury intrusion sim-
ulation (Hg-PSD) obtained for the unfiltered sample CT1 with
the pore morphology model is similar in the range of pore sizes
to the Hg-PSD from mercury intrusion porosimetry (fig. 5.4),
as are the average and median pore diameters (table 5.6). The
lack of data in the small sizes (<12.7 µm) is due to the µCT res-
olution limit.

Figure 5.4: Pore size distribution of compacted purified sea sand from µCT,
with geometrical calculation and mercury intrusion simulation compared to
MIP measurements.

Table 5.6: Average and median values of pore diameter (φ, in µm) obtained
on a sample of compacted purified sea sand with µCT coupled to pore mor-
phology modeling, from geometrical calculations (Geo) and mercury intrusion
simulation (Hg).

Sample φav φD10 φD50 φD90

CT1 (Geo) 45.49 9.73 39.92 66.82

CT1 (Hg) 34.21 9.40 29.32 43.06
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Total porosity

The effects of the NLM filtering on the porosity estimation does
not show a clear tendency towards either a larger or a smaller
porosity as compared to the non-filtered datasets, as evidenced
by the variability in ∆ε = ε(NLM) − ε(no − NLM) depicted
in fig. 5.5. The range of porosities is slightly smaller in the case
of filtered data (0.328-0.445) compared to the unfiltered sets
(0.321-0.494). When comparing the 3 different measurements
obtained for the same sample (CT4), the same variability in
porosity is observed. The average porosity for this sample is
equal to 0.402 ± 0.033 for the non-filtered and 0.373 ± 0.016 for
the filtered data sets.

All data sets presented here were obtained in identical appa-
ratus settings (distance of the sample from the source, physical
filter, energy, acquisition angles and time). A slight variation in
energy during the acquisition could partly explain the variabil-
ity observed. However, the most probable source of discrepancy
in this particular case would be during the post processing of
the data sets, when the volumes are segmented by the post-
processor. The post-processor selects the thresholds on the grey
scale corresponding to the porous material and pore space from
the histogram of the 16 bits images. Small differences in thresh-
old values can results in significantly different porosities, as evi-
denced by the results obtained for two different segmentations of
the same measurement of CT7 (0.462 and 0.402). Considering
all data, an average porosity of 0.396 ± 0.075 is obtained.

Porosity spatial variability

To assess the porosity spatial variability of the compacted sand
columns, the porosity profiles of a few samples were calculated
with a simple voxel-counting approach (VCA). For this approach,
the 2D slices of the reconstructed volumes were considered inde-
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Figure 5.5: Differences in porosities estimated with a pore-morphology model
between filtered and unfiltered µCT data sets.

pendently, and the number of pixels corresponding to the pore
space were counted from the histograms. This number was then
converted in terms of porosity, by simply calculating the ratio
between the pixels corresponding to the pore space to the total
number of pixels of the column (pore space and grains). To bet-
ter compare the different data sets, the variation of the porosity
along the sand columns was calculated as the difference between
the average porosity of the stack of images (εav) and the poros-
ity of each independent slices (εslice). The profiles are reported
in fig. 5.6 as a function of the distance from the filter supports
of the high concentration reservoir.

The porosity varies with the height of the sand column, with
more or less intensity depending on the samples. At maximum,
the difference between the smallest and biggest value of porosity
for the same sample is 0.097 (sample CT1). This variability is
most likely due to the compaction method used for the sample:
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Figure 5.6: Porosity profiles from µCT measurements on different compacted
sand columns.

a progressive gravity settling of particles in suspension, with
episodes of compaction by tapping the column on the prepara-
tion table (section 2.1.2). The effects of such variations on the
overall diffusivity of the conservative tracer and precipitation of
secondary phases were tested in the reactive transport models.

Diffusivity and tortuosity

As for the porosity, the differences between the effective diffu-
sivity and tortuosity values between the different CT samples
are small - but significant - and no clear trend appears when
comparing the filtered to the non-filtered data sets. The average
effective diffusivity value obtained ((2.21 ± 0.43)×10−10 m2·s−1)
is only half of the value obtained by HTO tracing ((4.48 ±
0.17)×10−10 m2 · s−1), and the average tortutosity value (2.72
± 0.39) is 1.3 times smaller than the HTO one (2.11 ± 0.42).
This difference between the two approaches most likely lies in
the low resolution and poor contrast of the µCT images. Dur-
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ing the segmentation process, it appeared that the smaller pores
and pore throats could not be differentiated from the sand grains
(fig. 5.7), thus leading to a loss of connectivity of the pore space.
The number of pore throats and small pores that could not be
resolved is small enough that it does not influence the overall
porosity. However, the loss of connections has a big influence on
the complexity of the diffusion pathways, and therefore on the
tortuosity and effective diffusivity.

Figure 5.7: Close-up of a CT slice of diffusion cell CT1 during the segmenta-
tion process. The purple line correspond to the selection of the grains from
the histogram.





Chapter 6

Effects of porosity clogging on
transport properties

The HTO flux during porosity reduction by precipitation of ce-
lestite and calcite was an indicator of the clogging onset (change
of slope), and of its effects on the transport properties of the
materials. The precipitation fronts in the compacted sand were
analyzed both in-vivo (µCT imaging) and post-mortem (SEM-
EDX and selective dissolution). In the case of the illite-du-Puy,
the precipitation front was analyzed only post-mortem (autora-
diography).

6.1 The compacted purified sea sand

In the compacted sand, the precipitation fronts were sharp disks
located near the middle of the diffusion columns. One com-
pacted sand column used for the precipitation of celestite from
0.5 mol · L−1 stock solutions (sample named CTprec1) was ana-
lyzed with µCT at 2 different resolutions (5.89 and 15.2 µm) and
its transport parameters (porosity, diffusivity and tortuosity)
were characterized with pore-morphology modeling. For this
experiment, no radioactive tracer was used, as the µCT scans
were performed in a regular laboratory. The initial experimental
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conditions were the same as for the diffusion cell S13-CEL◦ and
S14-CEL◦ (1 mmol · L−1 NaCl pore solution).

6.1.1 HTO through diffusion

The HTO fluxes obtained for celestite and calcite precipitation
experiments are reported in fig. 6.1.

Clogging by celestite

Two different patterns can be distinguished between the high
concentrations (≥ 0.50 mol·L−1 SrCl2 and Na2SO4) and the low
concentrations (≤ 0.10 mol·L−1 SrCl2 and Na2SO4). In the first
case, a normal increase in the HTO flux - behavior corresponding
to an undisturbed porous material - is observed during the first
few days, followed by an important decrease leading to a seem-
ingly steady state flux (≈ 2.4×10−9 m ·s−1) about 3 times lower
than for undisturbed compacted sand (≈ 7.6 × 10−9 m · s−1).
The onset of the flux decrease at about 7 to 9 days corresponds
to the appearance of a precipitation front visible to the naked
eye, shaped as a thin white disk (<1 mm thick) and perpen-
dicular to the direction of diffusion. The front was close to
the middle of the sand columns, though slightly closer to the
Sr-reservoir (table 6.1). The non-zero steady state HTO flux
indicates that the pore space in the precipitation zone was not
fully clogged, and that it remained at least partially open and
connected. It also seems to indicate that most of the precip-
itation occurred very rapidly and stopped abruptly. A good
reproducibility was observed for the two experiments conducted
at 0.50 mol · L−1 concentrations (fig. 6.2), which validated the
reliability of the approach.

In the case of low concentrations, the HTO flux did not
seem to be affected by porosity reduction. Indeed, the shape
of the curve was similar to the curves obtained prior to poros-
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Figure 6.1: HTO through diffusion fluxes during compacted sand porosity
reduction by celestite and calcite precipitation from different concentrations
(SrCl2 and Na2SO4; CaCl2 and Na2CO3).

ity reduction. However, the value of the steady state flux (≈
1.08 × 10−9 m · s−1) is slightly higher than for no-precipitation
experiments (≈ 7.6×10−9 ms−1). This 30% difference is signifi-
cantly higher than the experimental error of 5 to 10%, and could
be due to the differences in initial conditions. Indeed, for the
no-precipitation experiments, the HTO through diffusion was
performed at homogeneous NaCl concentration (0.001 and 0.500
mol · L−1 NaCl in the reservoirs and pore space), while the pre-
cipitation experiments S5-CEL, S6-CEL and S7-CEL (fig. 6.1)
were performed at homogeneous ionic strength (different salt
concentrations between the reservoirs and the pore solution).
These high concentration gradients could lead to faster diffu-
sion rates.
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Figure 6.2: HTO through diffusion fluxes during compacted sand porosity
reduction by celestite precipitation from 0.50 mol · L−1 SrCl2 and Na2SO4.

Clogging by calcite

The HTO fluxes obtained during the sand porosity clogging by
precipitation of calcite (fig. 6.1) follow the same general trend
as for the high concentration reservoir celestite experiments. A
first increase in the flux corresponding to the HTO migration
through an undisturbed media is followed by a rapid decrease
and a steady-state. However in the calcite case, the HTO fluxes
are influenced by porosity reduction also at relatively low con-
centrations (0.10 and 0.05 mol · L−1 CaCl2 and Na2CO3). The
time corresponding to the flux drop increases with decreasing
concentrations, and was not reached for the smallest reservoir
concentration (0.01 mol · L−1). The flux reached a steady state
value of 0.4 × 10−9 m · s−1 for S2-CAL, 1.8 × 10−9 m · s−1 for
S35-CAL and 1.3 × 10−9 m · s−1 for S36-CAL after precipita-
tion. These values are about 4 to 20 times lower than for sim-
ple through diffusion, the effects of the porosity reduction be-
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ing particularly strong in the 0.05 mol · L−1 concentration case.
This significant difference with the 0.25-0.10 mol · L−1 reservoir
concentrations could possibly be due to different precipitation
mechanisms involved (clogging of the pores and pore throats or
of the pores only).

Clogging by celestite vs. calcite

The trends observed for celestite and calcite precipitation are
very different. Calcite precipitation seems to clog the sand
porosity faster and more efficiently than celestite. This differ-
ence cannot be explained only in terms of precipitation kinetics.
The precipitation rate at 25◦C for calcite (1.82×10−7 mol · m−2 ·
s−1) is about 3.6 times higher than for celestite (5.18×10−8 mol ·
m−2·s−1) (from thermoddem.dbs database, Blanc et al. (2007a)).
However, the precipitation rates are not expected to play such
an important role in diffusive conditions, as the migration of
the constituting elements is slow enough to consider that the
reactions are taking place at local equilibrium. We compared
the results obtained for local equilibrium to kinetic regime for
celestite in a model sensitivity analysis (appendix B): the dif-
ferences between both regimes were insignificant. Celestite and
calcite also have different molar volumes (46.25 cm3· mol−1 for
celestite and 36.93 cm3· mol−1 for calcite), that could explain
the faster clogging in the case of calcite. A mass of 10 mg of
precipitate would correspond to 9.7 mm3 of calcite and only 2.5
mm3 of celestite, a value about 4 times smaller. Finally, experi-
mentalists have observed significant effects of H4SiO4 in solution
on celestite precipitation (Pina and Tamayo (2012); Louis Tem-
goua, personal communication). For example, a H4SiO4 concen-
tration as low as 1.5 ppm increased the precipitation induction
time by 180 min at SI = 0.90 (Louis Temgoua, personal commu-
nication). The amount of H4SiO4 in solution in our experimental



Effects of porosity clogging on transport properties 76

conditions was 4.8 ppm (added in the reservoirs and calculated
pore concentration for equilibrium with quartz). A combination
of these three processes could explain the differences between
calcite and celestite clogging rates.

Continuous measurements

The results presented and discussed above were obtained on dif-
fusion cells that were previously used in simple through diffusion
experiments. The reservoirs and pore water were exchanged
against a non-active NaCl solution until no activity could be
measured, and then used for the precipitation experiments. A
particular set of experiments was run with directly exchang-
ing the 0.50 mol · L−1 NaCl solutions in the reservoirs after a
first tracing experiment for 0.50 mol · L−1 SrCl2-Na2SO4 (S12-
CEL) and CaCl2-Na2CO3 (S34-CAL) solutions while skipping
the cleaning step, so that a continuous through diffusion flux
could be obtained (fig. 6.3). The exchange was performed at
43 days, after the HTO flux reached a first steady state value of
≈ 7.6× 10−9 m· s−1 for both experiments.

Changing the reservoir contents drastically increased the HTO
flux in the 3 days following the exchange. The flux peaked at
1.21×10−8 m· s−1 for the celestite experiment and at 1.91×10−8

m· s−1 for the calcite experiment. These particularly high values
could be due to the ionic strength heterogeneities introduced by
exchanging the reservoirs, which had higher ionic strength than
the pore water. In the calcite system, the increase was further
enhanced by the high heterogeneities in the pH of the solutions,
which was 5.5 for the pore water and Ca-reservoir and 11.5 for
the CO3-reservoir. After only 3 to 4 days, the HTO flux of both
systems drastically decreased and reached a similar steady state
value of ≈ 2.7×10−9 m· s−1, a value about 3 times lower than
the first steady state. In both cases, a clear white disk-shaped
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Figure 6.3: HTO through diffusion fluxes prior to and during compacted
sand porosity reduction by celestite and calcite precipitation from 0.50
mol · L−1 concentrations.

precipitation front was visible to the naked eye after 5 to 7 days
following the change in reservoir solutions. This period corre-
sponded to the time needed to reach the second steady state.

