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Summary

Argillaceous geological formations are currently investigated for the possible long-

term storage and final disposal of high-level radioactive waste in several countries.

Two clay rock candidates are the Opalinus Clay (OPA) in Switzerland and the Callovo-

Oxfordian (COx) in France. These two potential host rocks mainly consist of clay

minerals, carbonate, quartz, and feldspars with trace amounts of pyrite. In addition,

both rocks contain up to 1.5% w/w organic carbon. Most of the organic matter is

attached to the mineral particles of the rock, but a small portion is present as dissolved

organic matter (DOM) in the pore water. Up to now, it is not known to which extent

the presence of DOM possibly influences the fate of radionuclides within the rock

formation. While the complexation of radionuclides by solid-bound organic matter

may retard their transport within the rocks, the DOM may increase their mobility by

forming dissolved radionuclide-organic matter complexes. Hence, this work focused

on acquiring knowledge on the nature and reactivity of DOM to assess its relevance for

radionuclides migration in the OPA and COx rocks. The major goals of this study were

(i) to characterize DOM of OPA and COx pore waters and (ii) to assess its reactivity

with respect to proton and trivalent metal binding. Because organic matter can be

very sensitive to oxygen, all the work conducted in this study was performed under

anoxic conditions (O2 < 1 ppm), which were also present in-situ.

Since the amounts of in-situ pore waters are strongly limited for both rock forma-

tions, DOM was also extracted under strictly anoxic conditions from the rock mate-

rial. In addition, the effects of extraction time, solid-to-liquid ratio, type of extractant

(deionized water, synthetic pore water i.e, water containing all major ions at pore wa-

ter concentrations but no organic matter and 0.1 M NaOH), short-term exposure to

oxygen and acid-pretreatment of the rock material on the extracted DOM were eval-

uated to reveal how results from different extraction methods can be compared. The

various rock extracts and the pore waters were analyzed for dissolved organic carbon

(DOC), DOM size distribution and low molecular weight organic acid contents. Re-

sults on extracted DOM were then compared to results obtained for the pore water

DOM collected from both rock formations.

In general, the data showed that only a small fraction of the total organic carbon
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content (< 0.21%) of both OPA and COx rock materials was released as dissolved

organic carbon (DOC) and that the pore water DOM was most similar to the DOM

extracted under strictly anoxic conditions with synthetic pore water. Further analyses

indicated that hydrophilic low molecular weight organic compounds (< 500 Da) made

up the major part of the DOM for both rocks (> 55% of the total DOC). A large frac-

tion of these hydrophilic compounds consisted of low molecular weight organic acids,

representing approximately 30% of the DOC in the OPA extracts and pore waters, and

less than 20% for the COx extracts. On the other hand, the COx pore water DOM was

dominated by low molecular weight organic acids (88% of the DOC). The differences

between the COx anoxic extracts and pore water may arise from the heterogeneity of

the rock material, a more effective DOM filtration by the rock formation compared to

laboratory extractions, or possibly, bacterial activity in the pore water.

The binding properties of the DOM with respect to protons and trivalent metal

ions were assessed to better predict the fate of trivalent radionuclides within the two

host formations. Because synthetic pore water was shown to be the most suitable

solvent to extract DOM representative of the in-situ DOM, the reactivity of the DOM

was investigated using pore waters and anoxic synthetic pore water extracts only. The

acid-base titrations revealed that protons were mostly buffered by carbonates and that

DOM only contributed to a minor extent to the total proton buffering capacity of OPA

pore water and synthetic pore water extracts of OPA and COx rocks. Further anal-

yses of the Cm3+ and Eu3+ complexation by DOM with time-resolved laser fluores-

cence spectroscopy (TRLFS) and voltammetry showed that the OPA pore water DOM

contained high affinity organic ligands for trivalent metal cations, which were not de-

tected in the synthetic pore water extracts of both rocks. To evaluate the influence of

these high affinity organic ligands on the fate of radionuclides, speciation calculations

were run for in-situ conditions. The calculations confirmed that carbonates largely

controlled the speciation of Eu and indicated that DOM enhanced the solubility of Eu

in the OPA pore waters. More data on COx pore water DOM is however required to

reliably estimate the influence of DOM on the speciation of Eu in the COx formation.



Zusammenfassung

In mehreren Ländern wird zurzeit die Eignung von tonreichen geologischen Forma-

tionen als mögliche Standorte von geologischen Tiefenlagern von hoch radioaktiven

Abfällen untersucht. Mögliche Gesteinsarten sind unter anderem der Opalinuston

(OPA) in der Schweiz und die Callovo-Oxford-Formation (COx) in Frankreich. Die-

se potenziellen Wirtsgesteine bestehen hauptsächlich aus Tonmineralen, Carbonaten,

Quarz und Feldspäten mit Spuren von Pyrit. Beide Gesteine enthalten ausserdem bis

zu eineinhalb Gewichtsprozent organischen Kohlenstoff. Obwohl der grösste Anteil

des organischen Materials an mineralische Partikel des Gesteins gebunden ist, liegt ein

kleiner Teil als gelöstes organisches Material (DOM) im Porenwasser vor. In welchem

Ausmass das Vorhandensein von DOM das Verhalten der Radionuklide innerhalb

der Gesteine beeinflussen kann, ist bisher unbekannt. Einerseits könnte der Transport

von Radionukliden durch Komplexierung mit an Partikel gebundenem organischem

Material verzögert werden. Anderseits könnte das gelöste organische Material die

Mobilität von Radionukliden mittels Bildung von gelösten Radionuklid-organischem

Material-Komplexverbindungen erhöhen. Diese Arbeit konzentrierte sich deshalb auf

die Ermittlung der Eigenschaften und der Reaktivität von DOM, um dessen Rele-

vanz für die Migration von Radionukliden in OPA- und COx-Gesteinen zu beurteilen.

Hauptziele dieser Untersuchung sind (i) die Charakterisierung von DOM aus OPA-

und COx-Porenwasserproben und (ii) die Beurteilung dessen Reaktivität bezüglich

Protonen- und dreiwertiger Metallbindung. Da DOM empfindlich auf Sauerstoff rea-

gieren kann, wurden alle Experimente dieser Untersuchung unter anaeroben Bedin-

gungen (O2 < 1ppm), analog den Standortbedingungen, durchgeführt.

Da die Menge von in-situ Porenwasser aus beiden Gesteinen stark begrenzt ist,

wurde DOM ebenfalls unter strikt anaeroben Bedingungen aus dem Gesteinsmaterial

extrahiert. Ausserdem wurden die Effekte der Extraktionszeit, des Feststoff/Lösungs-

Verhältnisses, des Extraktionsmittels (deionisiertes Wasser, synthetisches Porenwas-

ser, d.h. Wasser, welches alle Hauptionen des Porenwassers enthält und frei von orga-

nischem Material ist sowie 0.1 M NaOH), des kurzzeitlichen Kontakts mit Sauerstoff

und der Säurevorbehandlung vom Gesteinsmaterial auf das extrahierte organische

Material wurden evaluiert, um die Ergebnisse der unterschiedlichen Extraktionsme-
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thoden zu vergleichen. Die verschiedenen Gesteinsextrakte sowie die Porenwasser-

proben wurden auf gelöstern organischern Kohlenstoff (DOC), Grössenverteilung des

DOM und Gehalt der niedermolekularen organischen Säuren untersucht. Die Resul-

tate des extrahierten DOM wurden anschliessend mit denjenigen des DOM aus den

Porenwassern verglichen, welche aus beiden Gesteinen gesammelt wurden.

Im Allgemeinen zeigten die Ergebnisse, dass nur ein geringer Teil des gesamten

organischen Kohlenstoffs (< 0.21%) beider Gesteine als gelöster organischer Kohlen-

stoff freigesetzt wurde. Zudem war das DOM aus den Porenwasserproben dem un-

ter strikt anaeroben Bedingungen mit synthetischem Porenwasser extrahiertem DOM

sehr ähnlich. Weitere Untersuchungen zeigten, dass ein beträchtlicher Teil des DOM

beider Gesteine (> 55%) aus hydrophilen niedermolekularen organischen Verbindun-

gen (< 500 Da) zusammengesetzt war. Ein grosser Anteil dieser hydrophilen Verbin-

dungen bestand aus niedermolekularen organischen Säuren, welche ungefähr 30%

des DOC der Extrakte und dem Porenwasser aus dem OPA darstellten. In den Extrak-

ten der COx-Gesteine betrug der Anteil weniger als 20%, wohingegen das DOM der

COx-Porenwasserproben von niedermolekularen organischen Säuren dominiert wur-

de (88% des DOC). Die Unterschiede zwischen den anaeroben COx-Extrakten und

-Porenwasserproben könnten auf die Heterogenität des Gesteinsmaterial, eine effekti-

vere DOM Filtration durch die Gesteine im Vergleich zu den Laborextraktionen oder

möglicherweise auf eine bakterielle Aktivität im Porenwasser zurückzuführen sein.

Die Bindungseigenschaften von DOM bezüglich Protonen und dreiwertigen Me-

tallionen wurden ermittelt, um eine besser Voraussage für das Verhalten der dreiwer-

tigen Radionuklide innerhalb der beiden Wirtsgesteine zu ermöglichen. Da synthe-

tisches Porenwasser sich als das geeignete Extraktionsmittel für DOM herausstellte,

um in-situ DOM Verhältnisse zu simulieren, wurde die Reaktivität von DOM nur

anhand von Porenwasserproben und anaeroben synthetischen Porenwasserextrakten

untersucht. Säure-Base-Titrationen zeigten, dass die Protonen vor allem durch Car-

bonate gepuffert wurden und dass das DOM nur zu einem geringen Teil zur Pro-

tonenpufferkapazität des OPA-Porenwassers und der synthetischen Porenwasserex-

trakte von OPA und COx Gesteinen beitragen hatte. Weitere Untersuchungen der

Cm3+- und Eu3+-Komplexierung durch DOM wurden mittels zeitaufgelöster Laser-

Fluoreszenz-Spektroskopie (TRLFS) und Voltammetrie durchgeführt. Die Ergebnisse

zeigten, dass das DOM der OPA-Porenwasserproben organische Liganden mit einer

hohen Affinität für dreiwertige Metallkationen enthalten, welche nicht in den syn-

thetischen Porenwasserextrakten beider Gesteine detektiert wurden. Um den Einfluss

dieser organischen Liganden auf das Verhalten von Radionukliden zu evaluieren,

wurden Speziierungsberechnungen für in-situ Bedingungen durchgeführt. Die Be-
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rechnungen bestätigten, dass die Speziierung von Eu zum grössten Teil durch die

vorhandenen Carbonate kontrolliert wird und zeigten, dass DOM die Löslichkeit von

Eu im OPA-Porenwasser erhöht. Weitere Daten über DOM der COx-Porenwasser sind

jedoch notwendig, um den Einfluss von DOM auf die Speziierung von Eu in den COx-

Gesteinen zuverlässig abschätzen zu können.
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Résumé

La faisabilité d’un stockage des déchets radioactifs de haute activité et à longue

durée de vie en formation géologique profonde est à l’étude dans de nombreux pays.

Les sédiments de l’argile à Opalinus (OPA) et du Callovo-Oxfordien (COx) sont deux

exemples de formations géologiques actuellement considérées pour le stockage des

déchets radioactifs en Suisse et en France, respectivement. Ces deux roches sont prin-

cipalement for-mées de minéraux argileux, de quartz et de carbonate ainsi que de

quelques traces de pyrite. Elles contiennent en outre jusqu’à 1.5% m/m de carbone or-

ganique. La majeure partie de cette matière organique est fortement liée aux particules

minérales solides alors qu’une petite fraction se présente sous forme de matière orga-

nique dissoute (MOD) dans les eaux porales. La complexation des radionucléides par

la matière organique dite ”solide”, c’est à dire fortement liée aux minéraux, pourrait

retarder leur transport au sein de la roche. En revanche, la MOD pourrait potentiel-

lement augmenter leur mobilité en formant des complexes dissouds radionucléides-

MOD. Il est donc nécessaire d’acquérir des connaissances sur la MOD afin d’estimer

son influence sur la migration des éléments radioactifs au sein des roches hôtes. Les

objectifs de cette étude sont donc (i) d’isoler et de charactériser la MOD présente dans

les eaux porales de l’OPA et du COx et (ii) d’évaluer sa réactivité par rapport aux pro-

tons et aux métaux trivalents. La matière organique étant sensible à l’oxygène, cette

étude a entièrement été entreprise dans des conditions similaires à celles observées

in-situ, c’est à dire sous conditions anoxiques (O2 < 1 ppm).

Différents types d’extraction de la MOD à partir d’échantillons de roches broyées

ont été testés en conditions anoxiques strictes pour palier au manque d’eaux porales

disponibles. Le but était d’obtenir une MOD ayant des propriétés aussi proches que

possible de la MOD présente dans les eaux porales. Les paramètres d’extraction sui-

vants ont été modifiés pour définir la méthode la plus adéquate : le temps d’extraction,

le rapport solide/liquide, l’agent d’extraction (eau déionisée, eau synthétique c’est à

dire de l’eau contenant les principaux ions aux concentrations mesurées dans les eaux

porales mais ne contenant pas de matière organique, et 0.1 M NaOH). Ont également

été évalués, les effets d’un broyage de la roche en conditions oxiques et ceux d’un

prétraitement de la roche à l’acide, qui ont, tous deux, souvent été utilisés pour la
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charactérisation de la matière organique. Les eaux porales et les différents extraits ont

été analysés afin de déterminer les concentrations totales de carbone organique dis-

sout (COD), la distribution de la taille des composés organiques ainsi que la teneur en

acides organiques de faibles poids moléculaires.

Les résultats de charactérisation montrent que seule une fraction mineure du car-

bone organique total peut être extraite des roches de l’OPA et du COx sous forme

de MOD (< 0.21%). Pour les deux roches, la MOD extraite en conditions anoxiques

strictes à l’eau synthétique s’avère être la plus proche de celle des eaux porales. Cette

MOD, à la fois extraite de la roche et contenue dans les eaux porales, est majoritai-

rement (> 55% du COD) composée de molécules organiques hydrophiles de faibles

poids moléculaires (< 500 Da). Ces composés hydrophiles sont en partie constitués de

petits acides organiques tels que l’acétate. Ils représentent près de 30% du COD pour

l’eau porale et les extraits de l’OPA, et moins de 20% du COD pour les extraits du COx.

Ce pourcentage atteint 88% du COD dans un des premiers échantillons d’eau porale

prélevé dans la formation du COx. La différence observée entre la composition des ex-

traits et celle de l’eau porale du COx peut s’expliquer par une certaine hétérogénéité

de la roche du point de vue de la matière organique, une filtration du matériel ro-

cheux plus efficace par rapport aux extractions effectuées en laboratoire, ou encore,

une possible activité bactériologique dans l’eau porale.

La réactivité de la MOD par rapport aux protons et aux cations trivalents a été

étudiée afin de pouvoir prédire avec plus de précision le devenir des radionucléides

trivalents au sein des formations de l’OPA et du COx. Les propriétés réactives de la

MOD ont été évaluées uniquement dans les eaux porales et les extraits anoxiques à

l’eau synthétique au vue des résultats préalablement exposés. Les résultats de titra-

tions montrent que les protons sont principalement consommés par les carbonates et

que globalement, la MOD ne contribue que faiblement à la capacité tampon totale de

l’eau porale de l’OPA et des extraits de l’OPA et du COx. Des mesures supplémentaires

de la complexation du Cm3+ et de l’Eu3+ par la MOD de l’eau porale de l’OPA et des

extraits des deux roches par spectrofluorimétrie laser à résolution temporelle (SLRT)

et voltammétrie ont identifié la présence de ligands organiques ayant une grande af-

finité pour les métaux trivalents dans l’eau porale de l’OPA. Ces ligands ne furent pas

détectés dans les extraits des deux roches. L’évaluation de l’influence de ces ligands

sur le devenir de l’Eu dans les eaux porales de l’OPA révèlent que la spéciation de

l’Eu est largement controlée par les carbonates dans les conditions in-situ et que la

présence des ligands organiques identifiés par voltammétrie augmentent la solubilité

de l’Eu. Plus de données sur les eaux porales du COx sont par ailleurs nécessaires

pour estimer de manière fiable la spéciation de l’Eu dans la formation du COx.



Chapter 1

Introduction

Modern society uses an increasing amount of energy for the development of its indus-

tries, services, homes, and transports, etc. Today, the global energy supply is domi-

nated by fossil energy sources. The growing demand observed worldwide, particu-

larly in China and India, foresees the depletion of resources and the climate change

induced by the emission of greenhouse gases during the combustion of fossil fuels.

Today, global warming is a major environmental concern for the society. International

protocols have been signed by many countries to ensure the reduction of greenhouse

gases emissions. These agreements will favor the use of “clean” and sustainable en-

ergy. Nuclear energy may be an alternative since it produces almost no greenhouse

gases. However, the operation of nuclear power plants generates a significant amount

of radioactive waste. Other sources of radioactive waste include military programs,

medicine, industrial and research activities. The hazardous properties of the radioac-

tive radiations are preserved in the generated waste. Hence, special care must be taken

to safely manage and handle it. In the past, radioactive materials were disposed of im-

properly, leading to environmental disasters such as the Hanford site (USA) and the

Chelyabinsk province (former Soviet Union). Nowadays, numerous countries have

developed strategies to safely manage radioactive waste (e.g., OECD Nuclear Energy

Agency, 2005; Savage, 1995; Waste Management Working Group, 1999 and 2002). Dis-

posal options have been proposed: on or beneath the seabed of continental shelf wa-

ters or deep oceans, into space, in long-term surface storage, and in shallow land or

deep geological repositories. Storage on or beneath sea floors has been carried out in

the past and has been under moratorium since 1983. Space disposal implies countless

safety measures and extremely high costs. Hence, the main strategy pursued so far

relies on land-based disposal at various depths. Because of the waste confinement

capacity and the preservation from terrorist attack, geological storage is considered
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as one of the safest strategies. This chapter attempts to summarize the principles

of the radioactive waste management with a focus on the ultimate storage in deep

geological formations. This issue will be specifically addressed for Switzerland and

France, which are currently investigating the potential of two similar sedimentary host

rocks for the deep storage of nuclear waste, i.e., the Opalinus Clay and the Callovo-

Oxfordian formations, respectively. Special emphasis will be given on the research

conducted in this field to introduce the main objectives of the presented study.