6.1.2 Characterization of the precipitates

After preparing the samples for post-mortem analysis, and be-
fore the dissolution of the precipitate was performed, small a-
liquots from the precipitation zones in cells S3-CEL, S13-CEL◦

and S14-CEL◦ were analyzed by SEM-EDX. Representative SEM
backscatter images are shown in fig. 6.4. The precipitates took
the form of microscopic crystals aggregates of various shapes
and sizes. Some of the aggregates were piles of tabular crystals,
while others in the direct neighborhood were clusters of needle-
shaped crystals. The shape of the celestite crystals was shown
to be highly dependent upon the Sr/SO4 molar ratio by Sun
et al. (2012).
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Figure 6.4: Back scatter images of solid samples from experiments S13-CEL◦

and S14-CEL◦ before selective digestion of the celestite, and of CTprec1 after
selective digestion of the celestite.
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Thus, it is possible that the different shapes appeared at dif-
ferent stages of the counter ion diffusion, for different molar ra-
tios. The precipitates seemed to prefer the rough surface of the
sand grains, filling the micro-cracks. The aggregates were found
isolated on the grains surface, or filling the pore space between
several grains, thus cementing them together. The size of the
celestite crystals ranged from a few µm to more than 50 µm.
A significant number of small crystals were found as isolated
“dust” on the surface of the sand grains, very often observed on
surface cavities or micro-crack.

An EDX analysis on some of the crystals confirmed that the
precipitate was stoichiometric celestite (SrSO4) and that stron-
tianite (SrCO3) has not been formed even though the experi-
ments were performed under atmospheric condition. The sat-
uration index of SrCO3 under the experimental conditions was
estimated to be -0.42 for a mixture of 0.5 mol · L−1 SrCl2 and 0.5
mol · L−1 Na2SO4 and solutions in equilibrium with atmospheric
CO2.

Table 6.1: Mass of celestite (mSrSO4) in 4 experiments, and approximate
distance of the precipitation front from the filter supports of the Sr-reservoir
(dfront).

Diffusion mSrSO4 dfront

cell mg mm

CTprec1 21.7 ± 0.4 21.0 ± 1.0

S3-CEL 15.6 ± 0.3 26.2 ± 0.4

S13-CEL◦ 31.6 ± 0.5 12.5 ± 2.5

S14-CEL◦ 35.6 ± 0.5 17.5 ± 2.5

The mass of precipitate, as well as the approximate position
of the precipitation fronts, are reported in table 6.1. As can be
seen from the celestite mass profiles (fig. 6.5), the front position
is variable, but it’s amplitude is reproducible. The position is
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very approximate, as the solid samples used for the digestion
were 5 mm thick, and the position was not measured precisely
(except for S3-CEL). Most of the precipitated mass is concen-
trated in one 5 mm distance interval for each experiment, with
part of the precipitation front within the neighbor intervals. No
celestite was found in intervals further away from the front. The
selective digestion method proved to be efficient, as no celestite
remained in the sample from the precipitation front of experi-
ment CTprec1 after dissolution (fig. 6.4).

Figure 6.5: Mass of precipitated celestite as a function of the distance from
the Sr-reservoir filter supports from selective dissolution analysis.

6.1.3 µCT imaging

Two CT measurements of CTprec1 precipitation front after 63
days of reaction time were made: one at low resolution (15.12
µm), measuring the central 30 mm of the diffusion column, and
one at higher resolution (5.89 µm), measuring the central 12 mm
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across the precipitation area. The low and high resolution data
sets were analyzed with a simple VCA, and the high resolution
data set was further segmented and implemented in the pore
morphology model.

Figure 6.6: µCT slice of cell CTprec1 showing the celestite precipitation front
(light gray values) within the sand (medium gray values). The pores appear
as the darkest gray values. Diameter is 10 mm.

Under both resolutions, the precipitation front could be clearly
distinguished from the sand grains and water filled pore space.
The celestite grains appeared as bright white spots after recon-
struction (fig. 6.6), as strontium X-Ray mass energy-absorption
coefficient is very high compared to silicon (Hubbell and Seltzer,
1995). The precipitation front was symmetrical and constituted
of two distinct components: a dense precipitation disk of about
0.35 mm thickness surrounded on both sides by a homogeneously
disperse precipitation zone of about 3 mm thickness. In the
dense disk, the precipitates appeared to cement the sand grains
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together by filling the pores and some of the pore throats. The
celestite did not fully cement the sand, as some pathways re-
mained open, connecting one side of the front to the other. In
the disperse precipitation zone, the precipitates were isolated
and appeared to fill only the pores, and not the pore throats.

Porosity and mass quantification in low resolution

The low resolution data set had a very high contrast between
the celestite precipitate and the other components of the porous
material (sand grains and pore space). Due to that contrast,
the variations in gray levels assigned to either one of these com-
ponents in the precipitation zone was very important in the X,
Y and Z directions. Therefore, the sand grains and pore space
could not be segmented in 3D. However, the gray levels assigned
to the celestite were very constant and easy to threshold in the
X-Y plane (perpendicular to the direction of diffusion).

A VCA was performed, attempting to estimate the mass of
precipitate in the pore space and the remaining porosity. A vol-
ume of 5.1 ± 0.8 mm3 celestite, and a corresponding mass of
20.2 ± 3.2 mg were estimated. This mass is in good agreement
with the dissolved amount of celestite in the 5 mm thick sam-
ple containing the precipitation front during the post-mortem
analysis of the same diffusion cell (21.7 ± 0.4 mg, see table 6.1
CTprec1).

The initial porosity of the sand column was estimated with
a similar VCA for the pore space in the regions far from the
precipitation zone. In these regions, the absence of celestite al-
lowed for homogeneous gray levels in the 3 Cartesian directions.
An initial porosity of 0.44 ± 0.05, in good agreement with all
other experimental results (0.40 to 0.42), was estimated. From
the volume of precipitated celestite and the initial porosity, the
minimum porosity reached in the 350 µm thick dense precipita-
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tion disk could be estimated. Considering that approximately
75% of the precipitate was included in this dense precipitation
disk, a minimum porosity of 0.28 ± 0.03 was estimated. Unfor-
tunately, it was not possible to estimate the connectivity of this
remaining porosity with this low resolution set of images.

Porosity and mass quantification in high resolution

The mass of celestite precipitate and the porosity profile were
also determined with VCA on the segmented volume. This
method gave 30.2 ± 0.5 mg celestite, a value higher than the
quantification by dissolution (21.7 ± 0.4 mg). This over esti-
mation could be due to the selection of the gray values threshold
corresponding to celestite selected prior to the beam hardening
correction. A similar measurement on the raw (untreated) data
set gave 25 ± 5 mg. The discrepancy observed does not re-
side in an incomplete dissolution of the precipitate during the
post-mortem analysis, as SEM-EDX analysis showed that no ce-
lestite remained after treatment (fig. 6.4). It might however
come from a microporosity of the precipitate. Indeed, a close
look to the untreated CT images reveals that the precipitate
has variable grey values, corresponding to possible variable den-
sities. On the SEM images of the precipitates of experiments
S13-CEL◦ and S14-CEL◦, the aggregates appeared to have a
micro- or nanoporosity.

The shape of the celestite aggregates seems to indicate that
the crystals have grown on the surface of the sand grains and
filled the adjacent pores, thus leading to a cementation of the
porous material in the precipitation zone. However, this ce-
mentation was not complete, and a significant portion of the
pore space remained unclogged, as is suggested by the porosity
profile obtained by VCA on the segmented CT data set of exper-
iment CTprec1 (fig. 6.7). This observation is in good agreement
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Figure 6.7: Porosity and volume fraction of precipitate along the µCT mea-
sured profile of sample CTprec1 from voxel-counting.

with the steady-state HTO through diffusion observed after the
formation of the precipitation front. The minimum porosity
reached in this front estimated by VCA was 0.31 ± 0.03. This
value is in good agreement with the value found for the low res-
olution data set (0.28 ± 0.03). The small increase in porosity
before and after the precipitation front observed on the poros-
ity profile suggest a variability in the compaction of the sand,
as observed for the undisturbed sand columns measured with
µCT (see section 5.2.3 and fig. 5.6).

Transport parameters quantification under high resolution

The segmented 3D volume with 3 labels (pore space, sand grains
and precipitate) was implemented in the pore-morphology model
to quantify the transport parameters in the undisturbed mate-
rial and in the precipitation zone. Different Regions of Interest
(ROIs) were selected from the complete data set (fig. 6.8): (1)
a cylinder cut-out from the center of the volume (ROI-all), ex-
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cluding the borders to avoid rim effects, (2) three cubes of the
same dimensions (3.6 mm side length) at different positions in
the volume, two in the undisturbed material above (ROI-top)
and below (ROI-bottom) the precipitation zone, and one in the
precipitation zone (ROI-middle), and (3) a disk cut-out from the
center of the volume (ROI-disk), and including the precipitation
zone.

Figure 6.8: Schematic representation of the location of the different ROIs
selected from the high resolution CT data set, and transport parameters
calculated with the pore morphology model for each ROI.

As expected, the pore space geometry of the undisturbed ma-
terial was found homogeneous in all three dimensions. The av-
erage porosity in the 3 Cartesian directions of the undisturbed
porous material was calculated for ROI-top and ROI-bottom.
The total porosity was 0.41 ± 0.01, with no isolated pores de-
tected. This value is in good agreement with the HTO diffusion
experiments (0.42 ± 0.09), the MIP (0.42 ± 0.02), the µCT cal-
culations on the reference diffusion cells (0.40 ± 0.03) and the
VCA on the low (0.44 ± 0.05) and high (0.39 ± 0.03) resolution
data sets.

The average effective diffusivity in the 3 Cartesian directions
was (5.03 ± 0.02)×10−10 m2· s−1 for the ROI-top and ROI-
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bottom. This value is in good agreement with the HTO tracing
experiments ((4.48 ± 0.17)×10−10 m2· s−1). The average tortu-
osity factor of the undisturbed material in the 3 Cartesian di-
rections was calculated for ROI-top and ROI-bottom using the
ratio of the pore-morphology model derived porosity and effec-
tive diffusivity. It was 1.83 ± 0.02, which is in good agreement
with the geometric factor calculated based on HTO through dif-
fusion (1.92 ± 0.44).

In the precipitation zone, the porosity calculated is only slight-
ly smaller, as it is an average of the whole ROI-middle, which
includes parts of the undisturbed material. However, the tor-
tuosity increases and the diffusivity decreases significantly. No
isolated pores were found by the model, suggesting that the re-
maining porosity in the precipitation zone was fully connected.

The influence of the increase in tortuosity and decrease in
porosity in the precipitation zone on the transport of dissolved
species can be better understood from the Laplace field calcu-
lations (Becker et al., 2011; Wiegmann and Becker, 2012) per-
formed in the middle and bottom ROIs (fig. 6.9). The simula-
tion was performed in all 3 Cartesian directions for both ROI-
middle and ROI-bottom. The field is very homogeneous in the
X, Y and Z directions for the bottom ROI, as expected for a
homogeneous, undisturbed porous material. It is also homo-
geneous in the X and Y directions for the middle ROI, but is
strongly influenced by the precipitation zone in the Z direction,
the direction of diffusion from the Sr to the SO4-reservoir.

The geometrical pore size distribution is very similar for all
ROIs (fig. 6.10). A similar calculation was made for the celestite
grain size distribution. The distribution curve is the same as for
the pores of the material, indicating that the material fills the
pore space. This observation confirms the microscopic observa-
tion of the precipitate made with SEM. The small shift towards
bigger diameters indicates a possible preference of the precip-
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Figure 6.9: Laplace field simulations on ROI middle (including the precip-
itation front) and ROI bottom (undisturbed material). On the bottom left
corners of the graphs are the 3D renderings of the calculations. The red to
blue color gradient represents the high to low particle concentration gradient.
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itate for the biggest pores. Emmanuel and Ague (2009) have
shown through theory and modeling that in systems with small
pores, the SI of a precipitating phase was pore size dependant.
It has also been shown on the µCT images that the precipitates
are mostly localized in pores and not in pore throats.

Figure 6.10: Pore and celestite grain size distributions for different ROIs.

6.2 The compacted illite-du-Puy

The post-mortem analysis of compacted illite-du-Puy consisted
of autoradiographic measurements of 4 polished surfaces of the
14C-PMMA impregnated IdP1 sample. The autoradiography
allowed the estimation of the average accessible porosity of se-
lected areas and transects.

6.2.1 Through diffusion of tracers

HTO and 36Cl diffusion breakthrough curves (fig. 6.11) in the
absence of celestite precipitation show lower diffusion fluxes for
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36Cl than for HTO (after renormalization to their respective
self-diffusion coefficient in water). This behavior has been re-
peatedly reported for diffusion in charged clay materials (e.g.,
Glaus et al., 2010) and is related to the semi-permeable mem-
brane properties of those materials and the partial exclusion of
anions. As discussed earlier, the anion exclusion phenomenon is
due to the high and permanent surface charge of the clay parti-
cles, forming a negatively charged water layer at their contact.
Due to their own negative charge, anions cannot enter this water
layer, and are thus excluded form part of the pore water.