1.1 Sources, classification, and management options for

radioactive waste

The majority of radioactive waste created worldwide is produced by nuclear power

generation and military activities. Each stage of the production of nuclear power, from

uranium mining, enrichment processes, fuel fabrication, spent fuel production and re-

processing, to reactor decommissioning generates unwanted radioactive by-products.

In addition, large amounts of radioactive waste are created for military purposes for

instance during the fabrication of nuclear components in weapons. Besides smaller

quantities of radioactive waste are also generated by industrial, medical, and scientific

research activities. The International Atomic Energy Agency (IAEA) recommends the

radioactive waste to be classified in three categories according to its activity content,

radiotoxicity and thermal power (International Atomic Energy Agency, 1994):

1. Exempt waste (EW) with activity levels at or below the clearance levels given in

International Atomic Energy Agency (1996), which are bases on an annual dose

of less than 0.01 mSv.

2. Low-level (LLW) and intermediate-Level (ILW) waste with activity levels above

clearance levels given in International Atomic Energy Agency (1996) and ther-

mal power below 2 kW/m3. They are subdivided according to the individual

radionuclide properties and toxicity into a) short-lived and b) long-lived waste.

(a) Short-lived low- and intermediate-level waste (LILW-SL) contains mostly

short-lived radionuclides and restricted concentrations of long-lived radionu-

clides (limitation of long-lived alpha emitting radionuclides to 4000 Bq/g in

indiviual wast packages and to an overall average of 400 Bq/g per waste

package). A range of disposal methods is commonly accepted for such

waste. It may be disposed of in a surface landfills, engineered surface facil-

ities, or disposal at different depths in a controlled way.
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(b) Long-lived low- and intermediate-level waste (LILW-LL) exceeds the lim-

itations for LILW-SL and contains mostly long-lived radionuclides. It re-

quires the isolation from the biosphere, typically provided by disposal in

geological formations.

3. High-level waste (HLW) with typical activity levels ranging from 1010 to 1012

Bq/g. It contains large concentrations of both short and long-lived radionuclides

and significant quantities of heat (> 2 kW/m3) are produced from its radioactive

decay, which may last for several centuries. Therefore, a high degree of isolation

from the biosphere is needed to ensure disposal safety, usually via geological

disposal.

Most classifications of radioactive waste worldwide are based on these international

recommendations. However, individual classification schemes may be used to ac-

count more specifically for the type of radioactive waste produced within a country.

Each country is responsible for safely managing the radioactive waste it produces.

The main national objectives are to minimize the volume and the levels of radioac-

tivity of the generated waste. In most nuclear power nations, a great effort is under-

taken to collect, sort, reprocess, and recycle the waste. Ultimately, radioactive waste

must be disposed of in a safe manner. As previously mentioned, the strategy cho-

sen for a certain category of waste depends upon its origin and radioactivity level.

Short-lived low- and intermediate-level waste represents 90% of the total volume of

radioactive waste produced worldwide but only contains 1% of the total radioactivity

of all radioactive waste. To reduce the volume, this waste is generally compacted and

conditioned in steel or cement containers. Disposal sites for such waste are already

in operation in many countries (OECD Nuclear Energy Agency, 2005). Long-lived

low- and intermediate-level waste is usually fixed in a cement or bitumen matrix and

placed in a steel container. In most countries, long-lived waste is stored and contained

in interim storage facilities awaiting for its final disposal in deep geological formation

along with high-level waste (OECD Nuclear Energy Agency, 2005). High-level waste

comprises spent nuclear fuel, fission products, and transuranic elements generated in

the reactor core. It accounts for 95% of the total radioactivity produced during the

generation of nuclear power but only represents 3% of the total volume of radioactive

waste. High-level waste is generally incorporated in borosilicate glass and encapsu-

lated in stainless steel or copper container. A zirconium alloy cladding may also be

used to confine spent fuels in place of glass. High-level waste may first be retained in

interim storage facilities for a sufficient amount of time to allow the level of radioactiv-

ity and heat to decrease. Deep geological repositories have been selected for the long-
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term storage of high-level waste in many countries (Miller et al., 2000; OECD Nuclear

Energy Agency, 2005; Savage, 1995; Waste Management Working Group, 2002).

Typical concepts for the deep geological disposal of high- and intermediate-level

waste comprise the use of multiple barriers to confine the waste over a time scale

relevant to radionuclides lives:

• The matrix or cladding into which waste is incorporated, i.e., borosilicate glass,

cement or Zirconium alloy

• The corrosion resistant (copper) or allowed (stainless steel) canister, which con-

tains the vitrified waste

• The tunnel backfill, typically consisting of bentonite

• The geological rock formation

A typical multi-barrier system as proposed by the Swiss National Cooperative for Ra-

dioactive Waste Storage (Nagra) is shown in Figure 1.1. Each barrier must meet a

number of requirements to ensure the overall safety of such repository (Andra, 2005a;

Chapman and McCombie, 2003; Nagra, 2002a). The main requirements for the poten-

tial host rock are its geological long-term stability to protect the engineered barriers,

its mechanical and thermal properties allowing the construction of the disposal, and

its hydrogeological and geochemical properties attenuating the release of radionu-

clides. Several potential host rocks are being investigated worldwide ( Miller et al.,

2000; OECD Nuclear Energy Agency, 2005; Roxburgh, 1987; Savage, 1995). The re-

search focuses on four types of rocks: crystalline rocks, volcanic rocks, evaporite de-

posits, and sedimentary formations. Research on crystalline rocks such as granite for

the deep geological disposal of radioactive waste has been conducted in numerous

countries including Canada, Czech Republic, France, Sweden, Spain, and Switzer-

land. Crystalline rocks are very hard but often exhibit faults and fractures through

which groundwater and thus radionuclide could flow. Extrusive volcanic rocks such

as welded tuff generally present similar transport mechanisms to crystalline forma-

tions and are considered in Japan, UK, and USA. Evaporite deposits have been inves-

tigated in Germany, France, and Switzerland. Sedimentary rock formations such as

clays, mudstones, marls, and shales present the advantage of being rather homoge-

neous. Shales and mudstones are generally fractured and possess similar flow char-

acteristics as in crystalline rocks. On the other hand, clay rich sedimentary rocks have

a high plasticity and self-healing properties. In addition, such rocks possess very low

hydraulic conductivities. Such formations are thought to be suitable for the storage
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Figure 1.1: Multi-barrier system proposed as planned in Switzerland for the storage of high-
level waste (Nagra, 2002a).



6 1. Introduction

of radioactive waste. They are investigated and selected as a potential host rocks in

Belgium, France, and Switzerland.

1.2 Management of radioactive waste in Switzerland and

France

Switzerland and France have generated a significant amount of radioactive waste over

the past 50 years. Present estimates of the waste volumes to be stored assuming a 40

years operating life time including the decomissioning of the existing nuclear power

plants in Switzerland as well as the estimates of the annual quantities of waste pro-

duced and the total quantity expected to be stored by 2020 in France can be found in

Table 1.1 and 1.2.

Table 1.1: Switzerland’s current estimates of eventual waste volumes (OECD Nuclear Energy
Agency, 2005). SF: spent fuel, HLW: high-level waste, LLILW: long-lived intermediate-level
waste, ILW: intermediate-level waste, LLW: low-level waste.

Waste type Source Volume
SF, Vitrified waste reprocessing 1 000 m3

HLW SF in containers, glass flasks 4 800 m3

and Packaged long-lived ILW 3 500 m3

LLILW Medicine, industry and research, decommissioning, etc. 2 400 m3

Medicine, Industry and research 7 700 m3

LLW Nuclear power plants (NPPs) 27 000 m3

and Reprocessing of SF 3 400 m3

ILW Decommissioning of NPPs 29 600 m3

Decommissioning of research facilities 11 000 m3

Table 1.2: France’s current estimates of radioactive waste (OECD Nuclear Energy Agency,
2005). VLLW: very low-level waste, LLW: low-level waste, ILW: intermediate- waste, HLW:
high-level waste.

Waste type Annual production Cumulative volume in 2020
VLLW 10 000 to 50 000 m3 300 000 m3

Short-lived LLW and ILW 13 000 to 20 000 m3 1 000 000 m3

Long-lived ILW 300 to 500 m3 53 000 m3

Vitrified HLW 100 m3 38 000 m3

Although the amount of waste to be handled in Switzerland is smaller than in

France, both countries need to find a solution to manage its radioactive waste safely.

The safe management of radioactive waste is assigned to the National Cooperative for
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the Disposal of Radioactive Waste in Switzerland (Nagra) and the National Radioac-

tive Waste Management Agency in France (Andra). Both organizations have been cre-

ated to handle, manage, and conduct the required research for the safe management

of nuclear waste. The two countries have set up a similar concept for the management

of their nuclear waste. These are depicted in Figure 1.2 and Table 1.3.

Figure 1.2: Overview of the radioactive waste management strategy in Switzerland (Nagra,
2002a).

In Switzerland, the strategy for the back-end of the nuclear fuel cycle includes re-

processing carried out in France and U.K. and the storage of reprocessed or direct

waste within a suitable geological formation. All nuclear waste will undergo an in-

terim storage in surface facilities and a final disposal in underground facilities using

a multi-barrier system (e.g. Figure 1.2). Surface disposals are already in operation

for the waste issued from medicine, industry, and research at the Paul Scherrer In-

stitute (PSI) within the BZL interim surface storage facility. Another interim storage

plant allowing the radioactivity to decay and reduce the heat generation of spent fuels

and high-level waste is ZWILAG also situated at PSI (Nagra, 2002a; OECD Nuclear

Energy Agency, 2005). Additional facilities directly operated on the sites of nuclear

power plants such as Beznau and Gösgen are also in use.

In France, the strategy covers all phases of waste processing, conditioning, and

disposal. Surface disposal facilities for low-level and short-lived intermediate-level

waste such as the centres ”de la Manche” and ”de l’Aube” are in operation and mon-

itored since 1994. They were planned to receive between half a million and one mil-

lion cubic meters of conditioned waste (OECD Nuclear Energy Agency, 2005). The
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Table 1.3: Overview of the radioactive waste management strategy in France (OECD Nuclear
Energy Agency, 2005). VLLW: very low-level waste, LLW: low-level waste, ILW: intermediate-
level waste, HLW: high-level waste.

Waste type Very short-lived Short-lived Long-lived
(half-life<100 days) (half-life<30 years) (half-life>30 years)

VLLW Surface repository
LLW Management Surface disposal Subsurface disposal
ILW radioactive decay (Aube) Geological disposal
HLW Geological disposal

French concept for the long-lived intermediate-level and high level waste includes ei-

ther long-term surface storage or the disposal in deep geological formations (Table

1.3). The latter proposition is considered as the reference solution for the final han-

dling of long-lived intermediate-level and high-level radioactive waste in France al-

though the political and technical aspects of such project still need to be settled. As in

the Swiss disposal design, the French concept of deep geological repository includes

a multi-barrier system (Andra, 2005a).

1.3 Geological disposal of high-level radioactive waste

in Switzerland and France

Switzerland and France have conducted extensive studies to identify potential geo-

logical formations to host the nuclear waste (Andra, 2005a and 2005b; Nagra, 2002a

and 2002b; Rebours et al., 2005). Two examples are the Opalinus Clay in Switzerland

and the Callovo-Oxfordian formation in France. In the following, a brief summary of

the main characteristics and the history of the two formations from a geological and

geochemical point of view is presented.

1.3.1 Selection and research facilities in the Opalinus Clay and the

Callovo-Oxfordian formations

The Opalinus Clay

In Switzerland, one formation considered for the potential siting of long-lived interme-

diate- and high-level waste repository is the Opalinus Clay rock. The Opalinus Clay is

a sedimentary formation that can be found in the northern part of Switzerland at the

border with Germany (Figure 1.3). The Opalinus Clay sediments were deposited ap-

proximately 180 million years ago in the Jurassic sea. The sediment was then buried
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Figure 1.3: Possible siting options in the Opalinus Clay formation in Switzerland (Nagra,
2002a).

and compacted with time due to the accumulation of other sediments on the top of

it. Details of the geology and paleohydrology of the Opalinus Clay is given by Na-

gra (2002b). The evaluation of the various siting options within the OPA formation

included the the Zürcher Weinland (Nagra, 2002a, 2002b and 2005). Other potential

locations are the Nördlich Lägeren, Bözberg and the Jurasüdfuss areas as depicted in

Figure 1.3 (Nagra, 2005).

The Zürcher Weinland is considered as suitable because of the relative stable geol-

ogy revealed by the seismic survey in the area and the drilling of the exploratory deep

borehole in Benken. The geological profile through the Zürcher Weinland is given in

Figure 1.4. At Benken, the formation is located at a depth between 600 and 700 me-

ters below the surface and is 100-120 meters thick. The formation is little affected by

faulting in the surrounding of Benken. The study of the burial and compaction his-

tory of the Opalinus Clay revealed that it reached a maximum burial depth of 1000

meters during the Cretaceous (about 65 to 120 million years ago) and has experienced

a maximum burial temperature of 85 ◦C (Mazurek et al., 2006; Nagra, 2002a).

A research program was launched in 1996 to investigate the hydrogeological, geo-

chemical, and rock mechanical properties of the Opalinus Clay formation and similar

sedimentary rock formations in the international underground research laboratory of

the Mont-Terri near St-Ursanne, Switzerland (Thury, 1998 and 2002). The geological

setting of the rock laboratory is given in Figure 1.5. The research activities of this
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Figure 1.4: 3D Geological diagram through the sedimentary rocks in the Zürcher Weinland
(Nagra, 2002a).

international project addressed four tasks:

• Development of investigation techniques: excavation, sampling, and drilling

techniques, as well as instrumentation to be used to measure important param-

eters such as rock stresses or pore water pressure etc.

• Characterization of the Opalinus Clay formation: mineral composition, mechan-

ical properties, pore water composition, water gas permeability, main transport

mechanisms such as diffusion etc.

• Evaluation of the changes caused by a repository: effect of excavation, ventila-

tion, heating, and alkaline cement waters on the surrounding rock material.

• Demonstration experiments: feasibility of waste container emplacement, influ-

ence of the backfill material, etc.

The underground facility was constructed in the reconnaissance gallery of the A16

Transjurane motorway close to St-Ursanne in the Folded Jura (Figure 1.5). The local

geological conditions make the site unsuitable for a waste repository but allow good

insight of the rock properties without the inconvenience of building a deep facility.

The overburden of the laboratory is approximately 300 meters. A schematic view of

the rock laboratory is given in Figure 1.6. The Mont-Terri rock laboratory crosses three
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Figure 1.5: Geological profile of the Mont-Terri rock laboratory in Switzerland (Pearson et al.,
2003).

slightly different facies of the Opalinus Clay: a shaly facies in the lower half of the se-

quence, a sandy carbonate-rich facies in the middle, and a sandy facies interstratified

with shaly facies in the upper sequence (Pearson et al., 2003).

Figure 1.6: Schematic view of the Mont-Terri rock laboratory in Switzerland (Pearson et al.,
2003).
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Figure 1.7: 3D geological diagram through the sedimentary rocks in the Meuse/Haute Marne
area (France), (Andra, 2005b).

The Callovo-Oxfordian

One of the geological layer selected for the potential storage of radioactive waste in

France is located in the department of Meuse/Haute Marne in the South-East of Paris

(Andra, 2005b). The Callovo-Oxfordian layer is a sedimentary rock formation of about

130 meters thick currently located at a depth between 400 and 600 meters below the

surface in the surroundings of the actual rock laboratory located in Bure (France). The

sediment was deposited in ancient shallow oceans about 155 million years ago dur-

ing the Jurassic time period. The Callovo-Oxfordian sediments were then covered by

alluvial material, which compressed, buried, and squeezed the water out from the

Callovo-Oxfordian sediments due to their weight. It was then kept in a rather stable

geological environment. The tectonic activity of the area has been reported to be very

weak since 150 million years as revealed by the seismic survey conducted in the re-

gion. Its main effects were the formation of the Gondrecourt and the Marne fosses,

which can be observed on the border of the studied area. The geological setting of the

Callovo-Oxfordian formation is given in Figure 1.7. Additional studies showed that

the actual characteristics of the clay rock were acquired during the first million years of

the layer history (Andra, 2005b). The analyses of the mineralogy revealed that the tex-

ture and the crystalline and chemical properties of the clay minerals were little affected

and that the carbonated matrix preserved a signature of its marine origin. This preser-

vation was confirmed by the study of the burial history of the Callovo-Oxfordian,
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Figure 1.8: Schematic view of the Meuse/Haute Marne rock Laboratory (France), adapted
from Andra (2005b).

which revealed that the sediment only experienced a maximum burial temperature of

40 ◦C (Elie, 2000).

The Callovo-Oxfordian formation has a similar mineralogical composition to the

Opalinus Clay although the latter is slightly less carbonated, depending on the facies

(see section 1.3.2). In addition, both formations constitute a reducing and rather im-

permeable environment with comparable mechanical properties and transport mech-

anisms. Despite the strong influence of the Alpine tectonics encountered in the Mont-

Terri region for the Opalinus Clay, the deposition and burial history of both rocks have

some similarities. Therefore, the first field experiments conducted by Andra were im-

plemented at the Mont-Terri rock laboratory in the Opalinus Clay and the acquired

knowledge was then transferred to the Callovo-Oxfordian formation and compared

to measurements performed on core samples originating from deep boreholes. In

1999, an underground rock laboratory was built in the Callovo-Oxfordian formation

in Bure (Andra, 2005b). A schematic view of the laboratory is presented in Figure

1.8. The main objectives of the rock laboratory were to provide the data requested for

the modeling of relevant processes for the long term safety of the planned repository:

confirmation of the geological and geochemical properties of the rock material, con-

structability of the storage facility, radionuclides confinement properties, reactions of

the rock material to the perturbations induced by the construction of the repository

including alkaline and mechanical perturbations, etc. Therefore, a large number of ex-
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periments have been and are still being conducted in the rock laboratory nowadays.

1.3.2 Mineral composition of the Opalinus Clay and the Callovo-

Oxfordian formations

The confinement properties of both the Opalinus Clay and the Callovo-Oxfordian

rocks mainly derive from their mineralogical compositions. Tables 1.4 and 1.5 present

the mineralogical analyses of the three main facies of the Opalinus Clay observed in

the Mont-Terri-rock laboratory and the average composition of the Callovo-Oxfordian

clay rock in Bure.

Table 1.4: Composition of the three main Opalinus Clay facies observed at the Mont-Terri
(Pearson et al., 2003).

Shaly Sandy Sandy
facies carbonate-rich facies

facies
(% w/w) (% w/w) (% w/w)

Calcite 5-28 36-42 7.17
Dolomite/ ankerite 0.2-2 2.1-3.3 0.3-2
Siderite 1-4 1.1-2.4 1.1-3
Pyrite 0.6-2 0.2-1.3 0.7-3.2
Organic C <0.1-1.5 0.2 0.2-0.5
Quartz 6-24 27-31 16-32
K-feldspar 1-3.1 3-5 2.5-5
Albite 0.6-2.2 1.1-2.4 0.8-2.2
Clay minerals 58-76 25 45-70
- Illite 16-40 6-9 15-35
- Illite-smectite 5-20 3-6 5-20
- Chlorite 4-20 2.2-4 4.4-15
- Kaolinite 15-33 8-13 13-35

The Opalinus Clay formation of the Mont-Terri rock laboratory contains mainly

clay minerals (25-76% w/w), calcite (5-42% w/w), and quartz (6-32% w/w). Other

trace components include feldspar (< 5% w/w), pyrite (< 3% w/w), and organic car-

bon (< 1.5% w/w) (Pearson et al., 2003). As shown in Table 1.5, the Callovo-Oxfordian

formation is also mainly composed of clay minerals (24-49% w/w), carbonates (26-

41% w/w), quartz and feldspar (21-32% w/w) with minor amounts of pyrite (< 3%

w/w) and organic matter (< 1.5% w/w) (Rebours et al., 2005). Variations of the min-

eral compositions in the Callovo-Oxfordian argilite have been observed because the

formation also contains different facies. Such variations are described in greater de-

tails in Rebours et al. (2005).
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Table 1.5: Composition of the Callovo-Oxfordian formation (Rebours et al., 2005).

Average content
(% w/w)

Calcite 22-39
Dolomite/ ankerite 2-7
Pyrite <3
Organic C <0.1-1.5
Quartz/ K-feldspar 21-32
Clay minerals 24-49
- Illite 8-18
- Illite-smectite 15-27
- Chlorite 1-3
- Kaolinite 0-4

The most abundant constituents of the two rock materials are clay minerals (Table

1.4 and 1.5). They confer the rocks their retention properties. Clay minerals consist of

different combinations of Si-tetrahedral and Al-octahedral sheets in their basic config-

uration (Schulze, 2005). The differentiation of clay minerals depends on the number

of tetrahedral and octahedral sheets in the layer structure (e.g, 1:1 for kaolinite, 2:1 for

illite, smectite, etc.) and on the isomorphous substitutions occuring within the tetra-

hedral or octahedral sheets. These substitutions are responsible for the permanent

negative charge of 2:1 and mixed layer clay minerals. This permanent charge (0.6-0.9

for illite, 0.2-0.6 for smectite) is compensated by the adsorption of non-hydrated (il-

lite) or hydrated (smectite) exchangeable cations at the interlayer. Variable amounts

of water molecules and cations may therefore sorb onto clay minerals depending on

their cation exchange capacity, surface area and swelling/shrinking properties.

The second most abundant constituents of the rock are the carbonate minerals (Ta-

ble 1.4 and 1.5 ). They are in equilibrium with the CO2 dissolved in pore water and

consequently play a major role in buffering the pH (close to neutral) of the environ-

ment.

The two sedimentary rocks also exhibit a physical porosity between 10 and 18%

v/v and a very small average pore size: < 0.1 µm (Nagra, 2002a; Rebours et al., 2005),

which limits the transport mechanisms within the rocks to diffusion. Very low hy-

draulic conductivities between 10−14 and 10−12 m/s have been measured in both for-

mations (Nagra, 2002a; Rebours et al., 2005).

Since the construction of the rock laboratories, a large effort has been undertaken

to characterize the pore water chemistry in both formations. The inorganic composi-

tions of the pore water were first modeled by Bradbury and Baeyens (1998) and Pear-
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son (1999) for the Opalinus Clay and by Motellier (2003) and Gaucher (2004) for the

Callovo-Oxfordian. All studies assumed the in-situ pore water to be in equilibrium

with the surrounding rock material. The main compositions of the modeled pore wa-

ters for the Opalinus Clay and the Callovo-Oxfordian formations according to Pearson

(1999) and Gaucher et al. (2006) are given in Table 1.6.

Because of the low permeability of the rock material, many experimental difficul-

ties have been faced to obtain undisturbed pore water samples from the formations.

Particular sampling techniques were developed in this context (Pearson et al., 2003).

Only lately, in 2006, was it possible to sample small volumes of pore waters from the

Callovo-Oxfordian formation (Vinsot and Mettler, 2006). Comparisons between mod-

eling and in-situ measurements proved that the geochemistry of in-situ pore water

chemistry was relatively well understood (Pearson et al., 2003; Vinsot and Mettler,

2006). The modeled inorganic composition of the pore water has even been improved

over the last years and the uncertainties related to pore water compositions reduced

(Degueldre et al., 2003; Gaucher et al., 2006; Pearson et al., 2003).

Table 1.6: Modeled composition of the pore water for the Opalinus Clay (BWS-A1 water,
Pearson, 1999) and the Callovo-Oxfordian formations (Gaucher et al., 2006).

Opalinus Clay Callovo-Oxfordian
SPW SPW

pH (-) 7.7 7 - 7.3
Na (mM) 241 32.1
Mg (mM) 17.0 14.1
Ca (mM) 25.8 14.9
K (mM) 1.61 7.09
Sr (mM) 0.51 1.12
Cl (mM) 300 30.1
SO4 (mM) 14.1 34.0
HCO3 (mM) 0.42 1.29-2.46

1.3.3 Organic matter in the Opalinus Clay and the Callovo-Oxfordian

formations

As seen in the previous section, a great effort has been undertaken to determine the

mineralogy of the Opalinus Clay and the Callovo-Oxfordian rocks as well as to char-

acterize the inorganic composition of the pore waters. Up to now, only little attention

has been given to the organic carbon present in the rock formations. Total organic

carbon contents were reported not to exceed 1.5% w/w of the total rock materials

(Andra, 2005a; Nagra, 2002a). In order to understand the presence of sedimentary or-
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Figure 1.9: Organic carbon cycle in marine environments. POC = particulate organic carbon,
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ganic matter within the two formations, the main source as well as the transformation

and preservation mechanisms of organic matter in the original marine depositional

environment of the Opalinus Clay and the Callovo-Oxfordian are described in the

following. A brief section on cation complexation by organic matter is additionally

presented to outline the relevance of organic matter on the transport of radionuclide

within the host rocks.

Origin of organic matter and primary production in marine environments

A scheme of the organic carbon cycle is presented in Figure 1.9. The formation of

marine organic matter begins with the photosynthesis activity of photoautotrophic

organisms (phytoplancton), which convert dissolved CO2 into organic molecules as

illustrated by the following equation:

6CO2 + 6H2O
hν

 C6H12O6 + O2

Solar energy and water are sinequanone conditions to produce organic matter by this

mechanism. Therefore, the photosynthetic production of organic matter is limited to

the upper hundred meters of the water column. Phytoplancton is then consumed

through the food chain by zooplancton and other pluricellular organisms (Figure 1.9,

Baudin et al., 2007; Biju-Duval, 2002; Tyson, 1995; Vandenbroucke and Largeau, 2007).



18 1. Introduction

These organisms use the energy provided by the oxidation of the phytoplanctonic

cells to synthesize their own metabolites and release a remaining organic fraction in

the form of faeces. The produced faeces may aggregate together, combine with dead

phytoplanctonic cells, further sink in the water column, and contribute to sedimen-

tary organic matter. An additional source of marine organic matter within coastal or

deltaic environment is the input of plant remains and soil organic matter from erosion

and river runoffs. This allochthonous organic matter is often refractory because it has

already been altered through the oxidation and biodegradation processes observed in

soil and rivers (Vandenbroucke and Largeau, 2007). In addition, it is often bound to

mineral particles, which protect it from further alteration and allow its direct sinking

in the ocean. In marine environments, the primary production depends on various

factors such as light, temperature, water chemistry, CO2 and nutrient sources, preda-

tors, etc. Today, the most productive sites are located in coastal areas because of the

light penetration in the water and the continuous input of nutrient from terrestrial

eroded materials and decaying marine organisms, and in upwelling zones, where cool

and generally nutrient-rich deep waters are brought to the surface.

When investigating organic matter in a sediment deposited in past geological time,

information about once-existing environmental conditions and organisms is addition-

ally required (Vandenbroucke and Largeau, 2007). As mentioned in the previous sec-

tions, the Opalinus Clay and the Callovo-Oxfordian sediments were formed around

150 to 180 million years ago at a time when most of Europe was flooded and lands

consisted only of large islands (Figure 1.10). Both sediments were deposited in a shal-

low sea environment. The production of organic matter was neither limited by the

CO2 atmospheric concentration, which was higher than today, nor by the light pene-

tration in water in this shallow environment, nor by nutrient availability, which were

mostly recycled by the exportation of eroded material from the islands. Consequently,

primary production is expected to be relatively high in these areas.

Transformation and preservation processes of organic matter in marine systems

Sinking organic matter is exposed to several degradation processes in the water col-

umn. All along the sinking pathway of the organic particles, especially in the photic

zone, bacteria play a significant role in degrading organic matter (Figure 1.9). The bac-

terial degradation of organic matter is dependent on the amount of dissolved oxygen

(O2) in the water column. As long as O2 is available (oxic zone), aerobic bacteria min-

eralizes the organic matter into byproducts by the action of exocellular enzymes able

to break high molecular weight organic compounds and into CO2 by respiration. Once

the total dissolved O2 reservoir is consumed up by aerobic bacteria for respiration but
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Figure 1.10: Deposition environment of the Opalinus Clay formation 180 million years ago
(source Nagra).

also for other abiotic chemical reactions (e.g. nitrification, iron and manganese oxida-

tion), the populations are replaced by anaerobic bacteria, which use nitrogen, sulfur,

iron, and manganese as electron acceptors (Baudin et al., 2007; Tyson, 1995). Lastly,

when all oxidizing substitutes are used up, fermentative and methanogenetic bacte-

ria further degrade the organic matter. Figure 1.11 summarizes the biodegradation

reactions occurring both in the oxic and anoxic zones (Baudin et al., 2007).

The mentioned biodegradation processes favor the decomposition of organic mat-

ter before reaching the ocean floor. However, the decomposition of organic com-

pounds to CO2 is not complete as shown by the preserved organic carbon in sedi-

mentary rock formations. The decomposition of organic matter occurs mainly in the

oxic water layer where aerobic bacteria secrete numerous exo-enzymes able to break

complex organic substrates into smaller organic subunits. Consequently a small sink-

ing rate will increase the biological alteration of the organic matter by increasing the

residence time of the organic matter in the aerobic zone. On the opposite, the variety

of exo-enzymes produced by anaerobic bacteria is restrained and their activity is lim-

ited to relatively simple organic substrates. Therefore, anaerobic environments and

high sinking rates may favor the preservation of organic matter. Anoxic conditions

develop whenever the O2 demand for the organic matter degradation exceeds the re-

newal of the dissolved O2 stock in the water column. Additional mechanisms at the

molecular scale contribute to preserve organic matter in the water column. A compre-
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Figure 1.11: Organic matter degradation reactions occurring in the aerobic and anaerobic
zones (adapted from Baudin et al., 2007).
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hensive description of these mechanisms is available in Vandenbroucke and Largeau

(2007).The main mechanisms are:

• the recondensation of degradation byproducts, which leads to the formation of

complex high molecular weight refractory organic compounds,

• the interaction of organic molecules with ionic reduced sulfur species (HS−/ H2S

produced during sulfate reduction reactions), which leads to the condensation

of organic molecules linked by intra- and inter-molecular sulfur bridges, and

• the adsorption of organic molecules onto porous inorganic substrate, which pre-

serves them from biodegradation.

Sedimentation and burying processes

The organic debris attaining the sediment surface and thereby contributing to the sed-

iment organic matter is the sum of the residues escaping the marine food and bio-

logical cycles (Figure 1.9). According to Mayer (1993), the sedimented organic mat-

ter would consist of up to 70% of detrital particulate organic matter and 30% of the

sediment-water interface-living benthic fauna remains. The burial history of sedimen-

tary organic matter is commonly divided into 4 stages: early diagenesis, diagenesis,

catagenesis, and metagenesis (Baudin et al., 2007; Biju-Durval, 2002; Vandenbroucke

and Largeau, 2007) .

Early diagenesis occurs in the upper sediment, usually a few meters below the

water-sediment interface. Bacteria further degrade the settled organic matter releasing

byproducts such as small organic acids in the pore water (Figure 1.9). These byprod-

ucts tend to combine with sedimented organics, generating polymers, and high molec-

ular weight organic compounds. During this early phase, nitrogen loss and sulfur

incorporation may arise. After early diagenesis, the transformation of remaining or-

ganic matter is driven by reactions resulting from increasing temperature with burial

depth. Diagenesis takes place below 2000 meters at temperatures between 10 and

80 ◦C. During diagenesis, residual organic matter loses its oxygenated components in

the form of H2O and CO2 molecules. This loss is associated with a simultaneous for-

mation of hydrophobic high molecular weight compounds (resins and asphaltens),

which are still soluble in organic solvent. The remaining insoluble organic fraction is

called kerogen. With increasing temperature (80 - 120 ◦C) and burial depth, residual

organic matter begins to lose H and C atoms through thermic cracking reactions. The

resulting products consist of polar compounds such as small organic acids, resins, and

asphaltens, and high molecular weight hydrocarbons. This stage is called catagenesis
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and corresponds to petroleum generation. The ultimate phase of kerogen evolution is

the metagenesis at temperatures above 120 ◦C. Cracking of hydrocarbons previously

generated leads to the production of CH4, other thermogenic gases (CO2, H2S, and

N2), and a highly aromatic organic residue.

Because the Opalinus Clay and the Callovo-Oxfordian formations have not suf-

fered very high burial temperatures (< 80 ◦C), it is unlikely that in-situ organic matter

was severely altered by cracking reactions observed during catagenesis and metagen-

esis. Therefore, in-situ organic matter may consist of typical products of biodegrada-

tion and diagenetic reactions as well as physically and chemically preserved refractory

organic matter.

Influence of organic matter on the transport of metal cations and radionuclides

Any given organic substance called “ligand” (L) may form a chemical bond with a

metal cation (M) according to the following equation:

L + M
β

 ML

where β is the equilibrium constant of the reaction and β = {ML}
{M}{L} = log−∆G

RT
, R the

gas constant, T the absolute temperature, and ∆G is the Gibbs energy change of the

reaction.

The organic ligand may possess one or several binding sites to complex metal

cations. In addition, a single metal cation may simultaneously bind to one or sev-

eral complexing sites. The main complexing sites commonly found in natural organic

compounds, also called functional groups, are shown in Figure 1.12. The affinity of

the organic ligand for a metal or radionuclide depends on many factors including

the ionic strength of the medium, the temperature, the metal and ligand charges, the

number of binding sites, the metal radius, the steric configuration of the organic lig-

and, etc. The binding of metal cations by well-defined and more complex types of

organic matter has been extensively studied (e.g., Cabtree, 2005; Tipping, 2002). For

well-defined organic compounds, affinity constants can be found in (e.g., Martell and

Smith, 1974; Smith and Martell, 1997). In the context of radioactive waste disposal,

some studies have evaluated the complexation of radionuclides by humic substances

and by natural organic matter (e.g., Dierckx et al., 2000; Glaus et al., 2000; Hummel et

al., 2000).

In a system such as the Opalinus Clay and the Callovo-Oxfordian formations, ra-

dionuclides may be transported in the pore water by three mechanisms: advection,

diffusion, and dispersion (de Marsily et al., 2002). Due to the very low hydraulic
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Figure 1.12: Main functional groups commonly found in organic molecules.

conductivities determined for the Opalinus Clay and the Callovo-Oxfordian forma-

tions (Nagra, 2002a; Rebours et al., 2005), advection and dispersion are expected to be

very limited at in-situ conditions. Consequently, diffusion is the dominating process

governing the migration of radioelements within the two formations (de Marsily et

al., 2002). Diffusion of inorganic and free ionic radionuclide species can be relatively

well evaluated. However, the transport of radionuclides complexed by the natural

organic matter present in the formations may be more difficult to assess because of a

lack of information i) on the nature of the organic matter, ii) on its affinity constants

for radionuclides, and iii) on the diffusion coefficients of radionuclides and the corre-

sponding radionuclide-organic matter complexes.

In argillaceous rocks, the diffusive flux of a radionuclide-organic complex in the

pore water (J) can be described with the first Fick’s law (Crank, 1975):

J = −De· grad C

where C denotes the concentration of the complex in the pore water, and De is

the effective diffusion coefficient of the complex in the pore water. De is related to

the diffusion coefficient of the given complex in water, Dw, according to the following

equation (van Brakel and Heertjes, 1974):

De = δ·ε
τ2 ·Dw
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where δ is a factor accounting for the various shapes and diameters of the pores

called the constrictivity, ε denotes the porosity, and τ is the tortuosity. Diffusion coeffi-

cients in dilute aqueous solutions are reported in Buffle et al. (2007) for some hydrated

cations, low molecular weight organic ligands, and the corresponding cation-organic

ligands complexes. A subset of data is given in Table 1.7.