Figure 6.11: HTO and 36Cl through diffusion fluxes in compacted illite-du-
Puy, prior to (open symbols) and during (full symbols) porosity reduction
by celestite precipitation.

The precipitation of celestite in the porosity of illite had a
marked effect on the HTO diffusion flux, decreasing it by a fac-
tor two. The two samples that were investigated exhibit very
consistent behaviors. This drop in the diffusive flux is due to the
decrease of the porosity and also potentially to a resulting more
tortuous pathway for HTO diffusion. At day 70-80, a further
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drop in the HTO diffusivity is apparent. This second stage is
not a measurement artifact as evidenced by its excellent repro-
ducibility. This decrease in diffusivity must then correspond to
a change in the structure of the connected porosity.

The 36Cl diffusion data gives further insights: by day 70,
36Cl diffusion flux was reduced by a factor four as compared
to the reference sample. Since 36Cl diffusion is more affected
than is HTO diffusion, it can be concluded that the precipi-
tation of celestite must take place in the pore fraction where
most of 36Cl diffusion occurs. Based on recent studies, it seems
reasonable that mineral precipitation occurs preferentially in the
largest pores (Putnis et al., 1995; Stack et al., 2014). The largest
pores are also those where the least anion exclusion takes place
and thus are the most favorable for anion diffusion (Tournassat
and Appelo, 2011). Consequently, by blocking a large part of
36Cl diffusion pathway in this pore fraction, celestite precipita-
tion decreases more dramatically the 36Cl diffusion flux than it
does the HTO diffusion flux. At day 70, a precipitous decrease
in the 36Cl diffusion flux is evident. It corresponds exactly to
the drop in HTO flux. However, in contrast to the HTO flux,
36Cl diffusive flux dropped to zero: the precipitation of celestite
has completely disrupted the connectivity of 36Cl diffusion path-
way. Since HTO can still diffuse through the system, the present
result means that a non-negligible part of the porosity is imper-
meable to 36Cl diffusion. A conceptual view of this phenomenon
is illustrated in fig. 6.12.

Based on the experimental results alone, it is neither possi-
ble to quantify unambiguously the volume of this part of the
porosity nor the minimum size of the pores leading to total an-
ion exclusion. Still, the present result can be put in perspective
with molecular dynamics simulation results (Rotenberg et al.,
2007). According to those simulations, a pore with two layers
of water (≈ 6 Å) between two negatively charged clay surfaces
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Figure 6.12: Conceptual view of how HTO and 36Cl through diffusion is
affected by celestite precipitation.

should not be accessible to anions. The work of Malusis et al.
(2012) has theoretically proven that compacted clays have semi-
permeable membrane properties, but stated that the experimen-
tal work needed to certify the theory was missing. VanLoon
et al. (2007) and Garcia-Gutierrez et al. (2004) measured an-
ions through diffusion in highly compacted clays, but continued
to observe anions diffusion through the material even at very
high compaction states (1900 Kg·m−3). The present study gives
the first clear experimental evidence for this ideal membrane
property of clay (infra)nanopores.

6.2.2 Porosity evolution

The through diffusion of the stock solutions in the compacted
illite-du-Puy sample IdP2 was stopped at 80 days of run, and
a µCT scan was performed 19 days later at a relatively low
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resolution (27.2 µm). A 3D view of the precipitation front is
reported on fig. 6.13. The precipitation front has the shape of
a half-disk, which radius spreads from the center of one filter to
the middle of the diffusion cell wall. This shape is very different
from the disk-shaped precipitation fronts observed in the sand
system, where the disks were perpendicular to the direction of
diffusion. The precipitation front could not be investigated in
more details by µCT, as the resolution was too low to resolve
the pores (≤ 1 µm for various compacted clays, including illitic
clays, e.g.; Vasseur et al. (1995); Djeran-Maigre et al. (1998)).
However, it was a helpful measurement to select the surfaces
that would later be used in autoradiography measurements.

Figure 6.13: 3D reconstitution of the precipitation front (orange) in the
compacted illite sample IdP2, from a 27.2 µm resolution CT scan.

The average accessible porosity was measured for each pol-
ished surfaces by autoradiography, on several selected areas of
various dimensions (fig. 6.14). Some areas contained both the
undisturbed zone and parts of the precipitation front, while oth-
ers were positioned exclusively either in the undisturbed mate-
rial or in the precipitation front. The estimated average acces-
sible porosity values are reported in table 6.2.



93 6.2 The compacted illite-du-Puy

Figure 6.14: Autoradiographs of the surfaces A to D of the sample IdP2.
The lighter the grey value, the lower the porosity. Areas of measurements
and transects are marked by boxes and lines, respectively.

The average porosity is of 0.529 and 0.294 in the undisturbed
material and in the precipitation front, respectively. The av-
erage accessible porosity of the material is reduced by a factor
1.8 in the precipitation front. The tracers through diffusion
evidenced that the precipitation affected the free-water poros-
ity, leaving the anion-exclusion porosity open and connected.
When deducing the porosity value of 0.294 in the precipitation
zone from the porosity value in the undisturbed zone, a value
of 0.235 is obtained. This is in good agreement with published
values for anion accessible porosity (0.18 ± 0.05, Glaus et al.
(2010) and 0.25 ± 0.08, Tomas Kupcick, unpublished work).
Therefore, from the autoradiography results, one can conclude
that the anion-exclusion porosity is about half the total con-
nected porosity, as would be expected for this material in these
conditions.

The relatively high values of average connected porosity in
surface A, areas I and J and in surface C, area D, show an het-
erogeneity in the porosity distribution through the material, as
evidenced by the porosity profiles (fig. 6.15). The porosity sig-
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Table 6.2: Average accessible porosities (εa) calculated from the autoradio-
graphs for each selected areas of the surfaces A to D of sample IdP2.

Surface Area εa Surface Area εa

A A 0.485 B A 0.492

A B 0.499 B B 0.410

A C 0.466 B C 0.270

A D 0.448 B D 0.278

A E 0.268 B E 0.382

A F 0.277 C A 0.504

A G 0.320 C B 0.506

A H 0.575 C C 0.427

A I 0.617 C D 0.583

A J 0.582 C E 0.500

D A 0.492 C F 0.288

D B 0.490 C G 0.304

D C 0.452 C H 0.343

nificantly increases from one filter to the other (in the direction
parallel to the direction of diffusion), and is very homogeneous in
the direction perpendicular to the diffusion. These higher poros-
ity values in the neighboring region of one of the filter could be
due to the compaction method. The illite-du-Puy powder was
introduced in the half-closed diffusion cell and compressed from
the top with a piston, and the diffusion cell was then closed.
It would be reasonable to assume that in such conditions, the
material at the bottom of the diffusion cell would be more com-
pacted than the one on the top, which would result in porosity
gradients such as the one observed for the sample IdP2. How-
ever, such a hypothesis should be tested by measuring a freshly
compacted material which was not yet used in any diffusion ex-
periments. In addition, illite is known to have a small swelling
pressure, mostly due to the presence of small amounts of il-
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Figure 6.15: Porosity profile along transect 2 of surface A (parallel to direc-
tion of diffusion) and 1 of surface B (perpendicular to direction of diffusion).

lite/smectite mixed layers (Fialips and Robinet, 2011). It could
possibly swell in the filter supports holes. It should happen on
both sides of the diffusion cells, unless the compaction method
limits the swelling in the lower part by partly filling the holes.

A SEM analysis of the surface A showed that the precipi-
tate was stoechiometric celestite in the form of aggregates of
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sizes ranging between 20 and 160 µm. Those aggregates fill the
macropores of the compacted illite, as suggested by the tracers
through diffusion results. While most of the celestite could be
found within the compacted clay, a few aggregates were present
in the holes of the filter from which the precipitation spreads.

Figure 6.16: SEM image of celesite aggregates within the pore space of com-
pacted illite-du-Puy (left) and grain size distribution (right).



Chapter 7

Reactive transport modeling

An extensive sensitivity analysis of the models was conducted
and is presented as supplementary material in appendix B. The
results obtained with the simple 1D models were found to be
independent of the mesh size during the sensitivity analysis.
However, this was not the case for the precipitation models. A
dependence on the mesh size was also reported by Marty et al.
(2009). Therefore, to keep all models comparable and consistent,
a mesh size of 0.1 mm in X and Y directions was set for all runs.

As mentioned earlier (section 4.1.1), the model runs were con-
ducted with the Debye-Hückel formalism, which applicability at
high ionic strength is limited. We attempted to recalculate the
activity coefficients, γ, from a Pitzer fitting procedure. However,
the main ions activities (Sr2+, SO2−

4 , Ca2+ and CO2−
3 ) calculated

with Pitzer in conditions similar to the experiments could not
be fitted with corrected Debye-Hückel coefficients. Therefore,
the models presented and discussed thereafter were all run with
the classical Debye-Hückel formalism.

7.1 Tracers through diffusion

The filter sets might have a significant effect on the transport
parameters of the porous materials estimated by the linear re-
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gression method. A simple and effective way to characterize
and quantify filter effects is to use a model that takes into ac-
count the geometry (2D) and/or transport parameters (1D and
2D) of the filter sets. If the models do not fit the experimen-
tal data, it means that there are some filter effects, and there-
fore the transport parameters of the porous material must be
changed until a good agreement between the model and the
data is reached. For both the sand and the clay system, the fil-
ter sets used consisted of pierced disk of impermeable material
(Plexiglas for sand, PEEK for illite). The plates were about 2 to
3 mm thick, and contained several straight cylindrical holes of 1
mm diameter (fig. 2.2). Their porosity was of 0.370 in the case
of the sand system, and 0.146 in the case of the clay system.

7.1.1 The purified sea sand

The diffusion cells used for the sand system were build around
a 10 mm diameter 50 mm long cylinder (or column) containing
the compacted material. Filter sets were fixed at each ends of
these columns. The filter sets were either 1 filter support (2
mm thick) and a membrane filter (diffusion cells S1 and S2), or
a nylon gaze sandwiched between 2 filter supports, for a total
thickness of 5 mm (all other diffusion cells). It is expected that
the filter effects should be insignificant or small, as the porosity
of the filter supports (0.370) is very close to that of the sand
(0.40 - 0.42) and their thickness is much smaller than that of
the porous material (7 to 17% of total length).

HTO through diffusion in 1D

First, the data of all experiments performed were fitted with a
1D model. The 1D model included the filter supports charac-
teristics, with a porosity of 0.370 and a tortuosity factor of 1.00
(straight cylindrical pores). Two parameters can be varied to fit
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the experimental data: the porosity and the tortuosity factor of
the sand. As can be seen from the results of the tracing experi-
ments (table 5.4) and µCT analysis (table 5.5), the porosity of
the samples varies over a relatively wide range. Therefore, and
as was previously discussed, one can suppose that the methods
used to estimate the porosity (linear regression and 3D images
analysis) are slightly biased. As an additional measurement of
the porosity, the mass of the sand recovered from the diffusion
cells CT-prec1, S3-CEL, S13-CEL◦, S14-CEL◦ and S8-CAL for
the post-mortem analysis was measured, and the porosity was
back-calculated. The average porosity was 0.408 ± 0.028. It
was decided that the porosity of all the diffusion cells would be
varied within these limits for the modeling, and that the exper-
imental data would be fitted by varying the tortuosity factor.
The results are reported in table 7.1.

Effects of porosity spatial variability

The CT scans revealed a heterogeneous porosity distribution
within the sand columns (see section 5.2.3 and figure 5.6), with
variations of± 0.025, and up to± 0.050. The effects of such vari-
ations on HTO through diffusion were tested with a 1D model.
The porosity in the model was varied within the limits set for
the fitting procedure: 0.408 ± 0.028. A porosity variation of
± 0.028 is reasonable, and compares well with the µCT obser-
vations. The experiment S6-HTO1 was used for the test. The
porosity of the first 12 mm of the sand column was 0.380 (0.408-
0.028), followed by 13 mm at ε = 0.436 (0.408+0.028), then by
13 mm at ε = 0.380 and again 12 mm at ε = 0.436, for a total
of 50 mm and an average porosity of 0.408.

First, the tortuosity of the material was the value correspond-
ing to ε = 0.408 (τ = 0.436). The difference with the homoge-
neous porosity distribution model was insignificant: the flux at
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Table 7.1: Effective diffusivity (De, in ×10−10 m2 · s−1), geometric factor
(G), tortuosity (τ) and cementation factor (m) obtained by fitting the HTO
through diffusion data of 10 samples of compacted sand, with a 1D model.
Accessible porosity was 0.408 ± 0.028.

Experiment De HTO G ≈ τ 2f 1/G = τ m

S1-HTO1 3.60 ± 0.18 2.54 ± 0.29 0.396 ± 0.045 2.04 ± 0.21

S1-HTO2 4.13 ± 0.21 2.21 ± 0.25 0.455 ± 0.052 1.89 ± 0.19

S1-HTO3 4.00 ± 0.20 2.28 ± 0.26 0.441 ± 0.050 1.92 ± 0.20

S2-HTO1 4.00 ± 0.21 2.28 ± 0.26 0.440 ± 0.050 1.92 ± 0.20

S2-HTO2 4.08 ± 0.21 2.24 ± 0.26 0.449 ± 0.051 1.90 ± 0.19

S2-HTO3 4.13 ± 0.21 2.21 ± 0.25 0.454 ± 0.052 1.89 ± 0.19

S2-HTO4 3.84 ± 0.20 2.38 ± 0.27 0.442 ± 0.048 1.97 ± 0.20

S3-HTO1 3.51 ± 0.19 2.49 ± 0.51 0.408 ± 0.068 2.02 ± 0.31

S3-HTO2 4.08 ± 0.22 2.24 ± 0.26 0.449 ± 0.053 1.90 ± 0.20

S4-HTO1 4.04 ± 0.21 2.26 ± 0.26 0.445 ± 0.052 1.91 ± 0.20

S5-HTO1 3.96 ± 0.21 2.31 ± 0.27 0.435 ± 0.051 1.94 ± 0.20

S6-HTO1 3.97 ± 0.22 2.30 ± 0.27 0.437 ± 0.052 1.93 ± 0.20

S7-HTO1 4.05 ± 0.21 2.25 ± 0.26 0.446 ± 0.052 1.91 ± 0.20

S8-HTO1 4.12 ± 0.22 2.22 ± 0.26 0.454 ± 0.053 1.89 ± 0.20

S9-HTO1 4.04 ± 0.22 2.26 ± 0.26 0.445 ± 0.052 1.91 ± 0.20

S10-HTO1 4.01 ± 0.22 2.28 ± 0.27 0.441 ± 0.052 1.92 ± 0.20

Average 3.97 ± 0.46 2.30 ± 0.24 0.440 ± 0.044 1.93 ± 0.11

steady state was only 0.3% smaller. When a heterogeneous dis-
tribution of τ was implemented - with the value corresponding
to each porosity (0.485 for ε = 0.380 and 0.423 for ε = 0.436)
- the difference between the two models was further reduced to
0.03%. The results discussed here are not shown on graphs, as
a visual distinction between all curves could hardly be made.



101 7.1 Tracers through diffusion

One can conclude that a heterogeneous porosity distribution of
the present order (± 0.028) has no significant influence on the
outcome of the models. Therefore, it is not necessary to take it
into account, which simplifies the modeling procedure.

HTO through diffusion in 2D

The same fitting procedure was followed with a 2D model that
included a realistic geometry of the filter supports. The ge-
ometry of the filter supports, an impermeable plate pierced by
straight cylindrical holes, was reproduced by alternating, in the
Y direction, 10 cells with a porosity of 1×10−14, 11 cells with a
porosity of 1.000 and again 9 cells with a porosity of 1×10−14.
The very low value of 1×10−14 was chosen because the model
does not compute with a value of 0.000. The number of cells is
unequal, to have a total porosity of the supports of 0.370. The
results of the fitting procedure are reported in table 7.2. The
results obtained are only slightly different from those obtained
with the 1D modeling, with an average difference in the De of
about +0.10×10−10 m2· s−1 (+2.5%). For all other parameters,
the difference is about 2.5 times bigger for the 2×5 mm thick
supports than for the 2×2 mm thick filter supports systems,
though still insignificant. The filter supports have an insignifi-
cant impact on the through diffusion of the tracer through the
sand.

7.1.2 The illite-du-Puy

The simple through diffusion of HTO and 36Cl in illite-du-Puy
was also modeled with a 1D and 2D model, however in a slightly
different manner. The experimental data available were scarce
(only one for each tracer) and were obtained on a different sam-
ple than those used in the precipitation experiments. An at-
tempt was made to model these data with the values of poros-
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Table 7.2: Effective diffusivity (De, in ×10−10 m2 · s−1), geometric factor
(G), tortuosity (τ) and cementation factor (m) obtained by fitting the HTO
through diffusion data of 10 samples of compacted sand, with a 2D model.
Accessible porosity was 0.408 ± 0.028.

Experiment De HTO G ≈ τ 2f 1/G = τ m

S1-HTO1 3.69 ± 0.19 2.51 ± 0.33 0.400 ± 0.040 2.03 ± 0.22

S1-HTO2 4.23 ± 0.22 2.19 ± 0.28 0.460 ± 0.047 1.88 ± 0.21

S1-HTO3 4.11 ± 0.21 2.26 ± 0.29 0.446 ± 0.046 1.91 ± 0.21

S2-HTO1 4.10 ± 0.21 2.26 ± 0.29 0.445 ± 0.045 1.91 ± 0.21

S2-HTO2 4.18 ± 0.22 2.21 ± 0.28 0.454 ± 0.046 1.89 ± 0.21

S2-HTO3 4.23 ± 0.22 2.19 ± 0.28 0.459 ± 0.047 1.88 ± 0.21

S2-HTO4 3.94 ± 0.20 2.35 ± 0.30 0.427 ± 0.043 1.96 ± 0.22

S3-HTO1 3.60 ± 0.19 2.54 ± 0.30 0.396 ± 0.047 2.04 ± 0.21

S3-HTO2 4.18 ± 0.22 2.18 ± 0.25 0.461 ± 0.054 1.87 ± 0.19

S4-HTO1 4.14 ± 0.21 2.20 ± 0.25 0.456 ± 0.053 1.88 ± 0.19

S5-HTO1 4.06 ± 0.22 2.25 ± 0.26 0.447 ± 0.052 1.91 ± 0.20

S6-HTO1 4.07 ± 0.22 2.24 ± 0.26 0.449 ± 0.052 1.90 ± 0.20

S7-HTO1 4.16 ± 0.22 2.19 ± 0.25 0.458 ± 0.053 1.88 ± 0.19

S8-HTO1 4.22 ± 0.23 2.16 ± 0.25 0.465 ± 0.054 1.86 ± 0.19

S9-HTO1 4.15 ± 0.22 2.20 ± 0.25 0.457 ± 0.053 1.88 ± 0.19

S10-HTO1 4.11 ± 0.22 2.22 ± 0.26 0.453 ± 0.053 1.89 ± 0.20

Average 4.07 ± 0.47 2.26 ± 0.28 0.446 ± 0.050 1.91 ± 0.13

ity available in the literature (for HTO: 0.42 ± 0.11, Van Laer
et al. (2014); 0.60 ± 0.21, Glaus et al. (2012) and 0.43 ± 0.09,
Tomas Kupcik, personal communication). In the model, the
HTO accessible porosity of the material was varied within the
0.400-0.600 range, and the 36Cl accessible porosity was set to
half the value of the HTO accessible porosity (0.250 ± 0.050).
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As for the sand, the data were fitted by varying the tortuosity
of the porous material. The thickness of the clay pellet was set
to 10 mm, although it was measured to be 9.44 mm for sample
IdP2 during the post-mortem analysis. For the 2D model, the
geometry and porosity of the filter supports were reproduced
by alternating, in the Y direction, 29 cells with a porosity of
1×10−14, 10 cells with a porosity of 1.000 and again 29 cells
with a porosity of 1×10−14. The results are reported in table
7.3.

Table 7.3: Effective diffusivity (De, in ×10−10 m2s−1), geometric factor (G),
tortuosity (τ) and cementation factor (m) obtained by fitting the HTO and
36Cl through diffusion data of a sample of compacted illite-du-Puy, with an
accessible porosity of 0.500 ± 0.100 for HTO and 0.250 ± 0.050 for 36Cl.

Experiment De G ≈ τ 2f 1/G = τ m

HTO, 1D 1.72 ± 0.16 6.53 ± 1.73 0.158 ± 0.041 3.84 ± 1.13

HTO, 2D 2.86 ± 0.16 3.93 ± 1.05 0.263 ± 0.067 3.08 ± 0.93

36Cl, 1D 0.70 ± 0.05 8.04 ± 2.10 0.129 ± 0.033 2.51 ± 0.41

36Cl, 2D 1.09 ± 0.09 5.15 ± 1.32 0.200 ± 0.051 2.19 ± 0.36

The De values obtained with the 1D model are in good agree-
ment with literature values (for HTO: (1.8 ± 0.3)×10−10 m2· s−1
(Van Laer et al., 2014) and (2.1 ± 0.2)×10−10 m2· s−1 (Glaus
et al., 2012)), and depend very little on the porosity, as evi-
denced by the small error range. The literature data cited above
were also obtained with a 1D transport model fitting. The ef-
fective diffusivity obtained with the 2D model are significantly
higher than the ones obtained with the 1D model, for both HTO
(1.7 times) and 36Cl (1.6 times). The geometric factor is signif-
icantly lower, meaning that the path is less tortuous with a 2D
model than with a 1D model. These results show the impor-
tance of taking into account the precise geometry of the filter
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sets in the calculations, as their influence on the final results is
great. It is more important for the illite-du-Puy than for the
sand, as the porosity of the filter supports is much lower than
that of the material in the former case, and the thickness of the
filters sets in the illite system is more important (29% of the
total length of the system).

7.2 Clogging of the porous materials

For the modeling of the sand and illite clogging, the precipita-
tion of celestite was induced by adding SrCl2 in one reservoir
and Na2SO4 in the opposite reservoir. For the precipitation of
calcite, CaCl2 and Na2CO3 were added instead. The transport
parameters determined by fitting the HTO through diffusion re-
sults for each experiments were used as initial parameters (tables
7.1 and 7.3), and the initial conditions (concentration of salts
and pH) were the same as the corresponding experiments.

7.2.1 The purified sea sand

All the experiments that were carried out with porosity clogging
were modeled in 1D. The experiments S13-CEL◦ and S14-CEL◦

were performed in freshly prepared diffusion cells, without any
prior tracing. For these experiments, the average values of De,
porosity and cementation exponent obtained by 1D model fitting
were used (see table 7.1). For the experiments S3-CEL and S8-
CAL◦, the HTO tracing and the precipitation experiments were
performed one right after the other, without out-diffusion and
renewing of the pore solution. The models used reproduced the
same conditions. For the experiments S1-CAL and S2-CAL, the
initial transport parameters used were the average of all S1-HTO
and S2-HTO runs. The models were not run in 2D, as it was
previously shown that it has little effect on the outcome (section
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7.1 and appendix B). Moreover, the 2D models are particularly
long to run in reactive conditions (more than 10 hours for a 100
days calculation) and often encounter convergence issues due to
the very high number of grid cells (16230 to 18030 grid cells), as
seen during the sensitivity analysis (appendix B). The models
were all run for a reaction time of 360 days. The results obtained
are discussed thereafter, and compared to the experimental data
on several aspects: (1) the minimum porosity, (2) the mass of
precipitate and position of the precipitation front and (3) the
HTO flux curves.

Minimum porosity

The minimum porosity of the sand after clogging was estimated
at 0.30 ± 0.06 with µCT in the precipitation front of the diffu-
sion cell CTprec1. As the experimental conditions for CTprec1
were the same as for S13-CEL◦ and S14-CEL◦, the µCT value of
minimum porosity (0.30) was entered in the model for these two
experiments. The modeled HTO flux was largely overestimated
(fig. 7.1). The best fit of the experimental data was obtained
for a minimum porosity of 0.014.

Mass of precipitate and position of precipitation front

The experimental and modeled results are compared in table
7.4. The models were run for a minimum porosity of 0.014. The
modeled position of the precipitation front is in good agreement
with the experimental ones for CTprec1, S3-CEL and S8-CAL◦.
The front position of experiments S13-CEL◦ and S14-CEL◦ are
much closer to the Sr-reservoir than for all other experiments.
The model overestimated the mass of precipitate by a factor
of 3.0 (S13-CEL◦) up to 6.1 (S3-CEL). The longer the reaction
time, the bigger the difference. This difference could be due to
the bigger portion of the pore space available for precipitation
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Figure 7.1: Experimental and modeled HTO fluxes obtained during porosity
clogging by celestite and calcite precipitation.

Table 7.4: Experimental and modeled precipitated mass of celestite and cal-
cite and position of the precipitation front. The front position is relative
to the boundary between the sand column and the filter supports of the
Sr-/Ca-reservoirs.

Experiment
Time Front position (mm) Mass of precipitate (mg)

days Experimental Modeled Experimental Modeled

CTprec1 29 21.0 ± 1.0 24.9 ± 0.2 a 21.7 ± 0.4 96.7 a

S3-CEL 67 26.0 ± 0.4 24.9 ± 0.2 15.6 ± 0.4 95.6

S13-CEL◦ 28 12.5 ± 2.5 24.9 ± 0.2 31.6 ± 0.5 93.4

S14-CEL◦ 66 17.5 ± 2.5 24.9 ± 0.2 35.6 ± 0.5 166.7

S8-CAL◦ 67 20.0 ± 0.5 22.4 ± 0.2 15.3 ± 0.4 81.9
a Estimated from the model used for S14-CEL◦ (identical conditions).