Table 1.7: Diffusion coefficients (Dw) in 10−10m2·s−1 of some hydrated metal cations, organic
ligands, and the corresponding organo-metallic complexes (Buffle et al., 2007). n.d. denotes
not determined.

Hydrated Dw Organic Dw

metal cation ligand
H2O 93.11 acetate 10.89
Co2+ 7.32 citrate 6.23
Cu2+ 7.14 H2EDTA 5.83
Hg2+ 8.47 leucine 7.24
Ni2+ 7.05 tartarate 7.94
Ligand Complexes Metal cation

Co Cu Hg Ni
citrate ML n.d. 5.43 n.d. n.d.
EDTA ML 5.4 5.61 5.7 5.72
leucine ML2 n.d. n.d. n.d. 3.32
tartarate ML2 n.d. 4.14 n.d. n.d.

The values reported for organo-metallic complexes are in the same order of magni-

tude as the corresponding diffusion coefficients for free hydrated cations and organic

ligands alone, suggesting that metal-organic complexes may diffuse as freely as non-

complexed aqua-cations and low molecular weight organic ligands in dilute solutions.

This may also be true for radionuclides.

Assuming a spherical radionuclide-organic complex, the bulk diffusion coefficient

of the complex can also be expressed as:

Dw = kT
6πηd

k denotes the Boltzmann constant, T the absolute temperature, η the viscosity of

the medium, and d is the diameter of the complex.

With increasing size, the smaller the diffusion coefficient and the more reduced

the transport of the radionuclide-organic complex will be. In addition, diffusion will

occur in the pore water only if the size of the radionuclide-organic complex is smaller

than the pores of the rock material (average pore size < 0.1 µm for the Opalinus Clay

and the Callovo-Oxfordian formations). Hence, the size of the radionuclide-organic

complex, and of the organic matter alone, is a determining parameter to evaluate the
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transport of radionuclides within the host rock. Organic matter is traditionally di-

vided into particulate organic matter (POM) and dissolved organic matter (DOM).

POM corresponds to the fraction of organic matter, which is retained on a 0.45 µm

filter. DOM is defined as the organic matter fraction, which passes through the same

filter. The range of organic matter size is presented in Figure 1.12.
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Figure 1.13: Classification by size of organic components adapted from Buffle (1998).

The complexation of radionuclides by the various fractions of organic matter can

have different consequences on their mobility through the formations. Radionuclides

binding to the organic matter attached onto solid mineral phases will be retained by

the formation. The transport of radioelements may also be reduced if radionuclides

are complexed by organic matter having a molecular size larger than the pores of the

rock such as POM. Because of its small size (< 0.45 µm), a fraction of DOM may still be

able to diffuse and enhance the transport of radionuclides if forming radionuclides-

DOM complexes in the pore water. DOM includes organic compounds in solution

and colloidal organic components (Figure 1.13). Colloidal organic components consist

of pure organic colloids and of organic matter sorbed onto inorganic colloids. The in-

fluence of inorganic colloids and possible organic colloids on the mobility of radioele-

ments in the Opalinus Clay system has been evaluated by Voegelin and Kretzschmar

(2003). The authors showed that colloids would easily aggregate and effectively be
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removed in the pore water by filtration. This study additionally showed the need to

investigate DOM further to better evaluate its effects on the mobility of radioelements

within the host rock, which is the aim of the present research.

1.4 Research objectives

Although total organic carbon contents represent approximately 1% w/w of the total

Opalinus Clay and Callovo-Oxfordian rock materials (Andra, 2005a; Nagra, 2002a)

and dissolved organic carbon concentrations up to 30 mg/L have been measured in

undisturbed pore water samples from the Opalinus Clay formation (Pearson et al.,

2003), only little effort has been undertaken so far to investigate the nature and the in-

fluence exerted by the organic matter on the possible fate of radionuclides within the

two host formations. By providing additional binding sites, the organic matter may

represent potential complexing agents for radionuclides, thereby influencing their mo-

bility within the host rock. In terms of safety assessment, the presence of organic mat-

ter may contribute to the sorption and immobilization of the radionuclides if radionu-

clides bind to the solid organic matter, i.e., attached to the mineral phases. However,

the mobility of radionuclides may be enhanced in case of binding to dissolved or-

ganic matter (DOM). The formation of water-soluble radionuclide-DOM complexes

may represent an additional pathway for radionuclides to be transported through the

rock. In this context, the potential effects related to the presence of solid organic mat-

ter in the rocks and DOM in the pore waters were seen as essential questions to be

addressed for the safety assessment of future repositories. While the investigation of

the solid organic matter was the topic of a complementary study (Brevet, 2006), the

present research focuses on the dissolved fraction of organic matter in the Opalinus

Clay and the Callovo-Oxfordian formation.

Since the complexing properties of the organic matter highly depends upon its na-

ture, the first main objective of the present thesis was to investigate and characterize

the dissolved fraction of the organic matter in undisturbed pore water samples col-

lected directly from the Opalinus Clay and the Callovo-Oxfordian rock formations. In

this study, we used the common definition of DOM, as the fraction of organic mat-

ter smaller than 0.45 µm. Because organic matter can be very sensitive to O2, special

care was taken during the experiments (sampling, storage, and analyses) to main-

tain anoxic conditions, which can be found as in-situ conditions in both the Opalinus

Clay and the Callovo-Oxfordian formations. Therefore, all the work conducted in this

study was performed under controlled anoxic conditions in a glove box (O2 < 1 ppm).
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Because the amount of pore water available was extremely limited, the second

main objective was to isolate DOM from crushed rock material under controlled anoxic

conditions and to compare rock-extractable DOM with pore water DOM. Since a va-

riety of extraction procedures can be found in the literature, we also investigated the

influence of the solid-to-liquid-ratio, extraction time, type of extractant, O2 exposure,

and the acid-pretreatment of the rock material on the extracted DOM to reveal how

results from different extraction methods can be compared. The study presented in

Chapter 2 focuses on the isolation and characterization of DOM in anoxic rock ex-

tracts and one of the first pore water sample from the rock investigated in France, i.e.

the Callovo-Oxfordian formation. In Chapter 3, the isolation and characterization of

DOM in anoxic extracts and in-situ pore waters of the Opalinus Clay are presented.

The third main objective of the study aimed at investigating the reactivity of the

pore water DOM and rock extracted DOM from the Opalinus Clay and the Callovo-

Oxfordian formations. The complexing capacity of the DOM with respect to pro-

tons and trivalent metal cations for both formations is presented in Chapter 4. The

proton binding was studied with acid-base titrations and the binding of trivalent

metal cations with time-resolved laser fluorescence spectroscopy using the radionu-

clide Cm3+ and with differential-pulse voltammetry using Eu3+ as a non-radioactive

analogue for trivalent actinides.

The results of the presented research provide valuable new information about the

chemical nature of DOM in the pore waters of the Opalinus Clay and the Callovo-

Oxfordian rocks, and the ability of the DOM to complex metal cations. Such informa-

tion is highly relevant for the safety assessment of potential radioactive waste disposal

in clay rock formations because it allows to better predict the fate of radionuclides

within the investigated host rocks. A brief discussion on the most important findings

of the conducted study and the implications on the safety of a geological disposal for

radioactive waste in sedimentary rocks is presented in Chapter 5.
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Chapter 2

Isolation and characterization of dissolved

organic matter from the Callovo-Oxfordian

formation

Abstract

Characterizing dissolved organic matter (DOM) in the pore water of the Callovo-

Oxfordian formation, a potential host rock for the disposal of radioactive waste,

is important to estimate its potential influence on the mobility of radionuclides in

the rock. To isolate DOM, crushed rock material was extracted under anoxic con-

ditions with deionized water, 0.1 M NaOH and synthetic pore water (SPW, water

containing all major ions at pore water concentrations but no organic matter), re-

spectively. The effects of extraction parameters on the extracted DOM including

the solid-to-liquid ratio, extraction time, exposure to O2 and acid pretreatment of

the rock material prior to the anoxic extraction were evaluated. In addition, DOM

in one of the first pore water samples collected in the underground rock laboratory

at Bure (France) was characterized for comparison. The size distribution and the

low molecular weight organic acid contents of the extracts and pore water DOM

were determined by liquid chromatography coupled with an organic C detector

(LC-OCD) and by ion chromatography.

The results revealed that only a fraction of less than 1.2% of the total organic C

present in the rock was extractable. Maximum dissolved organic C (DOC) con-

centrations in the anoxic extracts ranged from 5.5 ± 0.3 mg/L for SPW extracts to

14.2 ± 1.1 mg/L for 0.1 M NaOH extracts. The major portion of the DOC in the

anoxic extracts consisted of hydrophilic compounds (48 - 78%) having a molecular

weight of less than 500 Da. Up to 21% of DOC in the anoxic extracts was identified

as acetate, formate, lactate and malate. The short-term exposure of rock material
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to O2 during rock crushing strongly increased DOC concentrations and led to a

shift towards smaller molecular weight compounds and to a higher low molec-

ular weight organic acid (LMWOA) content as compared to the strictly anoxic

extraction. The pore water sampled from a packed-off borehole exhibited a higher

DOC concentration (56.7 mg/L) than the rock extracts. The pore water DOM was

almost exclusively composed of acetate and propionate (88% of the DOC). The

predominance of LMWOA in the pore water compared to the anoxic extracts may

arise from the heterogeneity of the rock material, a more effective DOM filtration

by the rock formation compared to laboratory extractions, or possibly, bacterial

activity in the pore water induced by the borehole disturbance.

2.1 Introduction

Many countries are currently investigating various geological formations for the pos-

sible long-term storage and/or final disposal of high-level radioactive waste. Clay

rocks have been suggested to be suitable host rock formations because of their low

hydraulic conductivity, lack of fracture flow and high sorption capacity for radionu-

clides. In France, the Callovo-Oxfordian formation (COx) located at a depth of 400-

600 m in the eastern part of the Paris basin is evaluated as a potential host rock by the

national radioactive waste management agency (Andra). The COx is formed of sed-

iments deposited about 155 Ma ago. The rock mainly consists of carbonate (26-41%

w/w), clay minerals (24-49% w/w), quartz and feldspars (21-32% w/w) with minor

amounts of pyrite (< 3% w/w) (Rebours et al., 2005). In addition, the rock contains

up to 1.5% w/w organic carbon (Andra, 2005). Most of the organic matter is attached

to the mineral particles of the rock but a small portion is present as dissolved organic

matter (DOM) in the pore water (Vinsot and Mettler, 2006).

Up until now, it is not known to what extent the presence of organic matter possi-

bly influences the fate of radionuclides within the rock formation. On the one hand,

complexation of radionuclides by solid-bound organic matter may retard the trans-

port of radionuclides. On the other hand, the DOM may increase the mobility of ra-

dionuclides by forming dissolved radionuclide-organic matter complexes. Therefore,

knowledge on the nature and reactivity of both solid-bound and dissolved organic

matter is crucial to assess their relevance for radionuclide migration in the rock.

The solid-bound organic matter of the COx has been investigated in several pre-

vious studies. It is of mixed, marine and terrestrial origin (Elie and Landais, 1999)

and has undergone a maximum burial temperature of 40 ◦C (Elie, 2000). The bitumen

fraction of the solid-bound organic matter was found to consist mainly of polar com-

pounds with less contributions of aromatic and saturated hydrocarbons (Faure et al.,
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1999). The organic matter of the COx was preserved in an anoxic environment and is

sensitive to air oxidation. Faure et al. (1999) showed that O2 exposure increased the

chloroform extract yields. Elie et al. (2000) simulated the natural oxidation of the or-

ganic matter. Their results indicated that oxidation significantly modified the nature

of the organic matter extracted represented by a shift towards lower molecular weight

compounds.

Information on the dissolved fraction of the COx organic matter is, to our know-

ledge, only available from studies conducting rock extractions under oxic conditions.

Elie et al. (2004) performed leaching experiments with deionized water and alkaline

solutions using oxidized rock material. Aromatic carboxylic acids were preferentially

leached by deionized water, while higher aliphatic carboxylic acid contents and dis-

solved organic C (DOC) yields were observed in the alkaline extracts. Claret and

co-workers performed alkaline extractions of previously acidified rock materials to

identify humic-like DOM compounds (Claret et al., 2002, 2003a, 2005; Schäfer et al.,

2003). Released humic acid-like compounds amounted to up to 7% of the total or-

ganic C (TOC) present in the COx, while fulvic acid-like compounds contributed only

about 1% to the TOC. Additional C-1s near edge X-ray absorption fine structure spec-

troscopy measurements revealed the presence of aromatic, aliphatic and carboxylic

moieties in the extracted fractions.

The extraction procedures used to isolate DOM from the COx differed significantly

in the previous studies (Claret et al., 2002, 2003b, 2005; Elie et al., 2004). The solid-to-

liquid ratios and the extraction times varied from 12.5 g/L to 1000 g/L and 1 day to 12

months, respectively. Various extractants such as cement solutions, 0.5 M NaOH, and

deionized water were used to extract DOM from COx materials (Claret et al., 2002,

2003b; Elie et al., 2004). In addition, an acid pretreatment was applied by Claret et al.

(2002) to remove the carbonate matrix prior to the alkaline extraction. The strongly

varying extraction procedures may significantly affect both the amount and the type

of DOM extracted from the COx. However, a systematic study on the effect of the

extraction parameter on extraction yields and the nature of DOM is still lacking.

Similar to most studies on solid-bound organic matter, the studies on COx-DOM

have been conducted under oxic conditions mainly relevant within the excavation-

damaged zone of a repository. Studies on the Opalinus Clay, a similar host formation

evaluated in Switzerland, revealed that the amount of rock being affected by O2 dur-

ing the construction of an underground repository would reach a maximum thickness

of 1 - 2 m (Mäder and Mazurek, 1998; Traber, 2005). Further rock materials would re-

main in an anoxic environment. Therefore, knowledge on the nature of DOM isolated

under strictly anoxic conditions is of great interest for the performance assessment of
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an underground repository.

Ideally, the characterization of the DOM should be conducted on anoxic pore wa-

ter samples from the formation. However, samples of pore water cannot be collected

by the conventional methods used to sample ground water because of the low perme-

ability of the COx formation. Two sampling methods have been developed and tested

in the rock laboratory of the Opalinus Clay in Switzerland (Pearson et al., 2003). In

the first method, synthetic pore water (SPW), i.e., water containing all major inorganic

ions at in-situ pore water concentrations, but no organic matter, is equilibrated with

the surrounding rock in a borehole (Wersin et al., 2004). The second, so-called seeping

method aims at collecting naturally flowing in-situ pore water samples from sealed

sections of a borehole. This technique limits the perturbations of the natural system

and is more suitable for the sampling of in-situ pore water (Pearson et al., 2003). Spe-

cial care has to be taken when installing in-situ pore water sampling devices in order

to avoid chemical and bacterial contamination of the rock material (Ishii, 2004; Mau-

claire et al., 2003; Mauclaire and McKenzie, 2004; Vinsot and Mettler, 2006). At the

Meuse/Haute Marne rock laboratory (Bure, France), both methods for sampling in-

situ pore water from the COx have recently been implemented (Vinsot and Mettler,

2006). Only recently, pore water was collected with the seeping method under anoxic

conditions in a N2-drilled borehole (PAC1002). Only small quantities of pore water

from this borehole are available. Most samples were used to study the inorganic com-

position of the pore water (Vinsot and Mettler, 2006). So far, the pore water DOM has

never been characterized.

Therefore, the objectives of this study are (1) to isolate and characterize DOM from

COx material under anoxic conditions (< 1 ppm O2), (2) to investigate the effect of

the extraction time, solid-to-liquid ratio, O2 exposure and acid pretreatment on the

extracted DOM, (3) to characterize the DOM of the pore water sample and (4) to com-

pare the isolated DOM with the DOM from the pore water sample. For the extrac-

tions, deionized water, an alkaline solution (0.1 M NaOH) and synthetic pore water

were used.

2.2 Experimental

2.2.1 Pore water samples

The Callovo-Oxfordian pore water was collected in the borehole PAC1002 located at

a depth of 490 m below surface at the Meuse/Haute Marne rock laboratory (Bure,

France). The borehole was drilled under a N2 gas atmosphere in November 2005 in
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the framework of the Andra research program. It is oriented upwards to let the pore

water seep downwards from the formation into the borehole interval. The borehole

was equipped with additional gas circulating devices. Particular care was taken to

avoid microbial and organic contamination. All required equipment was autoclaved

prior to installation in the borehole. In addition, the sampling glass bottles were rinsed

thoroughly with deionized water and dried at 500 ◦C for 3 h before use. In March

2006, approximately 60 mL of pore water was collected in pre-cleaned glass bottles

continuously flushed with N2 gas during sampling. The sealed bottles were placed

into Al double bags filled with N2 gas for transportation and stored under anoxic

conditions (O2 < 1 ppm) in a glove box (M. Braun, Germany). Prior to analysis, pore

water samples were filtered through 0.45 µm cellulose nitrate filters (Schleicher and

Schuell, NC 45) precleaned with deionized water.

2.2.2 Rock samples

The investigations on the COx rock material were carried out on cores originating

from the air-drilled borehole REP2205 at the Meuse/Haute Marne rock laboratory

(Bure, France). The core samples were provided by Andra. The borehole was drilled

from the 445 level experimental gallery with downwards orientations in December

2005. For this study, the sample EST20873 collected at a burial depth of 465.94 - 466.34

m was used. The sample exhibiting a core diameter of 12.5 cm and a TOC content

of 0.67% was stored under anoxic conditions after drilling. In a glove box, the outer

parts of the core (∼3 cm) were removed. The remaining inner part was ground to

a grain size of less than 0.63 mm and stored in the glove box. To test the effect of

short-term exposure of rock material to O2, a subsample of the inner core material

was ground outside the glove box under atmospheric conditions (O2 exposure time

∼2 h), followed by anoxic storage in the glove box.

2.2.3 Extractions

All extractions of COx material were conducted under anoxic conditions inside a

glove box (<1 ppm O2) using O2-free high purity (18.2 MΩ·cm) deionized water (Milli-

Q R©, Millipore, USA, DW), 0.1 M NaOH and synthetic pore water (SPW) as extrac-

tants. The extractions were run with 3-5 replicates using ground material (grain size

<0.63 mm). High solid-to-liquid ratios of 500 g/L and 1500 g/L were used in this

study. The composition of SPW was derived from the equilibration of deionized wa-

ter with ground rock material for 3 weeks at a solid-to-liquid ratio of 2000 g/L and

measuring all major inorganic ions in the solution after centrifugation at 2500g for 1 h
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and filtration through a 0.45 µm cellulose nitrate filter (Schleicher and Schuell, NC 45).

The SPW was synthesized by mixing known amounts of salts to reach the measured

concentrations. The composition of the synthesized SPW is given in Table 2.1. The

composition of SPW is in good agreement with the COx SPW composition proposed

by Gaucher et al. (2004, 2006).

To eliminate possible organic contaminants, glassware and cellulose nitrate filters

(Schleicher and Schuell, NC 45) were cleaned as mentioned previously (see section

2.2.1). Teflon centrifugation tubes were cleaned by soaking overnight in 1 M NaOH,

followed by rinsing with deionized water, soaking overnight in 1 M HNO3, rinsing in

deionized water, and drying at 60 ◦C.

For the extractions, 160 mL of extractant were transferred into Teflon centrifugation

bottles which contained either 80 g or 240 g of ground rock. The samples were shaken

for 1 or 10 days, centrifuged at 2500g for 1 h and filtered through 0.45 µm cellulose

nitrate filters (Schleicher and Schuell, NC 45). The pH values and redox potentials of

the supernatants were measured prior to filtration.

Table 2.1: Composition of the synthetic pore water (SPW), pore water and the 1 day-rock ex-
tracts of Callovo-Oxfordian rock material (REP2205, 1500 g/L) using deionized water (DW),
synthetic pore water (SPW) and 0.1 M NaOH.The compositions are given for strictly anoxic
extracts apart from the DW oxic extract where the rock material was crushed under oxic con-
ditions. The reported values represent arithmetic means and standard errors of 3-5 replicates.
n.d. denotes not determined.

SPW Pore water Extracts (1 day)
DW DW SPW NaOH
oxic anoxic anoxic anoxic

pH (-) 7.0 7.5 8.2 7.9 7.3 10.5
Na (mM) 46.2 46.2 9.17 11.2 49.0 14.6
Mg (mM) 7.72 5.58 0.32 0.44 7.56 0.03
Ca (mM) 11.1 7.56 0.49 0.67 10.8 0.17
K (mM) 2.94 1.45 0.45 0.33 1.44 0.21
Sr (mM) 0.31 0.24 0.02 0.03 0.29 0.01
NH4 (mM) - n.d. 0.14 0.17 0.17 0.78
B (mM) - 0.20 0.08 0.12 0.13 0.20
Cl (mM) 41.6 41.0 1.66 1.65 41.6 3.42
SO4 (mM) 23.4 16.9 5.73 5.73 23.8 6.39
TIC (mM) 1.50 1.56 1.05 0.91 0.98 0.60
DOC (mgC/L) - 56.7 19.7 ± 0.1 7.7 ± 0.9 5.5 ± 0.3 14.2 ± 1.1
% TOC (%) - - 0.21 0.08 0.06 0.14

In addition, sequential 4-step acid-base extractions of ground COx material were

conducted. First, solid carbonates were removed by equilibrating 80 g of COx material
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overnight with 160 mL of 5 M HCl corresponding to an initial solid-to-liquid ratio of

500 g/L. The acidified samples were centrifuged at 2500g for 1 h and the supernatants

were collected (step 1). The volume of the acid supernatant removed was replaced

by deionized water to rinse the remaining solid residues. The samples were shaken

for 2 h and centrifuged as in step 1 before collecting the aqueous supernatants (step

2). This rinsing step was repeated once (step 3). In step 4, the volume of the aqueous

supernatant removed was replaced by 0.1 M NaOH and the remaining carbonate-

free rock was extracted for 1 day. Again, the samples were centrifuged at 2500g for

1 h before collecting the alkaline supernatants. With a value of 12.0, the pH of the

alkaline extract (step 4) was the same as in the alkaline extract of the non-pretreated

rock material conducted at a solid-to-liquid ratio of 500 g/L (untreated). All collected

supernatant solutions were filtered through 0.45 µm cellulose nitrate filters (Schleicher

and Schuell, NC 45) prior to analysis.

2.2.4 Analyses

The concentrations of total DOC and total inorganic carbon (TIC) in the pore water

and extracts were analyzed using a TOC analyzer (TOC-5000, Shimadzu). Total con-

centrations of Na, K, Ca, Mg, Sr and B were determined using ICP-OES (VISTA-MPX,

Varian). The NH4
+ contents were measured photometrically (Weatherburn, 1967).

The concentrations of Cl− and SO4
2− were analyzed by high-performance anion ex-

change liquid chromatography using a Metrosep 500 analytical column (Metrohm,

Switzerland) connected to a 761 Compact IC (Metrohm, Switzerland) and a conduc-

tivity detector. A carbonate eluent (NaHCO3 = 0.168 g/L and Na2CO3 = 0.678 g/L)

was used as the mobile phase at a flow rate of 0.7 mL/min.

Liquid chromatography coupled with an organic carbon detector (LC-OCD, DOC-

Labor Dr. Huber, Germany) was used to characterize DOM in the extracts and the

pore water. In addition, acetate, Suwannee river humic acid (1S101H, IHSS), and

Suwannee river fulvic acid (1S101F, IHSS) diluted in deionized water were analyzed

for comparison. Details of the chromatographic system are presented elsewhere (Hu-

ber and Frimmel, 1996). Briefly, 2 mL of sample are eluted in a phosphate buffer

(Na2HPO4·2H2O = 1.5 g/L and NaH2PO4·2H2O = 2.5 g/L, pH 6.6) at a flow rate of

1 mL/min. The sample is first filtered through a 0.45 µm filter (GF, Upchurch Sci-

entific) to separate the particulate organic matter from the dissolved organic matter.

Then, the sample passes a size-exclusion column packed with Toyopearl (TSK-HW-50

S; diameter 2 cm, length 25 cm) suitable for size fractionation in the range from 100 to

20000 Da. Before entering the so-called Graentzel-thinfilm-reactor, the sample is acid-

ified (60 mM H3PO4, 0.5 mL/min) to strip inorganic carbon with a N2 gas flux. The
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remaining organic compounds are oxidized to CO2 by hydroxyl radicals generated

by UV-irradiation of water at a wavelength of 185 nm and quantified by IR detection.

Before analysis, the samples were diluted with anoxic deionized water to a concentra-

tion of approximately 2 mg/L. The detection limit of organic carbon by LC-OCD is 10

ppb. The LC-OCD chromatograms were processed using the Labview based program

Fiffikus (DOC-Labor Dr. Huber, Germany).

From the LC-OCD analyses, quantitative information on the refractory, hydropho-

bic and hydrophilic fractions of the DOC is obtained. The refractory fraction is calcu-

lated as the difference between the DOC measured with a TOC analyzer (TOC-5000,

Shimazu) and the DOC measured with LC-OCD bypassing the column. The differ-

ence in the DOC concentrations is due to the incomplete oxidation by the OH-radicals.

The amount of hydrophilic DOC is calculated as the sum of organic C passing the

size-exclusion column within 120 min. Information on the size distribution of the

hydrophilic fraction is obtained by monitoring the amounts of the organic C eluted.

As hydrophobic compounds are retained in the column for more than 150 min, the

amount of hydrophobic DOC can be calculated as the difference of total organic C an-

alyzed when bypassing the size-exclusion column and the hydrophilic fraction. The

uncertainty in the LC-OCD measurements generates a statistical error of 5-10% in the

hydrophilic, hydrophobic and refractory fractions of DOC for the measured samples.

The concentrations of low molecular weight organic acids (LMWOA) in the rock

extracts and pore water were analyzed with a high-performance liquid chromatogra-

phy setup containing a Metrosep organic acids column (7.8 × 250 mm, 10 µm particle

size, Metrohm, Switzerland) connected to a 761 Compact IC (Metrohm, Switzerland)

equipped with a conductivity detector. A solution containing 0.5 mM H2SO4 and 5%

acetone served as the mobile phase. The flow rate was set to 0.5 mL/min. The injec-

tion volume was 20 µL. The suppressor regenerant was a 50 mM LiCl solution.

2.3 Results and discussion

2.3.1 Extractions of DOM

Influence of the solid-to-liquid ratio, extraction time, and solvent on DOC yields

The effects of the solid-to-liquid ratio and the extraction time on the DOC yields in the

various extracts of the COx formation are illustrated in Figure 2.1. Extracting DOC

at a solid-to-liquid ratio of 1500 g/L released higher amounts of DOC in comparison

with 500 g/L except for the deionized water extracts where the differences observed

are within the experimental errors. A further increase of solid-to-liquid ratios to 2000
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g/L did not result in a significant increase of DOC yields (not shown). The results

imply that a solid-to-liquid ratio of minimum 1500 g/L is required to obtain highest

possible DOC concentrations in rock extracts. Compared to the few previous studies, a

similar solid-to-liquid ratio of 1000 g/L was applied by Elie et al. (2004). Considerably

smaller solid-to-liquid ratios of 12.5-50 g/L were used by Claret et al. (2002, 2003a)

and Schäfer et al. (2003).
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Figure 2.1: DOC extracted from Callovo-Oxfordian argillites (REP2205) with deionized water
(DW), synthetic pore water (SPW), and 0.1 M NaOH using different solid-to-liquid ratios (500,
1500 g/L), extraction times (1, 10 days) and rock crushing conditions (oxic, anoxic). The error
bars corresponds to the standard errors of 3-5 replicates

One-day extracts exhibited slightly higher DOC concentrations compared to the

respective 10-day extracts (Figure 2.1). For deionized water and SPW extracts, the dif-

ference remained within the experimental errors. However, substantially less DOC

was extracted by 0.1 M NaOH in the 10-day extracts than in the one-day extracts. This

difference may arise from the pH buffering of the rock matrix with time. A slightly

higher pH of 10.5 was found in the one-day NaOH extracts compared to the 10-day

NaOH extracts (pH 10.1). In addition, when increasing pH to more than 9.5, precip-

itation of metal hydroxide minerals occurs. The newly formed mineral phases may

serve as additional sorbents for the leached DOM. In the SPW extracts, the pH and

ionic composition remained constant over time and the DOC concentrations did not

change. These results indicate that when the extractant is in equilibrium with the

surrounding rock material, the DOC concentrations remained unaffected with time.

Therefore, the extraction time was set to one day in the following extractions.

Typical compositions of the one-day anoxic extracts at a solid-to-liquid ratio of
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1500 g/L are summarized in Table 2.1. Deionized water and NaOH extracts exhibited

ionic strengths of 0.019 M and 0.022 M, respectively. A higher ionic strength of 0.103

M was calculated for the SPW extract. Sodium and SO4
2− were the predominant ions

in the deionized water and alkaline extracts. The ionic composition of the SPW extract

was very similar to the composition of the original SPW used for the extraction and the

pore water (Table 2.1) confirming that the SPW recipe represented a suitable extractant

in equilibrium with the rock material.

Regarding the different extractants, highest DOC concentrations of 14.2± 1.1 mg/L

were found at 1500 g/L in the NaOH extracts (Table 2.1), while deionized water and

SPW extracted only 7.7 ± 0.9 mg/L and 5.5 ± 0.3 mg/L, respectively. The higher pH

of the deionized water extract (pH 8.2) may explain the increased DOC concentrations

in the deionized water extract compared to the SPW extract exhibiting a pH value of

7.3. In all extracts, the DOC represented only a very small fraction of the total organic

C of the rock materials, namely 0.06 to 0.14% of TOC.

The fractionation of the extracted DOM by LC-OCD is shown in Figure 2.2. The

results revealed that in the anoxic deionized water, SPW and NaOH extracts, the major

fraction of the extracted DOC was hydrophilic (> 48%) and that approximately 20% of

the DOC consisted of hydrophobic organic compounds. With 78%, the percentage of

hydrophilic C was higher in the deionized water than in the SPW extracts (67%) and

the NaOH extracts (48%). Concurrently, a higher portion of refractory C was observed

in the alkaline extract compared to the SPW and deionized water extracts. Stronger

treatments (NaOH) were expected to exhibit higher proportions of refractory DOC.

The LC-OCD chromatograms of the hydrophilic fraction of the extracted DOM are

depicted in Figure 2.3. The LC-OCD chromatograms of acetate, Suwannee river hu-

mic acid (SRHA) and Suwannee river fulvic acid (SRFA) are plotted for comparison.

The hydrophilic fraction of the DOM exhibited a multimodal size distribution in the

anoxic deionized water, SPW and NaOH extracts (Figure 2.3). The first peak at 47

min corresponds to compounds having a molecular weight between 350 and 500 Da,

while the second peak at 52 min is indicative of lower molecular weight compounds

(< 350 Da) such as acetate. The peaks eluting after 60 min correspond to low molecu-

lar weight organic compounds having neutral and slightly hydrophobic (amphiphilic)

properties such as sugars, alcohols, aldehydes, ketones and amino acids. Since sim-

ilar peaks were also found in filtered blank solutions, these neutral compounds do

not originate from the COx formation. In all the anoxic extracts, a small shoulder

at 42 min indicated the presence in very small quantities of higher molecular weight

compounds (∼1000 Da). In the alkaline extract, the shoulder was more pronounced

than in the deionized water and SPW extracts. Compounds of more than 1000 Da
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Figure 2.2: Percentage of refractory, hydrophilic and hydrophobic fractions of DOC in the
pore water and the 1 day-rock extracts of Callovo-Oxfordian rock material (REP2205, 1500
g/L) using deionized water (DW), synthetic pore water (SPW) and 0.1 M NaOH as deter-
mined by LC-OCD. The percentage of refractory, hydrophilic and hydrophobic fractions of
DOC are given for strictly anoxic extracts of ground rock material apart from the DW oxic ex-
tract where the rock material was crushed under oxic conditions and the extract where the rock
was acidified prior to the NaOH extraction (NaOH acidified). The uncertainty in the LC-OCD
measurements generates a statistical error of 5 to 10 % for the various fractions of DOC.
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were only detected to a larger extent in SRHA and SRFA. This finding suggests that

very small quantities of humic-like compounds may be present in alkaline extracts. In

general, the size distribution of the hydrophilic extracted DOM was fairly similar for

anoxic deionized water, SPW and NaOH extracts. This observation implies that simi-

lar hydrophilic compounds were leached from the COx material when using different

extractants despite strong variations in pH and background salt conditions during the

extractions.

The concentrations of LMWOA identified in the anoxic extracts are summarized

in Table 2.2. LMWOA concentrations ranged from 24 to 29 µM for acetate, 16 to 24

µM for formate, and 1 to 17 µM for lactate. In addition, malate was determined in

the deionized water and NaOH extracts at concentrations of 6 and 3 µM, respectively.

The sum of LMWOA represented 21% of the total DOC in the deionized water extract,

15% in the SPW extract, and 10% in the 0.1 M NaOH extract (Table 2.2). LMWOA such

as acetate, lactate, formate and propionate are naturally present in marine pore water

sediments (Burdige, 2002). They amount to 5% of DOC in most anoxic sediments

and may reach up to 25% of DOC in isolated cases. The LMWOA contents of the

anoxic extracts are in line with values reported for anoxic sediments (Burdige, 2002).

In addition, the observed LMWOA contents decreasing from deionized water extracts

to NaOH extracts are consistent with the observed decrease of the hydrophilic fraction

observed for the respective extracts (Figure 2.2).

Influence of short-term exposure to oxygen

The influence of short-term exposure to O2 on the nature of the isolated DOM was

assessed in the deionized water extracts of rock material ground inside a glove box

under anoxic conditions or outside the glove box under atmospheric conditions. The

effect on the released DOC concentrations is illustrated in Figure 2.1 and Table 2.1.

DOC concentrations more than doubled for rocks crushed under oxic conditions (19.7

mg/L) compared to the completely anoxic procedure (7.7 mg/L). The increase in the

DOC yields for oxic crushed rock material is indicative of an additional release of

DOM from the solid organic material pool. The oxidation of the solid bound organic

matter most likely enhanced the polarity of the compounds due to the O2 attack, and

they were subsequently more easily leached from the rock material. The observed

results are in agreement with studies on the organic matter of the Callovo-Oxfordian

carried out under oxic conditions (Claret et al., 2002; Faure et al., 1999; Elie et al., 2000)

which reported increasing organic matter extraction yields with oxidation time.

The higher DOC yields observed for oxic crushed rock were not reflected by a sig-

nificant concurrent change of the DOM properties as revealed by the LC-OCD mea-
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Figure 2.3: LC-OCD chromatograms of the pore water and the 1 day-rock extracts of Callovo-
Oxfordian rock material (REP2205, 1500 g/L) using deionized water (DW), synthetic pore wa-
ter (SPW) and 0.1 M NaOH. The LC-OCD chromatograms are given for strictly anoxic extracts
of ground rock material apart from the extract where the rock material was crushed under oxic
conditions (DW oxic) and the extract where the rock was acidified prior to the NaOH extrac-
tion (NaOH acidified). For comparison, reference chromatograms of acetate, Suwanee river
humic acid (SRHA) and Suwannee river fulvic acid (SRFA) in deionized water are shown. All
chromatograms are normalized to the total hydrophilic C contents.
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surements (Figure 2.2). The hydrophilic compounds made up approximately 80% of

the DOC in the deionized extracts of both oxic and anoxic crushed rocks. The chro-

matograms of the hydrophilic DOM extracted with deionized water from COx ma-

terials crushed under oxic conditions (DW oxic) and strictly anoxic conditions (DW

anoxic) are presented in Figure 2.3. The size distribution of the hydrophilic DOM

was shifted towards lower molecular weight compounds (< 350 Da) when the rock

was exposed to O2. This result indicates that the short-term exposure of rock material

to O2 during crushing was sufficient to significantly affect the solid-bound organic

matter generating an easily extractable pool of hydrophilic low molecular weight

compounds. The present results are consistent with the study of Elie et al. (2000)

who observed a shift towards lower molecular weight compounds of the chloroform-

extractable organic matter with increasing oxidation time.