(0.408 - 0.014 = 0.394 for the model and 0.408 - 0.300 = 0.108
for the experiments). However, when using a minimum porosity
of 0.300 in the model, the mass of precipitate at 66 days for
experiment S14-CEL◦ was of 367.2 mg, a value 10.3 times higher
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than the experimental one. This can be explained by a broader
precipitation front (≈ 1 mm for a minimum porosity of 0.300
against ≈ 0.3 mm for a minimum porosity of 0.014).

HTO flux curves

The modeled HTO fluxes are reported in fig. 7.2, and compared
to the corresponding experimental data. Some general trends
can be seen. The models almost always predict 2 successive
drops in the HTO flux within the time of run (360 days), with
the exception of the low concentration experiments (S4-CEL
and S1-CAL, with 0.01 mol · L−1 stock solution, and S5-CEL,
with 0.05 mol · L−1 stock solutions). The first drop, of about
50% of the highest flux value, corresponds to one of the grid
cells reaching the minimum porosity value (0.014). The second
drop, of about 35% of the average value reached after the first
drop, corresponds to a second grid cell in the direct neighbor-
hood of the first reaching the minimum porosity value. It can
also be seen that the higher the stock solution concentration,
the earlier the drops in flux are observed. Thus, one can easily
imagine that if the models were run over a longer period, these
two drops would also be observed for the lowest stock solution
concentrations. For example, the first drop in the flux was ob-
served for the S4-CEL model after 3000-4000 days of reaction
time. Experimentally, only one drop in the HTO curve was
observed throughout the duration of the experiments, the flux
reaching a stable value about 38 to 96% lower than the highest
value.

Another general trend that can be observed is that the model
underestimates the flux (or overestimates the precipitation and
its effects on the flux) for the lowest stock solution concentra-
tions (0.01-0.05 mol · L−1 and 0.10 mol · L−1 for celestite), and
overestimates the flux (or underestimated the effects of the pre-
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Figure 7.2: Experimental and modeled HTO fluxes obtained during porosity
clogging by celestite and calcite precipitation.

cipitation on the flux) for the highest stock solution concentra-
tions (0.10 mol · L−1 for calcite and 0.25-0.50 mol · L−1). It also
always over estimates the amount of precipitate for the highest
concentrations, as seen earlier. A similar trend can be observed
for the onset time of the first drop: it is overestimated for the
lowest concentrations (comes earlier than observed) and under-
estimated for the highest ones.
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The model also predicts a slower clogging with celestite than
with calcite. This can be explained in terms of molar volume
differences, as discussed earlier (section 6.1.1). The precipita-
tion kinetics regime (kinetics or local equilibrium) has very little
effect of the results, as shown by the sensitivity analysis study
(appendix B). For low concentrations, the model predicts a flux
drop significantly earlier than experimentally observed for the
celestite precipitation. This demonstrates the important role of
silicon in solution as an inhibitor, and the minor role of the mo-
lar volume (Pina and Tamayo (2012); Louis Temgoua, personal
communication). Indeed, the model takes into account the later,
but not the former. The inhibition effects of H4SiO4 seem to de-
crease with increasing concentrations, as the differences between
celestite and calcite decrease with increasing concentration. A
model that takes into account the inhibition processes should
be developed in order to match the experimental results. For
that purpose, the effect of silicon on the critical saturation in-
dex (degree of supersaturation needed to start precipitation)
and induction time (time needed to start precipitation) should
be precisely determined in similar experimental conditions (4.8
ppm silicon).

Effects of porosity spatial variability

The effects of a heterogeneous porosity distribution on HTO
through diffusion were tested in precipitation conditions. The
experiment S6-CEL was used for the test, and the model used
in the precedent section for S6-HTO1 was adapted to these con-
ditions. The results are reported in fig. 7.3. The model used for
experiment S6-HTO1 had a porosity distribution ∆ε1: 12 mm
at 0.380, 13 mm at 0.436, 13 mm at 0.380 and 12 mm at 0.436.
This model, when used in precipitation conditions for S2-CEL,
showed a delayed flux drop as compared to the homogeneous
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porosity model. The drop was smoother, and occurred about
25 days later. This was due to the front forming in a zone with
a porosity of 0.436, larger than for the homogeneous porosity
model (0.408). Thus, the celestite took more time to clog the
pore space.

Figure 7.3: Experimental and modeled HTO fluxes obtained during porosity
clogging by celestite in sample S6-CEL. The models were run for a homoge-
neous porosity (ε = 0.408, full line), and two heterogeneous porosity distribu-
tions (0.380/0.436/0.380/0.436, dashed line; 0.436/0.380/0.436/0.380, doted
line).

When the porosity distribution was inverted (∆ε2: 12 mm at
0.436, 13 mm at 0.380, 13 mm at 0.436 and 12 mm at 0.380), the
precipitation occurred 25 days earlier compared to the homoge-
neous porosity model. These differences are significant for short
time scale models. However, such porosity variations cannot be
implemented in the models, as the porosity distribution would
have to be measured for each sample separately prior to diffu-
sion experiments. In addition, only one value of the cementation
exponent can be entered in the model, and the tortuosity ap-
proach cannot be used in precipitation conditions (see appendix
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B). This is a serious limitation in the present case, as a differ-
ent cementation exponent should correspond to each different
porosity. Describing a system with a spatial porosity variability
with only one m is not sufficient.

Upper and lower limits

The models presented above were run for a porosity of 0.408, cor-
responding to the average porosity calculated from post-mortem
analysis, with the corresponding cementation exponent for each
diffusion cell. It was shown that the models tend to underesti-
mate the initial HTO flux (before the drop) for low and aver-
age cations and anions concentrations, regardless of the clogging
phase. To attempt finding a better agreement between models
and experimental data, the model for S6-CEL was run for the
upper and lower values of porosity (0.380 and 0.436) and ce-
mentation exponent (1.73 and 2.15). None of the models could
satisfactorily reproduce the experimental data (fig. 7.4). The
differences in the initial flux (≈ 20 to 30 days) were only 10%
between lowest and highest limits, and still 20 to 30% lower than
the experimental flux.

To model the initial flux, it was necessary to add a small
flow to the model (fig. 7.5). To test the effects of a flow, the
model was first run without flow and without preciptiation. The
HTO flux obtained was similar to the no-flow model discussed
above, about 25% lower than the experimental flux. Then, a
small flow was introduced in the model - still without precipi-
tation - until the modeled HTO flux matched the experimental
data. A flow of (5.0 ±1.0) × 10−9 m · s−1 matched best the
experimental diffusion flux. Finally, the flow model was run for
precipitation. The HTO diffusion flux drop was similar as for
the no-flow model, and in the same order of magnitude. Overall,
the flow-model greatly overestimates the steady state flux (after
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the precipitation).

Figure 7.4: Experimental and modeled HTO fluxes obtained during porosity
clogging by celestite in sample S6-CEL for average, lowest and highest values
of porosity and cementation exponent.

The precipitation experiment could also not be satisfactorily
reproduced by that model. A small flow present at the beginning
of the experiments, which stopped when clogging started, could
explain the high flux values. However, the presence of a flow
in the experiments is highly unlikely, as the columns were well
closed and kept horizontal. The high initial flux might be caused
by fast through diffusion due to high concentration gradients in
moderate to high saline conditions. These high experimental
flux values were also observed for the continuous through diffu-
sion experiments (S3-CEL and S8-CAL◦, 7.2), when the NaCl
reservoir solutions were exchanged for the Sr and SO4 bearing
solutions. The reason behind such high fluxes is unknown, but
might be related to the cations and anions bearing solutions
(e.g.; differences in concentration and contents).
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Figure 7.5: Experimental and modeled HTO fluxes obtained during porosity
clogging by celestite in sample S6-CEL with and without flux ((5.0 ±1.0)×
10−9m · s−1) and with and without precipitation.

7.2.2 The illite-du-Puy

The porosity distribution in the model reproduced the real poros-
ity distribution measured with autoradiography: the first 0.5
mm (in contact with Sr-reservoir filter supports) had a poros-
ity of 0.600, the next 0.5 mm had a porosity of 0.550, and the
rest of the material had a porosity of 0.500. The modeled HTO
fluxes are compared to the experimental data in fig. 7.6. First,
the model was run in 1D for a minimum porosity of 0.260, cor-
responding to the porosity measured in the precipitation front
by autoradiography. This model overestimated the HTO flux
by a factor 1.8. The experimental flux could be reproduced for
a minimum porosity of 0.175 ± 0.015, a value lower than the
experimental (0.260) and published values (0.18 ± 0.05, Glaus
et al. (2010) and 0.25± 0.05, Tomas Kupcik, unpublished work).

As for the sand, the model does not reproduce the experi-
ments. In additions to an over-simplification of the pore geome-
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Figure 7.6: Experimental and modeled HTO fluxes obtained during porosity
clogging by celestite precipitation in illite-du-Puy.

try - only one cementation exponent can be implemented in the
model, even when several porosities co-exist - it does not take
into account the dual porosity caused by surface charges and
leading to anion exclusion. To better reproduce the experimen-
tal data, building a pore-scale model, as for the sand system,
with in addition the presence of surface charges should be rec-
ommended. Such models are in development in the scientific
community (e.g.; Alt-Epping et al., 2014).



Conclusion and Outlook

A complete experimental method allowing for the characteriza-
tion of two porous materials with different characteristics and
properties (sand and clay, both compacted in the laboratory)
was successfully developed. This method consisted of diffu-
sion experiments coupled to imaging techniques (µCT for the
sand and autoradiography for the clay) from which the trans-
port properties of the materials could be reliably determined,
even during and after reduction of the pore space by controlled
precipitation of a salt. The design of the diffusion cells itself
made possible high quality µCT measurements of the sand. The
transport properties determined for the two undisturbed porous
materials compared well with published data, further confirm-
ing the reliability of the experimental approach chosen. It is
believed that the approach developed within the present work is
applicable to other types of materials (cores of natural materials,
other compacted powders) and different geochemical conditions
(advective flow, colloidal transport, dissolution), with only mi-
nor modifications to the cells design.

It could be shown that the empirical Archie’s law and simi-
lar relationships are limited to accurately describe systems with
an evolving porosity. Furthermore, the 1D/2D continuum reac-
tive transport modeling approach showed many limitations in
terms of precipitation processes and porosity description. For
example, the model used (CrunchFlow) does not take into
account the inhibition effects of silicon in solution on celestite
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precipitation, and only one precipitation rate can be used. This
means that the model cannot be run for both heterogeneous nu-
cleation and surface growth. SEM observations of the celestite
precipitate revealed a wide range of shapes and sizes, suggesting
that both mechanisms occur either one after the other or simul-
taneously. In addition, only one cementation exponent can be
determined for the system, even though precipitation renders
the system highly heterogeneous and two types of porosities co-
exist in the clay system. Some published works suggested that
complex systems could only be described by a combination of
two cementation exponents (e.g.; Tyagi et al. (2013)).

The main limitation of the models resides in the over-simplifi-
cation of the pore geometry: grid cells represent the porous ma-
terial, which can be described as a combination of pores and
mineral phases. The precipitation of a mineral phase in such
grid cells will affect only the porosity, but not the complexity
of the diffusion path. This explains the need to impose a very
small minimum porosity compared to the experimental porosity
value reached in the precipitation front. In the real system, the
precipitation will affect in greater proportions the diffusivity if
it occurs in pore throats than if it occurs at the surface of the
sand grains in large pores. In a next step a pore-scale model
approach is needed to model the system. For simple systems
as sand, the meshing could be built on µCT images. In such
models, part of the grid cells will correspond to pores only, and
the rest to mineral phases. This would allow a better descrip-
tion of the precipitation effects on diffusivity due to changes
in the migration pathways. For more complex systems such as
clays, dual porosities due to permanent surface charges could be
implemented.

The experimental data produced for this work can be used
to calibrate those models. They are needed to predict trans-
port behaviors in more complex or natural systems on long time
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scales, unreachable to the experimentalist (0.1, 1, 10k years).
Once the effects of porosity changes on transport properties
are better understood, it will be possible to implement other
mechanisms, such as incorporation of contaminants into min-
eral lattices by co-precipitation with secondary mineral phases.
Some work has already been performed in this direction: the co-
precipitation of lanthanides (Eu3+) and actinides (Cm3+) with
celestite and strontianite was characterized in a published work
(Holliday et al. (2012), appendix A), and is presented here as
complementary material.
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Discriminating factors affecting incorporation:
comparison of the fate of Eu3+/Cm3+ in the Sr

carbonate/sulfate system
Kiel Holliday, Aurélie Chagneau, Moritz Schmidt, Francis Claret, Thorsten

Schäfer, and Thorsten Stumpf

Abstract

The aim of this work is to assess the effect of ligand strength,
symmetry, and coordination number on solid solution formation
of trivalent actinides and lanthanides in carbonate and sulfate
minerals. This is of particular importance in radionuclide mi-
gration where trivalent actinides such as Pu, Am, and Cm are
responsible for the majority of radiotoxicity after 1000 years.
Time-resolved laser fluorescence spectroscopy was used to study
trace concentrations of the dopant ion after interaction with
the mineral phase. This study expands on previous work with
aragonite and gypsum where it was found that aragonite incor-
porates Eu3+ and Cm3+ while only surface sorption is observed
in gypsum. This study uses isostructural minerals strontianite
(SrCO3) and celestite (SrSO4) to decouple the effect of struc-
ture from that due to the anion. It is demonstrated that while
distribution coefficients can predict the amount of dopant ion
associated with the mineral phase, they do not have any corre-
lation with solid solution formation. This substitution mecha-
nism is most likely dictated by the symmetry of the site being
substituted and the electronic structure of the dopant atom.