Table 2.2: Concentrations of low molecular weight organic acids (LMWOA) in the pore water
and the 1 day-extracts of Callovo-Oxfordian argillites rock material (REP2205, 1500 g/L) using
deionized water (DW), synthetic pore water (SPW) and 0.1 M NaOH as determined with ion
chromatography. The concentrations are given for strictly anoxic extracts of ground rock mate-
rial apart from the DW oxic extract where the rock material was crushed under oxic conditions
and the NaOH acidified extract where the rock was acidified prior to the NaOH extraction.

Pore water Extracts
DW DW SPW NaOH NaOH
oxic anoxic anoxic anoxic anoxic

acidified
malate (µM) <1 1 6 <1 3 <1
lactate (µM) 8 13 17 1 9 3
formate (µM) 2 5 24 22 16 5
acetate (µM) 1865 151 29 24 26 <4
propionate (µM) 127 <5 <5 <5 <5 <5
Sum (% of DOC) 88% 21% 21% 15% 10% 1%

In addition, the determination of LMWOA in the deionized water extracts of rocks

crushed under anoxic and oxic conditions revealed that the O2 exposure of the rock led

to an increase of acetate from 29 to 151 µM in the deionized water extracts (Table 2.2)

confirming the LC-OCD analysis. Concurrently, the DOC concentrations increased

in the extracts (Table 2.1). In summary, the short-term exposure of rock to O2 dur-

ing crushing strongly increased the amounts of DOC extracted by deionized water.

However, the percentages of hydrophilic compounds and LMWOA of the total DOC

extracted remained similar in the deionized water extractions of both oxic and anoxic

crushed materials.
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Influence of acid pretreatment

The influence of the acid pretreatment on the nature of the isolated DOM was eval-

uated by comparing a sequential acid-base extraction with an alkaline extraction on

non-pretreated rock material using an initial solid-to-liquid ratio of 500 g/L. The ex-

traction yields obtained at every step of the sequential acid-base extraction and in a

non-pretreated alkaline extract (untreated) are summarized in Table 2.3. High DOC

concentrations were obtained in the acidic extracts (18.8 ± 0.2 mg/L). Almost three

times as much DOC was leached in the alkaline extract of the carbonate-free rock

(12.9 ± 0.3 mg/L) compared to the alkaline extraction of the non-pretreated COx ma-

terial (5.4 ± 0.9 mg/L). The LC-OCD analysis of the alkaline extracts revealed that the

acid pretreatment tended to result in higher portions of refractory organic materials

and smaller portions of hydrophilic compounds than in the corresponding alkaline

extract without acid pretreatment (Figure 2.2). In addition, the size distribution of

hydrophilic compounds detected in the alkaline extracts was shifted towards higher

molecular weights for the acid-pretreated material (Figure 2.3). This result is in agree-

ment with previous studies (Claret et al., 2002, 2003a; Schäfer et al., 2003) reporting

the presence of humic substances in small proportions (5-7% of TOC) in oxic extracts

of acid-pretreated rock material.

During the carbonate removal step (acid treatment, step 1), the easily mobiliz-

able DOM is removed. The high DOC yields of 18.8 ± 0.2 mg/L in the acid ex-

tracts strongly exceed the DOC yield in all non-acidic extracts. This finding implies

that a major part of this easily acid-extractable DOM was trapped by the carbonates

and other minerals which were dissolved during the acid pretreatment. This organic

fraction was thus not extracted in the non-acidic extracts. The shift towards higher

molecular weight in the alkaline extract of the acid-pretreated material indicates that

a larger fraction of higher molecular weight compounds was extracted after carbonate

removal. As higher molecular weight compounds are virtually absent in the alka-

line extract of the COx material not acid-pretreated, the results indicate that the major

part of the higher molecular weight compound extracted by NaOH after carbonate re-

moval was previously trapped by the calcareous matrix. In addition, the shift towards

higher molecular weights in the alkaline extract after the acid treatment implies that

the DOM previously leached during the acidic and rinsing steps (steps 1-3) contained

a high fraction of low molecular weight compounds (< 350 Da) as this fraction is

known to be extracted under alkaline conditions, but strongly diminished after the

acid pretreatment. This was confirmed by the low LMWOA concentrations measured

in the alkaline extracts of the acid pretreated rock material (Table 2.2). Here, only 3

µM lactate and 5 µM formate were found, whereas acetate, the predominant LMWOA
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of all extracts without acid pretreatment, was below the limit of detection (Table 2.2).

Consequently, the identified LMWOA represented only 1% of DOC in the NaOH ex-

tract of the acid-pretreated COx material compared to 10% in the non-treated NaOH

extract.

Table 2.3: DOC concentrations and C extraction yields as percentage of total organic matter
(TOM) present in the rock in a sequential acid-base extraction of Callovo-Oxfordian argillites
(REP2205, 500 g/L). For comparison, the DOC concentration and C extraction yield in a 0.1M
NaOH extraction on non-acidified rock material (untreated) at a solid-to-liquid ratio of 500 g/L
is given. The reported values represent arithmetic means and standard errors of 3-5 replicates.

Solvent DOC (mgC/L) % TOC
Step 1 5 M HCl 18.8 ± 0.2 0.53
Step 2 DW 6.3 ± 0.1 0.17
Step 3 DW 2.0 ± 0.1 0.06
Step 4 NaOH 12. 9 ± 0.3 0.36
SUM (Steps 1-4) 1.12
Untreated NaOH 5.4 ± 0.9 0.16

2.3.2 Characterization of pore water DOM

The composition of the COx pore water samples is summarized in Table 2.1. The COx

pore water exhibited an ionic strength of 0.087 M and a conductivity of 7.9 mS/cm.

The pH of the pore water was 7.5. Similar pH and conductivity values were mea-

sured in-situ (Vinsot and Mettler, 2006). Major cations in the pore water were Na+

(46.2 mM), Ca2+ (7.56 mM) and Mg2+ (5.58 mM), while Cl− (41.0 mM) and SO4
2− (16.9

mM) were identified as major anions. In addition, significant amounts of K (1.45 mM),

Sr (0.24 mM) and B (0.20 mM) were detected. Comparison with the SPW recipe (Table

2.1) shows that the composition of the SPW was close to the pore water composition.

Magnesium, Ca, K and SO4 contents were slightly higher in the SPW. The differences

between the pore water and the SPW concentrations may arise from minor miner-

alogical variations between the rock surrounding the borehole PAC1002 and the rock

sample EST20873 used to derive the composition of the SPW (Rebours et al., 2005).

Regarding the total inorganic carbon (TIC), the concentration of 1.56 mM found in the

pore water sample is in agreement with the literature data (Gaucher et al., 2004, 2006;

Vinsot and Mettler, 2006).

A DOC concentration of 56.7 mg/L was measured in the pore water (Table 2.1).

LC-OCD analysis revealed that most of the pore water DOC (97%) was hydrophilic

(Figure 2.2). The analysis of the size distribution revealed that the hydrophilic frac-

tion of the pore water DOM consisted of very low molecular weight organic com-
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pounds having a molecular size of less than 350 Da (Figure 2.3). Consequently, the

chromatogram of the pore water DOM was most similar to that of acetate and dif-

fered greatly from humic and fulvic materials (Figure 2.3). The results suggested that

low molecular weight compounds dominate the hydrophilic fraction of the pore water

DOM. The analysis of the low molecular weight organic acids (LMWOA) confirmed

the presence of acetate (1.87 mM) and propionate (0.13 mM) in the pore water, repre-

senting 88% of the total DOC in the pore water. Calculations using stability constants

given by Lindsay (1979) and Morel and Hering (1993) indicate that the presence of

LMWOAs such as acetate can be expected for COx pore water conditions, i.e., pCO2

∼2.2 mbar, Eh ∼-100 mV, and pH ∼7.5 (Vinsot and Mettler, 2006). However, because

acetate and propionate are typical products of anoxic biodegradation of organic mat-

ter, their high concentrations in the pore water may possibly also be related to bac-

terial activity in the borehole. Direct evidence from microbiological investigation of

COx pore water from borehole PAC1002 is not yet available (Vinsot and Mettler, 2006).

2.3.3 Comparison of pore water DOM and rock-extracted DOM

The DOC concentration of 56.7 mg/L found in the pore water was considerably higher

than in all the investigated extracts exhibiting maximum DOC concentrations of less

than 20 mg/L (Table 2.1). Unlike the extracts, 97% of the pore water DOC was hy-

drophilic. In the extracts, the major fraction of DOC was also hydrophilic (> 40% of

DOC). However, hydrophobic (20% of DOC) and refractory compounds (< 35% of

DOC) represented significant fractions of the extracted DOC (Figure 2.2). The differ-

ence between extracts and pore water was also reflected in the size distribution of the

hydrophilic fractions (Figure 2.3). In contrast to the completely anoxic extracts, the

low molecular weight fraction (< 350 Da) clearly dominated the DOM size spectrum

in the pore water. The differences in the size distribution of hydrophilic DOM in the

pore water and the anoxic extracts are also reflected in the LMWOA contents (Table

2.2). Whereas 88% of DOC was due to the presence of identified LMWOA in the pore

water, this percentage ranged from 10% to 21% in the extracts. Similar to the pore

water, the deionized water extract of oxic crushed rock was also dominated by small

organic molecules of less than 350 Da. This similarity may suggest that the pore water

was altered by O2. However, contact of the rock material with air prior to pore water

sampling is unlikely because the borehole (PAC1002) was N2-drilled and purged with

N2 during the equipment installation (Vinsot and Mettler, 2006). In addition, redox

measurements ensured that the pore water remained under anoxic conditions until

analyses were performed. The difference in the size distribution of the hydrophilic

pore water DOM compared to the extracts may also reflect a more effective filtration
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of the pore water through the rock formation due to the small pore size (< 0.1 µm)

in comparison with the 0.45 µm filtration used in the authors’extraction procedure

(Andra, 2005). This natural filtration through the rock material may explain the pre-

dominance of mobile hydrophilic compounds of very low molecular weight in the

pore water compared to the extracts. In addition, the presence of LMWOA in the

COx pore water may possibly be related to bacterial activity. Further DOC monitor-

ing and microbiological investigations of the pore water from borehole PAC1002 will

give more insight on the reasons for the clear differences between pore water DOM

and extracted DOM.

2.4 Conclusions

The evaluation of various procedures to extract DOM from the COx rock confirmed

that the nature of DOM and the DOC yields were affected by the solid-to-liquid ratio

and the type of extractant used. The results revealed that a minimum solid-to-liquid

ratio of 1500 g/L and an extraction time of 1 day are required to obtain maximum

amounts of DOC in the extracts. The comparison of DOC yields and DOM character-

ization obtained for different aqueous extractants (deionized water, SPW and NaOH)

indicated that SPW is the extractant of choice to extract representative DOM from the

rock formation as in-situ conditions are best simulated by the use of SPW. Typically,

low DOC concentrations of about 5.5 mg/L were detected in one-day SPW extracts

at a solid-to-liquid ratio of 1500 g/L. The rock-extractable DOM is dominated by hy-

drophilic compounds exhibiting molecular weights of less than 500 Da. A large frac-

tion of potentially extractable DOM is trapped in the carbonate matrix as indicated by

the results on acid-pretreated rock material.

The short-term exposure of rock material to O2 during rock crushing strongly in-

creased DOC concentrations in the extracts accompanied by a shift towards lower

molecular weight compounds as compared to the strictly anoxic procedure. This ob-

servation demonstrates that all sample handling has to be conducted under anoxic

conditions when investigating DOM representing in-situ conditions.

The analysis of the pore water DOM revealed that most of the DOM consisted of

hydrophilic low molecular weight compounds (< 500 Da) as observed for the anoxic

rock extracts. However, a higher DOC concentration and a higher LMWOA content

were found in the pore water (56.7 mg/L, 88% LMWOA) than in the anoxic extracts

(max 14.2 mg/L, 21% LMWOA). The differences between the anoxic extracts and the

pore water may arise from the heterogeneity of the rock material, a more effective

DOM filtration by the rock formation compared to the extractions or possibly, bacterial
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activity in the pore water. Further monitoring of the pore water planned by Andra will

give more insight into understanding the differences observed between the pore water

DOM and the extracted DOM.
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paléoenfouissement maximum. Etude complémentaire. D.RP.0CRE.00.003, Andra,
Paris, France.

Elie, M., Landais, P., 1999. Thermicité du Callovo-Oxfordien du site Est - Utilisation de
la cinétique de transformation des biomarqueurs pour la détermination d’un paléoen-
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Chapter 3

Characterization of dissolved organic matter in

anoxic rock extracts and in-situ pore water of

the Opalinus Clay

Abstract

Dissolved organic matter (DOM) from the Opalinus Clay, a potential host rock

for the disposal of radioactive waste, was isolated under strictly anoxic condi-

tions from ground rock material and compared with DOM of in-situ pore water

samples. For the extractions, deionized water, synthetic pore water (SPW, wa-

ter containing all major ions at pore water concentrations but no organic matter)

and 0.1 M NaOH were used. The influence of the solid-to-liquid ratio, extraction

time, acid-pretreatment and O2 exposure of the rock material on the isolated DOM

were investigated. Liquid chromatography coupled with a total organic C detec-

tor (LC-OCD) and reverse-phase ion chromatography were used to characterize

the DOM size distributions and to determine the low molecular weight organic

acid (LMWOA) contents in the pore water samples and the rock extracts.

The results revealed that only a small portion of the total organic C of the rock

material (< 0.38%) was extractable, even after removal of carbonates by acid pre-

treatment. The concentrations of dissolved organic C (DOC) were found to range

from 3.9 ± 0.4 to 8.0 ± 0.8 mg/L in the anoxic extracts. The pore waters exhibited

similar DOC concentrations ranging from 1.2 to 15.8 ± 0.5 mg/L. The analysis by

LC-OCD showed that the DOM extracted under anoxic conditions and the pore

water DOM mainly consisted of hydrophilic compounds of less than 500 Da. The

DOM extracted with SPW was most similar in size to the pore water DOM. Grind-

ing the rock under oxic conditions increased the DOC yields and shifted the size

distribution toward higher molecular weight compounds compared to the strictly
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anoxic treatment. Acetate, lactate and formate were identified in all extracts and

in the pore water. In total, LMWOA accounted for 36% of the total DOC in both

pore water and SPW extracts. The results imply that controlled anoxic conditions

and the use of SPW as an extractant are required to isolate DOM from Opalinus

Clay rocks which most resembles the in-situ pore water DOM with respect to its

size distribution and the LMWOA contents.

3.1 Introduction

Several geological formations including granite, salt deposits and clay rocks are be-

ing evaluated worldwide for the long-term storage or the final disposal of nuclear

waste. Stable argillaceous rock formations have been given particular attention dur-

ing the past decade, because they fulfill many physical and chemical requirements. In

Switzerland, the Opalinus Clay (OPA) has been studied since 1996 in the Mont Terri

underground rock laboratory and in the Zürcher Weinland region (Nagra, 2002). The

OPA rock is formed of sediments deposited about 180 Ma ago. Its major components

are clay minerals (39-67% w/w), carbonates (16-37% w/w) and quartz (13-25% w/w).

Other components comprise pyrite, feldspars, and up to 1.5% w/w organic matter

(Nagra, 2002; Thury, 2002; Thury and Bossart, 1998). Although most of the organic

matter is associated with the rock minerals, a small fraction is present as dissolved or-

ganic matter (DOM) in the pore water (Pearson et al., 2003). At present, the influence

of the organic matter on the speciation and mobility of radionuclides within the host

formation is still poorly understood. Whereas the solid-bound organic matter may

retard the mobility of radionuclides by providing additional binding sites to the solid

phase, the dissolved fraction can potentially enhance the transport of radionuclides by

forming dissolved organo-radionuclide complexes. Therefore, chemical information

on both the solid and dissolved organic matter is required to evaluate their potential

influence on the mobility of radionuclides within the host rock formation.

A limited number of studies has focused on the characterization of the solid or-

ganic matter in OPA (Claret et al., 2005; Glaus et al., 2005; Jones and Tipping, 1998;

Schäfer et al., 2003). It has been found that the organic matter in OPA has experienced

a maximum burial temperature of 85 ◦C (Mazurek et al., 2006; Nagra, 2002). Analysis

of the kerogen revealed that it is of mixed, marine and terrestrial origin (kerogen type

II/III) and that it has negligible hydrocarbon producing potential (Jones and Tipping,

1998). These results were confirmed by the characterization of dichloromethane/

methanol and chloroform extractable organic matter, which contained mainly polar

compounds (50-90%) and, smaller amounts of aromatics (10-30%) and saturated hy-
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drocarbons (5-23%) (Jones and Tipping, 1998). Although the organic matter of OPA

was in an anoxic environment in the formation, all above mentioned studies on the

characterization of solid-bound organic matter of OPA were performed under oxic

conditions.

Only little information on the characterization of OPA DOM is available (Claret et

al., 2005; Glaus et al., 2005; Jones and Tipping, 1998; Schäfer et al., 2003). The studies

have focused mainly on the characterization of DOM extracted with base under oxic

or not strictly anoxic conditions using UV-vis spectroscopy (Claret et al., 2005; Jones

and Tipping, 1998; Schäfer et al., 2003). From the extractability of DOM in NaOH,

Jones and Tipping (1998) speculated that humic substances may represent 0.15% of

the total organic matter content of the rock material (TOC). The analyses of DOM ex-

tracted with base from acidified rock material published by Schäfer et al. (2003) and

Claret et al. (2005) revealed that fulvic acid-like material representing 1.1% of the TOC

was extracted from the rock, whereas humic acid-like material was not found in the

extracts. Further analyses by asymmetrical flow field-flow fractionation and C-1s near

edge X-ray absorption fine structure spectroscopy (C-1s NEXAFS) of the isolated ful-

vic acid fraction showed that it contained mainly aliphatic, carboxylic and carbonyl

groups and only small amounts of aromatic C (Claret et al., 2005; Schäfer et al., 2003).