Introduction

The watermineral interface is a highly complex system offering a
multitude of possible interactions for ions in solution. These in-
teractions are typically defined as either sorption to the surface
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or incorporation into the bulk of the mineral. An ion sorbing
to the mineral surface may retain its hydration sphere, so-called
outer-sphere sorption, or it may exchange part of its hydration
sphere at the mineral surface, which is referred to as inner-sphere
sorption. The only incorporation mechanism discussed in this
study is that of isomorphic substitution, where the dopant ion
replaces an ion in the mineral crystal structure without signifi-
cantly altering the local symmetry, creating a solid solution.[A1]

More complicated methods of incorporation such as interstitial
incorporation and secondary phase formation are not discussed
simply because they were not found to be relevant to the systems
and conditions that were investigated.

The type of interaction, be it sorption or incorporation, can
have drastic implications in geochemical processes such as ra-
dionuclide migration.[A2] An ion that is outer-sphere sorbed may
be remobilized by a simple change in ionic strength, while an
ion that is inner-sphere sorbed would require a change in pH
to be released from the mineral surface. In the case of the in-
corporated species, remobilization would require the dissolution
of the host material. Therefore, it is important that efforts to
predict radionuclide migration on the geological time scale take
into account not only the strength of the interaction, typically
quantified by a distribution coefficient (Kd), but also what type
of interaction it is.

Those factors that govern whether an ion will be incorporated
or merely sorbed to the surface are speculative at best.[A3−A5] It
is widely accepted that an ion needs to be able to fit in the
site,[A6] but this basic requirement is hardly able to describe
all instances of incorporation and surface sorption.[A7−A9] For
instance, in the case of Eu3+ and Cm3+ interaction with CaCO3,
the aragonite morphology shows only incorporation while the
calcite morphology has both incorporation and surface sorption
in predictable quantities.[A10]
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The study preceding this by Schmidt et al. aimed at de-
termining some of the aspects governing incorporation versus
adsorption by studying the substitution of Ca2+ by Eu3+ and
Cm3+ in aragonite (CaCO3) and gypsum (CaSO4·2H2O).[A11]

That study showed two calcium based minerals can have very
different interactions toward a trivalent doping ion. In the case
of aragonite only incorporation was observed. In gypsum, only
innersphere surface sorption was evident. This clearly indicated
that more than ionic radii must be taken into consideration for
solid solution formation. Because the structures of aragonite
(orthorhombicdipyramidal, space group: Pmcn) and gypsum
(monoclinicprismatic, space group: A2/a) are different, it was
unclear whether this difference was due to the structure or the
anion (CO2−

3 and SO2−
4 ).[A12,A13] This study expands on those re-

sults to study the aragonite isostructural minerals strontianite
(SrCO3) and celestite (SrSO4).

[A14,A15] In this way, the difference
in structure can be isolated from the difference in anion and a
definitive determination of those factors determining incorpora-
tion or sorption can be made.

Time resolved laser fluorescence spectroscopy (TRLFS) is a
versatile tool for probing the chemical environment of a lumines-
cence emitting ion (here Eu3+ and Cm3+) in solids, liquids and
at the interface.[A16−A28] Eu3+ TRLFS allows determination of
the different species to be found in a system by excitation from
the 7F0 ground state to the 5D0 state. In this transition both
levels are non-degenerate due to their J = 0 nature and thus only
one singlet signal is observed for each species. Consequently, the
number of non-equivalent species is equal to the number of ob-
served transitions as long as resolution and line widths allow an
unambiguous separation. In addition, the signal position of the
F0 band gives a first indication of the local environment of the re-
spective Eu3+ species: stronger coordination generally results in
lower energy transition, i.e. stronger bathochromic shift of the
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signal.[A29−A31] Consecutive selective excitations of the respec-
tive species yield ”single species” emission spectra and lifetimes.
The emission spectra allow identification of the ion coordination
environment in this site, using the splitting pattern and the rel-
ative intensity of the (5D0 →7 F1) and (5D0 →7 F2) transitions,
the so-called hypersensitive effect.[A32] The determination of the
number of water molecules in the first coordination sphere is
possible using Horrocks equation, giving a simple empiric linear
relationship between the number of water molecules in the first
coordination sphere q and the decay constant k :[A33] q = 1.07 ×
k - 0.62.

The major advantage of Cm3+ luminescence spectroscopy is
its very high sensitivity. The detection limit for Cm3+ by TRLFS
is as low as 107 atoms mm−2 and spectroscopic characterization
of single species is possible even below 1 ppm.[A26,A34,A35] The
signal of the (6D7/2 →8 S7/2) transition in Cm3+ shows signif-
icant shifts with changes of the coordination environment. A
stronger bathochromic shift (”red shift) indicates a stronger co-
ordination, usually compared to the Cm3+ aquo ion with emis-
sion at 593.8 nm.[A36] For Cm3+ as well, determination of the
coordinating water ligands in the first coordination sphere is
possible by a empiric linear correlation of q and k, here called
Kimuras equation:[A37] q = 0.65 × k - 0.88. Additional infor-
mation can be gained from high-resolution emission spectra of
Cm3+. In all, except centrosymmetric crystal fields, splitting of
the ground state level in all four Kramers doublets should be
observed. The magnitude of this splitting is highly sensitive to
both strength and symmetry of the crystal field. The strength
of the field is determined by the metal to ligand distance and
the character of the bond.[A38,A39]
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Experimental

Sample preparation

Celestite and strontianite precipitation in the presence of Eu3+

and Cm3+ was performed in a mixed flow reactor (MFR) as de-
scribed by Schmidt et al.[A11] In this way three solutions are used
to feed a chamber containing 160 mg of the parent mineral phase,
which is stirred at 850 rot min−1. These three feed solutions are
pumped into the chamber at 0.2 mL min−1 each and contain the
cation, anion, and doping solution, respectively. Each solution
is prepared with 0.1 mol · L−1 NaCl as a background electrolyte
to maintain ionic strength. By maintaining a low to moderate
saturation index (SI), surface growth controlled precipitation is
the dominant process. The experiments were performed in a
glove box under a controlled Ar atmosphere (carbonate free)
and with argon exchanged MilliQ water in order to prevent car-
bonate growth in the sulfate system. All chemicals are reagent
grade purchased from Merck with the exception of the 248Cm
solution (τ 1

2
= 3.4× 105 years). The isotopic composition of the

long-lived curium solution is 97.3% 248Cm, 2.6% 246Cm, 0.04%
245Cm, 0.02% 247Cm and 0.009% 244Cm in 1.0 mol · L−1 HClO4.
Details for each experiment can be found in table A.1. The
solution passes through a 0.22 µm filter before the outlet to
avoid loss of the solid sample or sampling of colloids in the out-
let solution. The outlet solution was sampled throughout the
experiment to determine concentrations via ICP-MS. The prod-
uct was confirmed to be either strontianite or celestite by Xray
diffraction (Bruker D8 Advance) using Bruker EVA software.

Time Resolved Laser Fluorescence Spectroscopy

TRLFS was performed using a pulsed (20 Hz) XeCl-excimer
laser (Lambda Physics, EMG, 308 nm) pumped dye laser (Lamb-
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da Scanmate). The following dyes were used: QUI for UV ex-
citation, Rhodamine 6G for direct excitation of Eu, and Rho-
damine B for direct excitation of Cm. Indirect excitation of Eu
and Cm was performed at 394.0 nm and 396.6 nm respectively.
The range used for the direct excitation of Eu was 575-582 nm
and the direct excitation of Cm was done at 600-613 nm. The
laser wavelength was monitored using a Toptica WS7 waveme-
ter (>10−5 nm accuracy). Measurements were detected by an
optical multichannel analyzer that consists of a polychrometer
with 300/600/1200 lines per mm gratings (Jobin Yvon) and
an intensified, gated photodiode array (Spectroscopy Instru-
ments). Maximum resolution at 300 and 1200 lines per mm
was measured to be 0.9 and 0.2 nm, respectively. The samples
were cooled to 16 K by a helium refrigerated cryostat (CTI-
cryogenics) to improve resolution. For the discrimination of
Rayleigh and Raman scattering the minimum gate delay be-
tween laser pulse and camera gating was set to 1.0 µs. The gate
width of the camera was fixed at 10 ms to ensure the collection
of the entire fluorescence signal. Fluorescence lifetime measure-
ments were made with a delay time step between 15 and 200 µs
and a total of 60 steps were taken for each lifetime measurement.

Results and discussion

Europium doped strontianite

Strontianite (SrCO3) doped with Eu3+ as described above was
analyzed by TRLFS. The excitation wavelength was varied and
the fluorescence signal from the 5D0 →7 F0,1,2 was integrated
to create the excitation spectra shown in Fig. A.1. By varying
the energy of the laser around the non-degenerate F0 transition
energy, the number of peaks is a direct measure of the number of
unique Eu3+ environments. As can be seen by Fig. A.1, only a
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Table A.1: Basic growth parameters and dopant concentrations for the inves-
tigated samples compared with previous study [A11]. The experiment duration
is given as t in hours

Sample
SI t [M3+] pH

hours mmol · L−1

Eu-SrCO3 3.52 341 450 9.7

Cm-SrCO3 3.43 288 24 9.3

Eu-SrSO4 0.78 405 450 6.6

Cm-SrSO4 0.84 288 69 5.3

Eu-gypsum [A11] 0.1 523 450 -

Cm-gypsum [A11] 0.1 236 1 -

Eu-aragonite [A11] 1.16 657 600 -

Cm-aragonite [A11] 1.16 528 1 -

single peak is evident for the strontianite sample, indicating only
one Eu species is present in this system and the F0 transition
is at 578.5 nm. This compares well to the previous study on
the aragonite (CaCO3) which had a similar energy transition at
579.4 nm.[A11]

The decay of the Eu3+ fluorescence signal is mono-exponential
(data not shown) further indicating the presence of one Eu
species, given the slow exchange expected at 16 K. The life-
time of this fluorescence was found to be 1.6 ms by fitting to
the standard mono-exponential decay (Table A.2). The recip-
rocal observed lifetime (k) is related to the number of water
molecules in the immediate coordination sphere by the Horrocks
equation,[A33] which is used to distinguish between outer sphere
sorption, inner sphere sorption, and incorporation. By this rela-
tionship the long lifetime of 1.6 ms indicates a complete loss of
the hydration sphere and incorporation into the bulk. The life-
time is the same as that found for the isostructural CaCO3 (arag-
onite) where it was determined that Eu3+ incorporates through
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isomorphic substitution on a Ca2+ site.[A11]

Figure A.1: Excitation spectra of Eu3+ doped strontianite and celestite in-
tegrated over the 5D0 →7 F0,1,2 transitions at low temperature (16 K).

Table A.2: Lifetime and position of fluorescence emission in Eu3+ and
Cm3+ doped aragonite, strontianite, and celestite.

Sample
Wavelength (F0 or S7/2) Lifetime

nm ms

Eu-CaCO3
[A11] 579.4 1.6

Eu-SrCO3 578.5 1.6

Eu-SrSO4 577.7 3.1

Cm-CaCO3
[A11] 612.7 0.64

Cm-SrCO3 608.5 0.47

Cm-SrSO4 596.3 1.1

Further proof of isomorphic substitution can be seen in the
fluorescence emission spectrum of Eu3+ doped strontianite as
compared to aragonite (Fig. A.2). The Eu3+ occupies the same
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site in both systems as shown by the very similar emission spec-
tra. The strontianite shows less of a bathochromic shift, most
likely due to slightly less electron orbital overlap in the larger
lattice. The fully degenerate 3-fold splitting of the F1 and 5-
fold splitting of the F2 transitions indicate a low symmetry in
agreement with the Cs symmetry of the cation site. It can be
concluded; therefore, that Eu3+ undergoes isomorphic substitu-
tion in strontianite as was expected from previous studies with
aragonite.[A11]

Figure A.2: Emission spectra of Eu3+ oped aragonite[A11] and strontianite
after direct excitation to 5D0 at low temperature (16 K).

Curium doped strontianite

Curium doped strontianite was prepared and analyzed in the
same way as the Eu3+ sample. The excitation spectrum and
emission spectrum from indirect excitation (396.6 nm) show
the same quadruple peak around 608.5 nm (Fig. A.3). This
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Figure A.3: High resolution emission spectra of Cm3+ doped strontianite
after excitation to each Kramer doublet as compared to the excitation spec-
trum at low temperature (16 K).

large bathochromic shift from the aqueous Cm3+ species (593.8
nm)[A39] is indicative of the strong complexation with the car-
bonate ligand. This quadruplet was shown to arise from the
same Cm3+ species by direct excitation. The emission spec-
tra produced by exciting at each fluorescence maximum in the
excitation spectra produce identical results. The quadruplet is
therefore a 4-fold splitting of the 8S7/2 ground state in a single
Cm3+ species. Although this splitting is extremely large at 61
cm1, it is slightly less than the Cm3+ doped aragonite that had a
ground state splitting of 66 cm1.[A11] This slight decrease in the
strength of splitting indicates less orbital mixing between the
Cm3+ and the carbonate ligand.[A38] This is also evident in the
peak position of Cm3+ doped strontianite (608.5 nm) compared
with aragonite (612.7 nm). The weaker bathochromic shift in
strontianite indicates less interaction with the surrounding lig-
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ands. This is presumed to be due to the SrCO3 lattice being
larger than the isostructural CaCO3, creating a larger CmO
bond distance, resulting in less electron orbital overlap. The
average cation to oxygen distance in aragonite is 2.528 Å, while
it is 2.636 Å in strontianite.[A14]

The fluorescence lifetime shows a mono-exponential decay re-
inforcing the conclusion of a single Cm3+ species. The lifetime of
the fluorescence decay was measured to be 0.47 ms (Table A.2).
This can be related to the number of water molecules in the im-
mediate coordination sphere by the Kimura equation,[A35] which
shows a complete loss of the hydration sphere. This is consistent
with the results from the Eu3+ doped strontianite and indicates
that Cm3+ also undergoes an isomorphic substitution onto the
Ca2+ site.

Europium doped celestite

Celestite, as compared to strontianite, offers the unique oppor-
tunity to analyze the anion effect on uptake and solid solution
formation while maintaining the same structure and cation. Ce-
lestite had very little uptake of the trivalent dopant ion as de-
termined by ICP-MS, which can be related to the weakness of
SO2−

4 as a ligand.[A11,A34,A41] Evidence of this can be seen in the
signal to noise ratio of the excitation spectra of Eu3+ doped
celestite (Fig. A.1). The maximum excitation wavelength for
Eu3+ in celestite at 577.7 nm produces a much lower fluores-
cence signal than that of strontianite despite efforts to maximize
the signal (more accumulations, greater laser power, etc.). Un-
fortunately, exact values for uptake could not be determined in
either case. In celestite the difference in concentration between
input solution and output was not significant enough for reliable
quantification. In strontianite the amount of Eu3+ in the output
solution was insufficient for quantification. Therefore, it can be



131

said that at these concentrations Eu3+ is quantitatively associ-
ated with the strontianite, while less than 5 wt.% is associated
with celestite under similar conditions. Quantification of kinetic
and thermodynamic parameters in these systems will be a focus
of future studies.

Figure A.4: Emission spectrum of Eu3+ doped celestite after indirect excita-
tion (394 nm) at low temperature (16 K).

The emission spectrum from indirect excitation (394 nm) for
Eu3+ doped celestite is shown in Fig. A.4. As can be seen there
is a 3-fold splitting of the 5D0 →7 F1 transition between 585 and
595 nm indicating low symmetry, as can be expected by both
surface sorbed and incorporated species due to the low symme-
try of the Ca2+ site. The 5D0 →7 F2 transition from 610620 nm
shows multiple peaks although the signal is not strong enough to
achieve adequate resolution. The fluorescence decay was mea-
sured time resolved as previously performed for strontianite and
was shown to be mono-exponential indicating a single species of
Eu3+. This was fitted to the standard exponential decay equa-
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tion and the lifetime was determined to be 3.1 ms. This long
fluorescence lifetime proves that Eu3+ is incorporated into the
celestite crystal structure despite having a very weak interaction
with the solid. It is presumed to be occupying a Ca2+ site and
not an interstitial or grain boundary site due to the well defined
nature of the site.[A40] This would also be consistent with the
isostructural strontianite and aragonite.

Curium doped celestite

Cm3+ doped celestite was prepared and analyzed in the same
way as the previous samples. As was the case for Eu3+, uptake
of Cm3+ by celestite was significantly less than that of stron-
tianite due to the weaker binding of the SO2−

4 ; however, reliable
quantification was not possible. This will be addressed in fur-
ther studies to establish kinetic and thermodynamic constants.
Nevertheless, it was possible to probe the Cm3+ by TRLFS due
to the low detection limit of the technique. The emission spec-
trum shows a single peak at 596.3 nm, which can be compared to
the Cm3+ peak in strontianite at approximately 608.5 nm (Fig.
A.5) as well as the Cm aquo ion (593.8 nm[A39]). Clearly, the lig-
and field of the celestite cation site demonstrates a much smaller
bathochromic shift than strontianite due to a weaker interaction
with the SO2−

4 than with CO2−
3 . Additionally, the presence of a

single peak suggests that there is only one Cm3+ species present.

The fluorescence decay was measured to confirm the pres-
ence of only one Cm3+ environment and determine whether that
species was incorporated into the bulk or sorbed to the surface.

Fig. A.6 shows the lifetime measurements of two different
samples with two different time steps to ensure that only one
species is present. The first lifetime was taken with time steps of
75 µs to a maximum of 3.8 ms and the second lifetime was taken
with a time step of 5 µs to ensure that there is no shorter lived
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Figure A.5: Emission spectra of Cm3+ doped strontianite and celestite after
excitation to 6D7/2 at low temperature (16 K).

species not shown in the larger time step measurement. This
was repeated in the same way for the second sample. All four
data sets show a mono-exponential lifetime proving the presence
of only a single Cm3+ species. All four data sets were fitted,
with similar results, and produce the same fluorescence lifetime
of 1.1 ms clearly indicating a loss of the hydration sphere and
proving that Cm3+ is also incorporated into the bulk. This is
consistent with the data obtained for Eu3+. These results show
that even though the SO2−

4 has a much weaker interaction than
CO2−

3 , resulting in a lower uptake of trivalent cations, it is not
the driving factor for solid solution formation.

Conclusions

This study aims to address the fundamental parameters affecting
uptake and solid solution formation. By examining the isostruc-
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Figure A.6: Lifetime measurements of two celestite samples performed with
time steps of 5 and 75 µs at low temperature (16 K). Lines represent the fit
from the standard mono-exponential decay equation.

tural minerals celestite and strontianite and comparing to past
studies of calcite,[A10] aragonite, and gypsum[A11] one is able to
compare the effect of cation, anion, and structural parameters
in a systematic way. It was found that while the cation has the
least effect, it can still change the local structure at the atomic
level. This can be seen by comparing strontianite (SrCO3) to
the isostructural aragonite (CaCO3). Here it was shown that
the strontianite has slightly less molecular orbital interaction
between the incorporated trivalent cation and the surrounding
oxygen due to the larger distance maintained by a larger crystal
structure.

The anion was found to have the most dramatic effect on
the uptake of the trivalent cation by the solid mineral phase,
which was seen by comparing the much stronger CO2−

3 ligand
having greater uptake than the weak SO2−

4 ligand in isostruc-
tural strontianite and celestite, respectively. This is the strength
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of determining distribution coefficients and has been the com-
mon practice for predicting radionuclide migration.[A2] This does
not, however, determine the ability of a mineral to incorporate
the trivalent contaminant into a solid solution. This was evi-
dent in celestite, which had very little uptake of both Eu3+ and
Cm3+ from solution. The Eu3+ and Cm3+ that was associated
with the solid phase was incorporated as a solid solution, which
would make it much more stable than if it were merely sorbed
to the surface. This is in contrast to the previous study on
gypsum, where weak uptake was also associated with surface
sorption.[A11]

This leaves structure as the driving force of solid solution for-
mation. While size is a fundamental requirement for incorpora-
tion, as has been exploited to determine charge compensation,[A10]

other parameters control the interaction when a dopant will fit
into the crystal lattice. This is seen in this and the previous
study[A11] where exclusively incorporation (aragonite type struc-
tures), exclusively surface sorption (gypsum), and a mixture of
both (calcite) has been observed in structures with very simi-
lar sized cation sites and no systematic trend is present. This
same reasoning can be applied to coordination number. A 9-fold
coordination results in solid solution formation, while 8-fold co-
ordination only shows surface sorption, and 7-fold is mixed indi-
cating no simple trend or preferred coordination number of the
trivalent dopant ion in the mineral phases studied. The conclu-
sion proposed here is that solid solution formation is dictated by
the ability of the dopant ions electronic structure to adapt to the
symmetry of the crystal structure to create sufficient molecular
orbital overlap with the surrounding environment.

This shows the limitation in using distribution coefficients
(Kd) for the determination of radionuclide migration over ge-
ologic time scales, where changing environmental factors are
almost certain. The determination of how the radionuclide is
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associated with the mineral phase is vital in a changing envi-
ronment. While a simple change in pH or ionic strength can
remobilize a radionuclide sorbed on a mineral surface, the sta-
bility of an incorporated ion is directly related to the stability
of the mineral as a whole. This could mean that while a min-
eral such as calcite has a large uptake of trivalent actinides and
lanthanides, the material might migrate further than the mate-
rial associated with celestite, which has a much weaker uptake,
due to the remobilization of surface sorbed species in the calcite
system. This example is only to illustrate the importance of
the concept and not to suggest that the radionuclide migration
in celestite as compared to calcite is specifically addressed in
this study. Nevertheless, an atomic scale, mechanistic under-
standing of processes occurring at the solidsolution interface is
essential for prediction of radionuclide migration over geologic
time scales.
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Appendix B

Model sensitivity analysis

The sensitivity of the CrunchFLow reactive transport model to
several parameters (mesh size, tortuosity factor, porosity, ce-
mentation exponent, mesh homogeneity and heterogeneity, ki-
netic regime and specific surface area of the precipitating phase)
was tested in 1D and 2D, and with and without clogging. The
case study of the experiment S1-HTO1 was used, with the exper-
imental values of porosity, tortuosity and cementation exponent
obtained from the linear regression method. The diffusion cell
S1-HTO1 consisted of a 50 mm long, 10 mm diameter com-
pacted purified sea sand column, with a 2 mm thick filter sup-
port at each end of the column, for a total length of 54 mm. The
reservoirs and pores contained a solution of 1 mmol · L−1 NaCl,
and the HTO tracing experiment lasted 26 days. The HTO
concentration in the high concentration reservoir was of 4900
Bq ·mL−1 (4.63 × 10−9 mol · L−1). The porosity, obtained with
the Linear Regression (LR) method was 0.415 ± 0.021. The
LR cementation exponent was equal to 2.10 ± 0.10, and the LR
tortuosity factor to 0.391 ± 0.111.
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Simple transport model (no porosity clogging)

In the present case, the sensitivity of the model was tested on
the simple HTO through diffusion, prior to porosity clogging.
First, the sensitivity of the model to the mesh size was tested.
Then, the porosity, tortuosity factor and cementation exponent
were varied of ± 5%, a value corresponding to the experimental
error on the porosity, cementation exponent and HTO flux and
cumulative activity.

1D model

The configurations tested are reported in table B.1. The mod-
eled HTO fluxes are reported in fig. B.1. Two different parame-
ters can be used in the De/εrelationship as described by Archie’s
law in the CrunchFlow code - the cementation exponent, m, or
the tortuosity factor, τ :

De

Dw
= εm = ε · τ (B.1)

A specific tortuosity factor for each mesh-cell can be defined,
which is an advantage in a medium with heterogeneous tortuosi-
ties such as ours. Indeed, the filter supports have a tortuosity
factor of 1.00 (straight cylindrical pores), while the sand and
illite have an average τ of 0.XX ± 0.XX and 0.XX ± 0.XX,
respectively. However, when using the cementation exponent
option, only one value can be defined for the whole system. The
modeled flux curves are therefore significantly different than for
the tortuosity option. To correct this, it is possible to calculate
a theoretical porosity for the filter supports, that would corre-
spond to a tortuosity of 1.00 with the cementation exponent of
the porous material. For the filter supports of the sand system,
the corrected porosity used in the sensitivity analysis runs was
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Table B.1: Different configurations tested for the 1D transport model sensi-
tivity analysis (no clogging).

Model ID
Mesh size Porosity

Tortuosity
Cementation

mm Sand Filter supports exponent

1.1 1.0 0.415 0.370 0.391 not used

2.1 0.5 0.415 0.370 0.391 not used

3.1 0.1 0.415 0.370 0.391 not used

3.2 0.1 0.415 0.370 not used 2.10

3.3 0.1 0.415 0.623 not used 2.10

3.4 0.1 0.436 0.370 0.391 not used

3.5 0.1 0.394 0.370 0.391 not used

3.6 0.1 0.415 0.370 0.400 not used

3.7 0.1 0.415 0.370 0.362 not used

3.8 0.1 0.415 0.623 not used 2.21

3.9 0.1 0.415 0.623 not used 1.99

Figure B.1: Modeled HTO fluxes for different configurations tested for the
1D simple transport model (no porosity clogging) sensitivity analysis.

0.623. The flux thus modeled is in good agreement with the
”tortuosity” model.
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The model is not dependent on the mesh size. It is, however,
quite sensitive to the cementation factor value: a variation in
the cementation factor of about 5% leads to a 10% difference
in the flux at 26 days. A similar variation of 5% in the tortu-
osity only yields to a 5% variation in the flux at 26 days. The
tortuosity factor option was thus chosen over the cementation
factor option, as it is more convenient, reliable (no need to re-
calculate a porosity for the filter supports) and as the model is
less sensitive to this parameter.