Glaus et al. (2005) performed a study on the influence of water-extractable organic

matter from Opalinus Clay samples on the sorption behavior of Ni(II), Eu(III) and

Th(IV). The effect of DOC on the sorption behavior was found to be small. It was

concluded that only a negligible amount of the organic matter may be in the form of

humic or fulvic acids. The experimental conditions, i.e., pretreatment of the rock mate-

rial, solid-to-liquid ratios, extraction times and extractants used to extract DOM from

OPA have varied greatly in the previous studies. In addition, the DOM extractions

were performed either under fully oxic or not strictly anoxic conditions. Such condi-

tions are mainly relevant within the excavation-damaged zone (EDZ) during the con-

struction of the repository. Mäder and Mazurek (1998) and Traber (2005) showed that

even within the EDZ, only a maximum of 1 m of rock around a constructed gallery

is expected to be exposed to O2. The more distant rock is assumed to remain in an

anoxic environment. The extraction conditions can greatly affect the nature of the ex-

tracted DOM as shown for rock samples taken from the Callovo-Oxfordian formation

(Chapter 2). For OPA, however, it is still unclear to what extent the nature and the

reactivity of extracted DOM are influenced by variations of extraction parameters and

conditions.

The analyses of DOM in pore water samples collected directly from the formation

under anoxic conditions may represent an excellent alternative to avoid changes in
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the DOM composition related to the extraction procedure. However, the available

amounts of pore water are highly limited. Furthermore, the total dissolved organic

C (DOC) concentrations in the pore water were found to be in the lower ppm range

(Jones and Tipping, 1998; Pearson et al., 2003). Therefore, rock extracts are required to

provide sufficient DOM amounts for detailed analyses. Up to now, only one study has

been published on DOM in pore water samples from the OPA formation (Jones and

Tipping, 1998). The authors speculated that a substantial amount of humic and fulvic

material may be present in the pore water based on the observation that only a very

small portion of the DOM in the pore water was extractable with dichloromethane.

Further investigations of the pore water DOM are thus needed.

Consequently, the objectives of this study were (1) to extract and characterize DOM

from the OPA rock material under strictly anoxic conditions (< 1 ppm O2), (2) to in-

vestigate the influence of the solid-to-liquid ratio, extraction time, type of extractant,

O2 exposure and acid-pretreatment on the extracted DOM and (3) to compare rock-

extractable DOM with pore water DOM.

3.2 Experimental

3.2.1 Pore water samples

The pore water samples were collected at the Mont-Terri rock laboratory (St-Ursanne,

Switzerland) from the boreholes BWS-A1, BWS-A2 and BWS-A3. The boreholes were

drilled in 1996 with upward orientation, which allows the pore water to seep down-

wards from the formation into the borehole void located in the upper part of the bore-

hole. The void was flushed with N2 gas immediately after installing the borehole

devices (Pearson et al., 2003). To avoid organic contamination, all glassware including

the sampling bottles used in this study were pre-cleaned by thorough rinsing with

deionized water and heating to 500 ◦C for 3 h. During the pore water sampling, the

glass bottles were continuously flushed with N2 gas. The sealed bottles were stored

under strictly anoxic conditions (O2 < 1 ppm) in a glove box (M. Braun, Germany).

Prior to analysis, the pore water samples were filtered through 0.45 µm cellulose ni-

trate filters (Schleicher and Schuell, NC 45). All filters used in this study were pre-

cleaned with deionized water. The pore water samples were taken once a year from

2003 to 2006. The detailed characterization of the pore water DOM presented in this

study was conducted on the pore water samples collected in May 2004 from the bore-

hole BWS-A1.
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3.2.2 Rock samples

The investigations on the OPA rock material were conducted on cores stemming from

the boreholes BRA1 and BHE-D0 at the Mont-Terri rock laboratory (St-Ursanne, Switz-

erland). The boreholes BRA1 and BHE-D0 were drilled with air, parallel to the rock

bedding in November 2003 and March 2004, respectively. The samples used in this

study were collected at a depth of 7.95-8.50 m and 10.16-10.50 m from the drilling

points for the BHE-D0 and BRA1 cores, respectively. The overburden was of approx-

imately 300 m. The sample core diameter was 12 cm for the BRA1 core samples and

30 cm for the samples stemming from borehole BHE-D0. The total organic C (TOC)

content of both rock materials was 0.89% w/w and 0.94% w/w for the cores BHE-D0

and BRA1, respectively. In the anoxic glove box, the outer parts of the cores (2 or 5

cm) which had been exposed to O2 were removed and the central part was ground to

a grain size of less than 0.63 mm. The ground rock material was stored in the glove

box. To test the effect of short-term exposure of rock material to O2, a portion of the

inner core material was ground under atmospheric conditions (O2 exposure ∼2 h).

This ground material was then also stored in the glove box until further use.

3.2.3 Extractions

The extractions of the rock material were carried out under strictly anoxic conditions

in the glove box. The extractions were run at least in triplicate with deionized water

(DW), 0.1 M NaOH and synthetic pore water (SPW) at solid-to-liquid ratios of 500 g/L,

1000 g/L, 1500 g/L and 2000 g/L. The SPW contained all major ions at pore water con-

centrations but no organic matter. Its composition is given in Table 3.1. All extractants

were prepared using O2-free high purity deionized water (Milli-Q R©, Millipore, USA).

In addition, Teflon centrifuge tubes were soaked overnight in 1 M NaOH, rinsed with

deionized water, soaked overnight in 1 M HNO3, rinsed in deionized water, and dried

at 60 ◦C. The rock-extractions were performed in Teflon centrifugation bottles contain-

ing ground rock plus 160 mL of extractant. The suspensions were agitated for 1 or

10 days in an end-over-end shaker, centrifuged at 2500g for 1 h, and filtered through

pre-cleaned 0.45 µm cellulose nitrate filters (Schleicher and Schuell, NC 45). The pH

values and redox potentials of the supernatants were measured prior to filtration.

In addition to these one-step rock extractions, sequential acid-base extractions at

an initial solid-to-liquid ratio of 500 g/L were conducted for comparison. The acid-

pretreatment of the rock material was carried out as follows. Ground rock material (80

g) was acidified with 2 M HCl (160 mL) and equilibrated overnight to remove the solid

carbonates. To rinse the solid residues, the samples were centrifuged at 2500g for 1 h.
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Subsequently, the volume of acidic supernatant was collected (step 1) and replaced by

deionized water. The resuspended materials were agitated for 2 h in an end-over-end

shaker, centrifuged at 2500g for 1 h and the aqueous supernatant was collected (step

2). This rinsing step was repeated once (step 3). Finally, the volume of the aqueous

supernatant was replaced by 0.1 M NaOH and the remaining carbonate-free rock was

equilibrated in an end-over-end shaker for 1 day (step 4). As in previous steps, the

samples were centrifuged at 2500g for 1 h before collecting the alkaline supernatants.

Prior to analysis, the collected supernatants were filtered through pre-cleaned 0.45 µm

cellulose nitrate filters (Schleicher and Schuell, NC 45).

Table 3.1: Composition of the synthetic pore water (SPW), the pore water sample collected
in 2004 from the borehole BWS-A1 and the 1-day rock extracts of Opalinus Clay rock mate-
rial (BHE-D0, 1500 g/L) using deionized water (DW), synthetic pore water (SPW) and 0.1 M
NaOH.The compositions are given for strictly anoxic extracts apart from the DW oxic extract
where the rock material was crushed under oxic conditions. The reported values represent
arithmetic averages and standard errors of at least 3 replicates. The values reported for the
SPW are nominal.

SPW Pore water Extracts (1day)
DW DW SPW NaOH
oxic anoxic anoxic anoxic

pH (-) 7.7 7.7 8.1 8.1 7.7 10.1
Na (mM) 241 240 28.7 36.4 246 39.8
Mg (mM) 17.0 16.3 0.40 0.85 17.4 0.01
Ca (mM) 25.8 15.7 0.55 1.10 22.7 0.04
K (mM) 1.61 1.40 0.62 0.86 3.79 0.25
Sr (mM) 0.51 0.46 0.01 0.03 0.51 0.00
NH4 (mM) - 0.52 0.24 0.28 0.77 0.32
B (mM) - 0.18 0.16 0.28 0.26 0.22
Cl (mM) 300 261 14.8 15.5 295 37.0
SO4 (mM) 14.1 14.6 7.77 11.9 14.7 6.86
TIC (mM) 0.42 1.67 1.20 1.11 1.05 1.50
DOC (mgC/L) - 15.5 6.8 ± 0.3 5.0 ± 0.1 3.9 ± 0.4 8.0 ± 0.8
TOC (%TOM) - - 0.05 0.04 0.03 0.06

3.2.4 Analyses of pore waters and extracts

Total dissolved organic C (DOC) and total inorganic C (TIC) were determined in the

pore waters and the extracts using a TOC-analyzer (TOC-5000, Shimadzu). Total con-

centrations of Na, K, Ca, Mg, Sr and B were analyzed by ICP-OES (Varian, USA). The

NH4 contents were determined colorimetrically (Weatherburn, 1967). High perfor-

mance anion chromatography was used to measure the total concentrations of Cl− and
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SO4
2−. The ion chromatography system was a 761 Compact IC (Metrohm, Switzer-

land) connected to a Metrosep 500 analytical column (Metrohm, Switzerland) and a

conductivity detector. The mobile phase consisted of a carbonate eluent (NaHCO3 =

0.168 g/L and Na2CO3 = 0.678 g/L) set to a flow rate of 0.7 mL/min.

Liquid chromatography coupled with an organic C detector (LC-OCD, produced

by DOC-Labor Dr. Huber, Germany) was used to determine the size distribution of

the hydrophilic DOM in the pore water and the rock extracts. For comparison, ac-

etate, Suwannee River humic acid (1S101H, IHSS), and Suwannee River fulvic acid

(1S101F, IHSS) diluted in deionized water and in SPW were also measured. Details

of the chromatographic system are presented elsewhere (Huber and Frimmel, 1996).

Briefly, 2 mL of sample were eluted in a phosphate buffer Na2HPO4·2H2O = 1.5 g/L

and NaH2PO4·2H2O = 2.5 g/L, pH 6.6) at a flow rate of 1 mL/min. The sample was

first filtered through a 0.45 µm filter (GF, Sartorius) to separate the particulate organic

matter from the dissolved organic matter. Then, the sample was passed through a

size-exclusion column packed with Toyopearl (TSK-HW-50 S; diameter 2 cm, length

25 cm) suitable for size fractionation in the range from 100 to 20000 Da. Before en-

tering the so-called Graentzel thinfilm-reactor, the sample was acidified (H3PO4, 0.5

mL/min) to strip inorganic C with a N2 gas flux. The remaining organic compounds

were oxidized to CO2 by hydroxyl radicals generated by UV-irradiation of water at a

wavelength of 185 nm and quantified by IR detection. By monitoring the amounts of

the organic C eluted within 120 min, information on the size distribution of the hy-

drophilic organic fraction is obtained. The hydrophobic compounds are retained in

the column for more than 150 min so that information on their size is not obtained.

Before analysis, the samples were diluted with anoxic deionized water to a concen-

tration of approximately 2 mg/L. The detection limit of organic C by LC-OCD was

10 µg/L. The LC-OCD chromatograms were processed using the Labview based pro-

gram Fiffikus (DOC-Labor Dr. Huber, Germany).

Low molecular weight organic acids (LMWOA) were determined in the pore wa-

ter and rock extracts by high-performance liquid chromatography (761 Compact IC,

Metrohm, Switzerland). The column used to separate the LMWOA was a Metrosep

organic acids column (7.8 x 250 mm, 10 µm particle size, Metrohm, Switzerland) con-

nected to a conductivity detector. A solution containing 0.5 mM H2SO4 and 5% ace-

tone served as the mobile phase. The injection volume was 20 µL and the flow rate

was set to 0.5 mL/min. A 50 mM LiCl solution was used as suppressor regenerant.

In addition, C-1s NEXAFS spectroscopy was carried out to analyze the functional

groups of DOM in the pore water and the anoxic deionized water extract. The spec-

tra were measured using the scanning transmission X-ray microscope (STXM) at the
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beamline X-1A, National Synchrotron Light Source (NSLS), Upton, NY. Details on the

instrument can be found in Jacobsen et al. (1996). For sample preparation, 10 mL of

pore water and anoxic deionized water extract were freeze-dried and subsequently

redissolved in 1 mL of deionized water (O2 and CO2-free) in the glove box. Prior

to freeze-drying, dissolved carbonates were removed from the pore water sample by

acidification to pH 3 with 1 M HCl, purging with CO2-free N2 gas and subsequent

adjusting of the pH value back to 7.6 with 1 M NaOH in the glove box. Specimens

were prepared by depositing a 2 µL droplet of the solutions onto an X-ray transparent

Si3N4 window (Silson Ltd., Northampton, UK). Spectra were recorded from 280 to 315

eV in steps of 0.1 eV using a dwell time of 120 ms at spots exhibiting an appropriate

sample thickness (Schumacher, 2005). In addition, spectra of the clean Si3N4 window

were recorded for background correction (Christl and Kretzschmar, 2007). The aver-

age spectra of the samples were additionally corrected by subtracting a linear pre-edge

function fitted to the absorbance between 280 and 283 eV and then normalized to the

absorbance at 310 eV.

3.2.5 Isolation and characterization of the hydrophobic fraction of

the pore water DOM

The hydrophobic fraction of the DOM was isolated from the pore water collected in

the borehole BWS-A1 in 2004 by resin extraction using a DAX-8 resin (Supelite DAX-8,

Supelco). Before use, the DAX-8 resin was cleaned by repeated Soxhlet extraction with

methanol, acetonitrile and ethanol. The ethanol was removed by extensive rinsing

with deionized water until no DOC was detected in the outflow (DOC < 0.1 mg/L).

In the glove box, 400 mL of pore water were acidified to pH 2 and passed through

a column (diameter 1 cm, length 20 cm) containing DAX-8 resin. The acidic effluent

containing the inorganic compounds and the hydrophilic DOM was collected (step 1).

Deionized water (100 mL) was subsequently passed through the resin to remove the

remaining hydrophilic DOM fraction in the column. The aqueous effluent was col-

lected (step 2). The hydrophobic fraction sorbed on the DAX-8 resin was eluted from

the column with 20 mL of 0.1 M NaOH in reverse direction and collected (step 3). All

outflow fractions were analyzed for DOC concentrations using a TOC-analyzer (TOC-

5000, Shimadzu). The collected hydrophobic DOM fraction (step 3) was acidified to

pH 2 and extracted with 50 mL chloroform by manual shaking. The phase separation

with chloroform was repeated twice. The chloroform phases were combined, rotary

evaporated and dried under a gentle stream of N2 gas. The resulting concentrate was

analyzed by FT-IR spectroscopy (Spectrum One, Perkin Elmer). The FT-IR spectra
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were collected in transmission mode using KBr (300 mg) pellets containing approxi-

mately 0.3 mg of the isolated hydrophobic DOM fraction.

3.3 Results and discussion

3.3.1 Extractions of DOM

Influence of solid-to-liquid ratio, extraction time and type of extractant

The DOC concentrations measured in the strictly anoxic extracts of the OPA clay rocks

for different solid-to-liquid ratios of 500 and 1500 g/L and extraction times of 1 and 10

days are shown in Figure 3.1. The DOC concentrations varied from 1.0 ± 0.2 mg/L in

the 1-day SPW extract for 500 g/L to 9.9± 2.6 mg/L in the 10-day 0.1 M NaOH extract

for 1500 g/L. These results indicate that only a small fraction of the total organic C

(< 0.06%) can be extracted from the rock material, using deionized water, SPW or 0.1

M NaOH.
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Figure 3.1: DOC extracted from Opalinus Clay (BRA1 and BHE-D0) with deionized water
(DW), synthetic pore water (SPW), and 0.1 M NaOH using different solid-to-liquid ratios (500,
1500 g/L), extraction times (1, 10 days) and rock crushing conditions (oxic, anoxic). The error
bars correspond to the standard errors of at least 3 replicates. No substantial differences were
observed between extracts from BRA1 and BHE-D0.

The solid-to-liquid ratio substantially affected the DOM yields for all extractants

investigated. The results of 1-day extracts indicated that the DOM yields for suspen-

sions using 500 g/L, 1000 g/L and 1500 g/L increased with increasing solid-to-liquid

ratios for all extractants (results for 1000 g/L not shown). A further increase of solid-

to-liquid ratios to 2000 g/L did not result in higher DOM yields compared to the
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extracts using 1500 g/L. This observation suggests that a minimum solid-to-liquid ra-

tio of 1500 g/L is required to extract the maximum amount of DOM from OPA using

deionized water, SPW or 0.1 M NaOH. The same finding has been reported for the

Callovo-Oxfordian argillite in Chapter 2. In previous DOM extractions from OPA,

similar solid-to-liquid ratios of 500 g/L and 1000 g/L were used by Jones and Tip-

ping (1998) and Glaus et al. (2005) resulting in comparable DOC concentrations (5-20

mg/L) in their extracts. Claret et al. (2005), however, extracted DOM from OPA at

much smaller solid-to-liquid ratios of 12.5 and 50 g/L.

Extracting DOM for 10 days resulted in lower DOC concentrations in the deion-

ized water extracts compared to the 1 day extracts (Figure 3.1). The differences may

arise from re-adsorption of organic matter and slow dissolution of solids progressing

with time as well as from the slightly higher pH of 8.1 found in the 1-day deionized

water extracts compared to the 10 day extracts (pH 7.9). For the NaOH extracts, a

trend towards higher DOM yields for 10-day extracts compared to the 1-day extracts

was observed. However, due to the large variation of the DOC concentrations, the

differences between the 1-day and 10-day extracts remained within experimental er-

ror. In the SPW extracts, pH and salt background concentrations remained constant

when comparing 1-day and 10-day extracts. Concurrently, the DOC yields did not

show substantial variations caused by longer extraction times. This results implies

that 1 day may be sufficiently long to extract DOM from OPA if the chemical condi-

tions such as pH and concentrations of dissolved inorganic compounds can be kept

stable as in the case of SPW use. Similar effects of extraction time were observed for

DOM extractions from Callovo-Oxfordian clay rocks (Chapter 2). For subsequent ex-

tractions conducted to obtain DOM for the analysis of the DOM size distribution and

the LMWOA, the extraction time was set to 1 day.