2D homogeneous model

A simple 2D model was tested, with a homogeneous distribution
of tortuosity and porosity for the filter supports. The sensitiv-
ity of the model to the mesh size in the X and Y directions
was tested, as well as the sensitivity to number of cells in the
Y direction, to the porosity, tortuosity factor and cementation
exponent. The configurations tested are reported in table B.2.
The modeled HTO fluxes are reported in fig. B.2.

The 2D homogeneous through diffusion model is not depen-
dent on the number of cells in the y-direction (2, 5 and 10 cells
were tested, results not shown here). As for the 1D model, there
is also no dependence on the mesh size, in the case where the
mesh is the same in the X and Y direction, or with a different
meshing in the X and Y direction (results not shown here). The
2D-homogeneous model is as sensitive to the tortuosity factor
and cementation exponent as the 1D model.

2D realistic model

2D models with a realistic filter supports geometry were tested.
The aim was to reproduce in the model the geometry of the
filter supports (straight holes of 1 mm diameter pierced in im-
permeable materials, see fig. XXXX). The straight holes were
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Table B.2: Different configurations tested for the 2D homogeneous transport
model sensitivity analysis (no-clogging).

Model ID
Mesh size Porosity

Tortuosity
Cementation

(X-Y) mm Sand Filter supports exponent

4.1 1.0-1.0 0.415 0.370 0.391 not used

4.1-1 1.0-1.0 0.436 0.370 0.391 not used

4.1-2 1.0-1.0 0.394 0.370 0.391 not used

4.1-3 1.0-1.0 0.415 0.370 0.400 not used

4.1-4 1.0-1.0 0.415 0.370 0.362 not used

4.1-5 1.0-1.0 0.415 0.623 not used 2.21

4.1-6 1.0-1.0 0.415 0.623 not used 1.99

4.2 1.0-0.5 0.415 0.370 0.391 not used

4.3 1.0-0.1 0.415 0.370 0.391 not used

5.1 0.5-1.0 0.415 0.370 0.391 not used

5.2 0.5-0.5 0.415 0.370 0.391 not used

6.1 0.1-1.0 0.415 0.370 0.391 not used

6.3 0.1-0.1 0.415 0.370 0.391 not used

modeled as grid cells with a porosity and tortuosity of 1.00, and
the matrix with a very small porosity of 1 ×10−14, as a value
of 0 could not be entered in the input files of the model. First,
a simple filter supports geometry of 0-1-0 (a succession of grid
cells with a porosity of 0, then 1 then 0 again) was tested with
different mesh sizes in the X and Y directions (models 7a, 7b, 7c,
8a, 8b, 8c, 9a, 9b and 9c). Then, an even more realistic geome-
try was tested, with a succession of 0-1-0-1-0-1-0 over 10 mm in
the Y direction (models 7a1 and 9c1). Finally, the sensitivity of
the models on the porosity, tortuosity factor and cementation
exponent was tested (models 7a2 to 7a8 and 9c2 to 9c8). The
configurations tested are reported in table B.3.

The geometry and meshing of the filter supports used in the
different models is schematically represented in fig. B.3. The
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Figure B.2: Modeled HTO fluxes for different configurations tested for the
2D homogeneous simple transport model (no porosity clogging) sensitivity
analysis.

modeled holes of the filter supports were always 1 mm wide in
the Y direction. In all models except 7a1 and 9a1, the total
accessible porosity of the filter supports was 0.333 instead of
0.370. This bias was introduced to simplify the 2D models for
the sensitivity analysis (smaller models leading to smaller cal-
culation times), and were corrected when the models were used
to reproduce and predict the experimental data.

The effect of the mesh sizes in the X and Y directions is
minor. Indeed, the biggest difference between the models was
only of 4% in the flux value at 26 days, and was observed when
comparing the 7c, 8c and 9c configurations (fig. B.4-A). The dif-
ferences in the modeled fluxes are also minor when comparing
the 9c and 9c1 models, where the first in a simple 0-1-0 succes-
sion in the filter supports porosities, while the second is a more
realistic 0-1-0-1-0-1-0-1-0 succession (fig. B.4-B). However it is
not the case when comparing the similar case of the 7a and 7a1
models, where the difference is important (18% in the flux value
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Table B.3: Different configurations tested for the 2D realistic transport model
sensitivity analysis (no clogging).

Model ID
Mesh size Porosity

Tortuosity
Cementation

(X-Y) mm Sand Filter supports exponent

7a 1.0-1.0 0.415 0.333 0.391 not used

7a1 1.0-1.0 0.415 0.370 0.391 not used

7a2 1.0-1.0 0.436 0.333 0.391 not used

7a3 1.0-1.0 0.394 0.333 0.391 not used

7a4 1.0-1.0 0.415 0.333 0.400 not used

7a5 1.0-1.0 0.415 0.333 0.362 not used

7a6 1.0-1.0 0.415 0.623 not used 2.21

7a7 1.0-1.0 0.415 0.623 not used 1.99

7a8 1.0-1.0 0.415 0.623 not used 2.10

7b 0.5-1.0 0.415 0.333 0.391 not used

7c 0.1-1.0 0.415 0.333 0.391 not used

8a 1.0-0.5 0.415 0.333 0.391 not used

8b 0.5-0.5 0.415 0.333 0.391 not used

8c 0.1-0.5 0.415 0.333 0.391 not used

9a 1.0-0.1 0.415 0.333 0.391 not used

9b 0.5-0.1 0.415 0.333 0.391 not used

9c 0.1-0.1 0.415 0.333 0.391 not used

9c1 0.1-0.1 0.415 0.370 0.391 not used

9c2 0.1-0.1 0.436 0.333 0.391 not used

9c3 0.1-0.1 0.394 0.333 0.391 not used

9c4 0.1-0.1 0.415 0.333 0.400 not used

9c5 0.1-0.1 0.415 0.333 0.362 not used

9c6 0.1-0.1 0.415 0.623 not used 2.21

9c7 0.1-0.1 0.415 0.623 not used 1.99

9c8 0.1-0.1 0.415 0.623 not used 2.10

at 26 days). The reason for such a difference is unknown. The
sensitivity of the model to the sand porosity, tortuosity factor
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Figure B.3: Schematic representation of the meshing and geometry of the
filter supports for the different 2D realistic transport models used in the
sensitivity analysis.

and cementation exponent is similar to the 1D and 2D homoge-
neous models for the models 7a to 7a8 (fig. B.4-C). The model
series 9c is however more sensitive to the cementation exponent
than all other models (fig. B.4-D), but similarly sensitive to the
sand porosity and tortuosity factor.

Reactive transport model (porosity clogging)

The sensitivity of the reactive transport models on the poros-
ity, tortuosity factor and cementation exponent of the sand was
tested, as for the non-reactive models previously discussed. A
typical precipitation experiment was used to set-up the model.
For that purpose, a 0.5 mol · L−1 SrCl2 solution was introduced
in the first reservoir (the one containing the tracer), and 0.5
mol · L−1 Na2SO4 in the second reservoir. The pore solution
was 0.5 mol · L−1 NaCl.
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Figure B.4: Modeled HTO fluxes for different configurations tested for the
2D realistic transport model sensitivity analysis (no porosity clogging).

1D model

The major difference with the non reactive model was that the
tortuosity factor could not be used, as it gave irrelevant results.
Therefore, the cementation exponent was used instead, with a
modified porosity for the filter supports as described previously.
The different configurations tested are reported in table B.4.
The modeled HTO fluxes are reported in fig. B.5.

The porosity clogging is translated in the HTO flux by a
significant drop and stabilization at low values. A steep drop is
representative of a fast clogging. The reactive transport model
is very sensitive to the mesh size: the smaller the mesh size,
the faster the clogging. This can be explained simply by the
fact that a small mesh cell will be filled with the precipitate
faster than a bigger one. The HTO flux is similarly sensitive to
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Table B.4: Different configurations tested for the 1D transport model sensi-
tivity analysis (with porosity clogging).

Model ID
Mesh size Porosity

Tortuosity
Cementation

mm Sand Filter supports exponent

10a 1.0 0.415 0.623 not used 2.10

10b 0.5 0.415 0.623 not used 2.10

10c 0.1 0.415 0.623 not used 2.10

10c1 0.1 0.415 0.370 0.391 not used

10c2 0.1 0.436 0.623 not used 2.10

10c3 0.1 0.394 0.623 not used 2.10

10c4 0.1 0.415 0.623 not used 2.21

10c5 0.1 0.415 0.623 not used 1.99

Figure B.5: Modeled HTO fluxes for different configurations tested for the
1D reactive transport model (porosity clogging) sensitivity analysis.

the sand porosity and cementation exponent. A 5% variation in
either one of these parameters leads to a difference in the peak
value at 15 days of 10 to 12%. The effect is also pronounced in
the tailing of the flux, after the drop.
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In addition to the usual parameters, the sensitivity of the
model on the precipitation kinetic regime and specific surface
area (SSA) of the celestite was tested. For this, the model 10c
was used (which was run with precipitation kinetics), and run
for celestite local equilibrium (model 10c6), and with various
SSA. The SSA of the celestite precipitating in the pore space is
unknown for the present system. Published data vary between
0.44 and 72.7 m2g−1 (e.g. Shnel and Handlirova, 1984; Liu et
al., 2005). Two commercially available powders were measured
with N2-BET in another study performed in the same labora-
tory, and were found to have a SSA of 0.5252 and 0.9981 m2g−1.
The model was run with the smallest (0.44 m2g−1, model 10c7),
the average (40 m2g−1, model 10c) and the biggest (72.7 m2g−1,
model 10c8) values. Results are reported in fig. B.6. The model
is only slightly dependent on the kinetic regime, the biggest dif-
ference between the 2 HTO flux curves being in the tailing, after
the drop. The 2 curves seem to reach the same flux value around
60 days. In a similar way, the model in only slightly dependent
on the celestite SSA. The curves for 40 and 72.7 m2g−1 are very
similar. The curve for the 0.44 m2g−1 case is quite different, as
the peak is broader: the precipitation takes about 5 additional
days to influence the flux (drop). However, the minimum flux
value is reached very shortly after the other cases, and the flux
value reached is also very similar.

2D homogeneous model

The different configurations tested are reported in table B.5.
The modeled HTO fluxes are reported in fig. B.7. The model
12a is not reported on the figure, as it did not converge. As for
the 1D model, the 2D homogeneous model is very dependent
on the mesh size in the X direction, but not in the Y direction
(the flux curves for the runs a, b and c of each model are always



152 Model sensitivity analysis

Figure B.6: Modeled HTO fluxes for different configurations tested for the 1D
reactive transport model (porosity clogging) sensitivity analysis to specific
surface area and precipitation kinetics of celestite.

superposed). The dependence on the porosity and cementation
exponent is also the same as for the 1D model.

Figure B.7: Modeled HTO fluxes for different configurations tested for the 2D
homogeneous reactive transport model (porosity clogging) sensitivity analy-
sis.
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Table B.5: Different configurations tested for the 2D homogeneous reactive
transport model sensitivity analysis (with porosity clogging).

Model ID
Mesh size Porosity Cementation

(X-Y) mm Sand Filter supports exponent

11a 1.0-1.0 0.415 0.623 2.10

11b 1.0-0.5 0.415 0.623 2.10

11c 1.0-0.1 0.415 0.623 2.10

12a 0.5-1.0 0.415 0.623 2.10

12b 0.5-0.5 0.415 0.623 2.10

12c 0.5-0.1 0.415 0.623 2.10

13a 0.1-1.0 0.415 0.623 2.10

13b 0.1-0.5 0.415 0.623 2.10

13c 0.1-0.1 0.415 0.623 2.10

13c1 0.1-0.1 0.436 0.623 2.10

13c2 0.1-0.1 0.394 0.623 2.10

13c3 0.1-0.1 0.415 0.623 2.21

13c4 0.1-0.1 0.415 0.623 1.99

2D realistic model

The 2D realistic models were built as the models 7a to 9c previ-
ously presented. The different configurations tested are reported
in table B.6. As only few of the models converged, no figure is
presented here, and no conclusions can be drawn.
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Table B.6: Different configurations tested for the 2D realistic reactive trans-
port model sensitivity analysis (with porosity clogging).

Model ID
Mesh size Porosity Cementation

(X-Y) mm Sand Filter supports exponent

14a 1.0-1.0 0.415 0.623 2.10

14b 1.0-0.5 0.415 0.623 2.10

14c 1.0-0.1 0.415 0.623 2.10

15a 0.5-1.0 0.415 0.623 2.10

15b 0.5-0.5 0.415 0.623 2.10

15c 0.5-0.1 0.415 0.623 2.10

16a 0.1-1.0 0.415 0.623 2.10

16b 0.1-0.5 0.415 0.623 2.10

16c 0.1-0.1 0.415 0.623 2.10

16c1 0.1-0.1 0.436 0.623 2.10

16c2 0.1-0.1 0.394 0.623 2.10

16c3 0.1-0.1 0.415 0.623 2.21

16c4 0.1-0.1 0.415 0.623 1.99
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