The compositions of the 1-day anoxic extracts using a solid-to-liquid ratio of 1500

g/L are summarized in Table 3.1. Ionic strengths of 0.050 M and 0.053 M were calcu-

lated for the deionized water and the NaOH extracts, respectively. The major cation

in the deionized water and NaOH extracts was Na+, while Cl− and SO4
2− were iden-

tified as the major anions. The SPW extract exhibited a much higher ionic strength

of 0.340 M. Its ionic composition was very similar to the original SPW recipe used

for the extraction and the pore water (Table 3.1). The results confirmed that the SPW

was close to equilibrium with the rock material. SPW is a suitable extractant to isolate

DOM from the rock material representing in-situ conditions since SPW causes the least

changes of the solid phases by dissolution-precipitation processes and adsorption-

desorption of inorganic compounds.

Regarding the extraction efficacy at a solid-to-liquid ratio of 1500 g/L and a 1-day
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extraction time, 0.1 M NaOH leached slightly more DOC (8.0 ± 0.8 mg/L) from OPA

than deionized water (5.0 ± 0.1 mg/L) and SPW (3.9 ± 0.4 mg/L) (Table 3.1). The

higher pH of 0.1 M NaOH extracts and deionized water extracts compared to SPW ex-

tracts may explain the higher DOC concentrations obtained in the NaOH and deion-

ized water extracts (Table 3.1). In addition, the higher ionic strength of the SPW

may favor the binding of organic polyelectrolytes to the solid phase (Christl and

Kretzschmar, 2001).

The size distributions of the hydrophilic DOM in the anoxic 1-day extracts are de-

picted in Figure 3.2. The chromatograms of acetate, Suwannee River humic acid and

Suwannee River fulvic acid diluted in deionized water are shown for comparison.

The reference compounds were also diluted and measured in SPW to evaluate the ef-

fect of a high salt background on their size distribution. The size distributions of the

Suwannee River humic and fulvic acids presented in this study are in agreement with

the molecular weight values reported in the literature (Aiken, 1984; Chin et al., 1994;

Fattahi and Solouki, 2003; O’Loughlin and Chin, 2001; Rostad and Leenheer, 2004; Wu

et al., 2002). For the investigated OPA pore water and extracts, the total amount of

hydrophilic DOC was obtained by integrating the peak areas of the LC-OCD chro-

matograms. It was estimated that the hydrophilic fraction corresponded to 53-75%

of the total DOC. The hydrophilic DOM extracted by deionized water exhibited one

main peak at an elution time of 52 min, corresponding to a molecular size of less than

350 Da as e.g., in the case of acetate. The two additional peaks at 46 and 48 min are

indicative of small amounts of compounds having molecular weights between 350

and 500 Da. The hydrophilic fraction of the NaOH-extracted DOM differed from the

DOM extracted with deionized water by displaying two main peaks corresponding to

compounds with molecular weights between 350 and 500 Da. The size distribution of

the DOM extracted with SPW was similar to the deionized water extract, except for

the prominent peak observed at an elution time of 57 min. This peak may represent a

separate group of small compounds extracted only by SPW. However, this peak may

also at least partly arise from the higher salt concentration in the SPW extract shifting

the elution times compared to the NaOH and the deionized water extracts. For the

chromatogram of acetate also exhibited a peak at 57 min in SPW but not in deionized

water (Figure 3.2). These results imply that low molecular weight organic compounds

such as acetate are present in the SPW extracts. In all anoxic extracts, a small shoul-

der appearing at 44 min indicated low amounts of molecular weight compounds of

about 1000 Da. Such compounds were present to a larger extent only in the humic

and fulvic acid reference samples (Figure 3.2). The chromatograms of the humic and

fulvic acid reference samples greatly differed from the chromatogram of all anoxic ex-
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Figure 3.2: LC-OCD chromatograms of the pore water and the 1-day rock extracts of Opali-
nus Clay rock material (BHE-D0, 1500 g/L) using deionized water (DW), synthetic pore water
(SPW) and 0.1 M NaOH. The LC-OCD chromatograms are given for strictly anoxic extracts
apart from the extract where the rock material was crushed under oxic conditions (DW oxic)
and the extract where the rock was acidified prior to the NaOH extraction (NaOH acidified).
For comparison, reference chromatograms of acetate, and Suwannee river humic acid (SRHA)
and Suwannee river fulvic acid (SRFA) in deionized water and SPW are shown. All chro-
matograms are normalized to total hydrophilic C contents.
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tracts. Therefore, only very small quantities of humic substances may be present in the

anoxic OPA extracts. In addition, neutral and amphiphilic low molecular weight or-

ganic compounds eluting after 60 min were detected by LC-OCD in the extracts. Since

similar peaks were also found in filtered blank solutions, these neutral compounds do

not originate from the OPA rock material.

Table 3.2: Concentrations of low molecular weight organic acids (LMWOA) in the pore water
and the 1-day extracts of Opalinus Clay rock material (BHE-D0, 1500 g/L) using deionized
water (DW), synthetic pore water (SPW) and 0.1 M NaOH as determined with ion chromatog-
raphy.The concentrations are given for strictly anoxic extracts of ground rock material apart
from the DW oxic extract where the rock material was crushed under oxic conditions and the
extract labeled with NaOH acidified in which the rock was extracted with 2 M HCl prior to
the 0.1 M NaOH extraction.

Pore water Extracts (1 day)
DW DW SPW NaOH NaOH
oxic anoxic anoxic anoxic anoxic

acidified
lactate (µM) 9 4 4 7 4 <1
formate (µM) 2 3 9 19 25 6
acetate (µM) 203 54 46 37 43 <4
propionate (µM) 27 <5 <5 <5 <5 <5
Sum (% of DOC) 36% 24% 29% 36% 20% 1%

As the LC-OCD results suggested the presence of low molecular weight com-

pounds, the concentrations of LMWOA were determined in the deionized water, SPW

and 0.1 M NaOH anoxic extracts by ion chromatography. Acetate, formate and lactate

were identified in all anoxic extracts (Table 3.2). Acetate was the predominant LM-

WOA with concentrations ranging from 37 µM in the SPW extract to 46 µM in the

deionized water extract. Concentrations up to 25 µM of formate and up to 7 µM of

lactate were found in the anoxic extracts. The sum of identified LMWOA represented

29% of the total DOC in the deionized water extract and 36% in the SPW extract. The

results obtained with ion chromatography demonstrate that a substantial fraction of

the DOC in deionized water and SPW extracts consists of LMWOA. In the NaOH ex-

tracts, only 20% of the DOC was explained by the presence of LMWOA. This finding

confirms that more organic compounds of higher molecular weight (350-500 Da) were

extracted by 0.1 M NaOH than by deionized water and SPW as shown by LC-OCD.

Influence of short-term exposure to oxygen

The effect of short-term exposure of rock material to O2 was investigated by compar-

ing DOM extracted for 1 day with deionized water from rock material ground either
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in the anoxic glove box or under ambient atmosphere conditions (oxic). The DOC

concentrations were 6.8 ± 0.3 mg/L in the extract of oxic ground rock while 5.0 ± 0.1

mg/L of DOC were released from the rock ground under anoxic conditions (Figure

3.1 and Table 3.1). The results show that also from the oxic ground rock, only a small

fraction of the TOC (0.05%) was extracted (Table 3.1), but compared to the rock ground

under anoxic conditions, the DOC concentration in the extract of the oxic crushed rock

was increased by about one-third. This additional release of DOM may be related to

oxidation of solid-bound organic matter as well as to oxidative changes of mineral sur-

faces to which the solid organic matter was bound. Glaus et al. (2005) reported even

higher DOC concentrations ranging up to 12 mg/L for deionized water extractions

of OPA performed under entirely oxic conditions. These findings indicate that the

amounts of DOM extracted from OPA are influenced by the presence of O2. The size

distributions of the hydrophilic DOM extracted with deionized water from rock ma-

terial ground under oxic and anoxic conditions are depicted in Figure 3.2. The effect

of O2 exposure of the rock prior to the extraction was characterized by an increase of

compounds exhibiting molecular weights of 350-500 Da. This fraction was extracted

only to a small extent from anoxic crushed rocks. Following the hypothesis that oxi-

dation of parts of the solid organic matter was the main effect of short-term exposure

of the rock to O2 prior to extraction, the results suggest that the oxidation processes

mainly affected organic matter of high molecular weights bound to the rock matrix

which were subsequently converted into intermediate-size compounds (350-500 Da).

The LC-OCD results of the deionized water extracts confirmed that the short-term ex-

posure of OPA to O2 had a pronounced effect on the extracted DOM. In Chapter 2, it

was shown that the short-term exposure of rock to O2 during grinding also affected

the DOM extraction yields and the size distribution of the extracted DOM substan-

tially for the Callovo-Oxfordian argillites.

The analysis of LMWOA showed that the short-term exposure of the rock mate-

rial to O2 during crushing only induced minor variations in LMWOA concentrations

determined in the deionized water extracts(Table 3.2). The maximum acetate concen-

trations increased from 46 µM to 54 µM and the formate content decreased from 9 µM

to 3 µM in the deionized water extracts of oxic crushed material compared to anoxic

crushed material. On the other hand, the DOC concentrations increased when the

OPA rock was crushed under oxic conditions. Therefore, the percentage of DOC rep-

resented by LMWOA decreased from 29% to 24% when the rock was exposed to O2

in the OPA deionized water extracts. The data confirmed the LC-OCD results, which

indicated an increase of the intermediate size compounds when the rock was exposed

to O2.
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Influence of acid-pretreatment

The effect of an acid-pretreatment of the rock on the nature of the extracted DOM was

assessed by comparing a sequential acid-base extraction with an alkaline extraction

of non-pretreated rock material at a solid-to-liquid ratio of 500 g/L. The DOC yields

at every step of the sequential acid-base extractions and in a non-pretreated alkaline

extract (“untreated”) are reported in Table 3.3. The DOC concentrations in the alkaline

extracts of acid-pretreated rock material (5.0 ± 0.4 mg/L) were slightly lower than in

the alkaline extract of non-pretreated rock material (6.5± 0.1 mg/L). But substantially

more DOC was extracted in total in the sequential acid-base extraction compared to

the 0.1 M NaOH extract of the non-pretreated rock (Table 3.3). Nevertheless, the to-

tal extracted DOC during the sequential extraction only represented a small fraction

of the TOC of OPA, namely 0.38%. This result demonstrates that most organic com-

pounds of OPA are very strongly attached to the solids.

Table 3.3: DOC concentrations and extraction yields as percentage of total organic C (TOC)
of the rock in a sequential acid-base extraction of Opalinus Clay (BHE-D0, 500 g/L) using
HCl, deionized water (DW) and NaOH.For comparison, the DOC concentration and extraction
yield in a 0.1 M NaOH extraction of non-acidified rock material (untreated) at a solid-to-liquid
ratio of 500 g/L is given. The reported values represent arithmetic averages and standard
errors of 3-6 replicates.

Solvent DOC (mgC/L) % TOC
Step 1 2 M HCl 7.1 ± 0.3 0.16
Step 2 DW 3.0 ± 0.3 0.07
Step 3 DW 1.3 ± 0.2 0.03
Step 4 NaOH 5.0 ± 0.4 0.12
SUM (1-4) 0.38
Untreated NaOH 6.5 ± 0.1 0.14

The LC-OCD analysis in the alkaline extracts revealed that the acid-pretreatment

resulted in a shift towards higher molecular weights with significant amounts of or-

ganic compounds of approximately 20000 Da compared to the corresponding extract

without acid-pretreatment. The results show that small quantities of high molecu-

lar weight compounds (> 5000 Da) were present in the NaOH extracts of the acid-

pretreated rock. Since high molecular weight organic compounds were absent in

the alkaline extract of non-pretreated clay rock, the LC-OCD results indicate that the

high molecular weight organic compounds were previously trapped by solids such

as carbonates. In addition, the shift toward higher molecular weight compounds in

the alkaline extracts after the removal of carbonates implies that the low molecular

weight compounds (< 350 Da) found in the alkaline extract of non-pretreated mate-
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rial were removed during the carbonate removal (steps 1-3). These observations were

supported by the measurements of the LMWOA in the alkaline extracts of acidified

rock material where only acetate (6 µM) was identified representing only 1% of the

extracted DOC.

3.3.2 Characterization of pore water DOM

The average compositions of the pore water samples collected in the 3 boreholes BWS-

A1, BWS-A2 and BWS-A3 at the Mont-Terri rock laboratory from 2003 to 2006 are sum-

marized in Table 3.4. A more detail analyse of all pore water samples and subsamples

is given in Appendix A. The ionic compositions of the pore waters remained almost

constant in the 3 investigated boreholes over the studied period. Sodium and Chlo-

ride were the major ions in all pore waters. In addition, Ca, Mg, K, Sr, B, NH4, CO3

and SO4 were found in significant amounts in the samples. The pore water from the

borehole BWS-A1 always exhibited the highest conductivities of 20-21 mS/cm and a

slightly higher pH ranging from 7.3 to 7.6 as compared to the pore waters originating

from the boreholes BWS-A2 and BWS-A3 which were characterized by conductivities

of approximately 15 and 13 mS/cm, and a pH value of 7.3 and 7.4, respectively. These

data are in agreement with previous measurements of pore waters originating from

the same boreholes covering the period from 1996 to 1999 (Pearson et al., 2003). The

DOC concentrations were significantly different in the 3 boreholes and varied by a

factor of about 2 in each borehole over time. Concentrations between 5.5 ± 1.0 and

15.8 ± 0.5 mg/L were found in pore water samples from BWS-A1, between 2.4 and

4.6 ± 1.0 mg/L in BWS-A2 and, 1.2 and 2.4 ± 0.4 mg/L in BWS-A3.

The more detailed characterization of the pore water DOM was conducted only

for one pore water sample collected in 2004 from borehole BWS-A1. Its composition

is given in Table 3.1. Comparison of this pore water sample with the synthetic pore

water composition confirmed that the SPW was adequate despite the slightly lower

Cl− and the higher TIC contents of the pore water sample (Table 3.1). The selected

pore water sample exhibited a DOC concentration in the upper range of the measured

concentrations of all pore waters, i.e., 15.5 mg/L. The LC-OCD analyses of the pore

water sample indicated that 62% of the pore water DOC consisted of hydrophilic com-

pounds. The chromatogram of the pore water sample exhibited 3 major peaks at 46,

48 and 57 min, revealing that organic compounds with molecular weight of less than

500 Da dominated the hydrophilic fraction of the pore water DOM (Figure 3.2). The

size distribution of the hydrophilic pore water DOM smaller than 350 Da resembled

the size distribution of acetate in the SPW background and clearly differed from the

Suwannee River humic and fulvic acid. The LC-OCD results implied that LMWOA
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such as acetate were present in significant amount in the pore water. The subsequent

ion chromatography analysis confirmed the presence of acetate (203 µM), propionate

(27 µM), lactate (9 µM), and formate (2 µM) in the pore water sample. Altogether,

the identified LMWOA represented 36% of the DOC in the investigated pore water

sample.

285 290 295 300 305 310

c
a

rb
o

x
y
lic

 C

 

 

   anoxic

DW extract

Pore water

c
a

rb
o

n
a

te
 C

K
 L

2
-e

d
g

e

K
 L

3
-e

d
g

e

c
a

rb
o

x
y
lic

 C
a

lip
h

a
ti
c
 C

a
ro

m
a

ti
c
 C

A
b

s
o

rb
a

n
c
e

eV

Figure 3.3: C-1s NEXAFS spectra of the DOM in the pore water and the anoxic deionized water
rock extract (BHE-D0, 1500 g/L, 1-day). From the pore water sample, dissolved carbonates
were removed by acid addition followed by readjusting the pH value to 7.6 in the glove box.
The shaded areas indicate the positions of photon energies characteristic of absorbance due to
π* transitions of H-and C-substituted aromatic C (∼ 285 eV), C-H* resonances (∼287.5 eV), π*
transitions of carboxylic C (∼288.5 eV), π* transitions of CO3-C(∼290.5 eV) and σ** transitions
of alkyl C (∼292.5 eV). The pronounced peaks at about 297.5 eV and 300 eV correspond to the
potassium L3-and L2-edge, respectively.

Further information on the pore water DOM was obtained by C-1s NEXAFS spec-

troscopy. The average C-1s NEXAFS spectrum of the pore water presented in Figure

3.3 exhibited a small peak at 285 eV, a pronounced peak at 288.5 eV with a shoulder

at 287.5 eV and a broad peak at about 292.5 eV. The peak at 288.5 eV corresponding to

C-1s → π* transitions of carboxyl C (Urquhart and Ade, 2002) confirmed the presence

of organic acids already shown by ion chromatography. The shoulder at 287.5 eV cor-

responding to C-H* resonances and the peak at about 292.5 eV which is characteristic

of C-1s→ π* transitions of alkyl C further indicated the presence of aliphatic moieties

in the pore water (Dhez et al., 2003; Kikuma and Toner, 1996). The small peak at about

285 eV indicative of C-1s → π* transitions of H and C-substituted aromatic C (Dhez

et al., 2003; Kikuma and Toner, 1996) showed that only little aromatic C was present

in the pore water. The absence of high molecular weight compounds (> 5000 Da) in

the LC-OCD chromatograms and the low content of aromatic C indicated by the C1s
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NEXAFS spectrum are contradictory to the study on OPA pore water samples pub-

lished by Jones and Tipping (1998), who speculated that the pore water DOM may be

humic and fulvic material.
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Figure 3.4: FT-IR spectrum of the hydrophobic fraction of the pore water DOM. The spectrum
was recorded from a 300 mg KBr pellet containing 0.3 mg of organic material

The hydrophobic fraction of the pore water DOM was isolated by sorption onto a

DAX-8 resin at low pH and desorption at high pH. The DOC in the acidic effluents

amounted to 55% of the total DOC of the pore water sample. This fraction mainly

consists of hydrophilic compounds not interacting with the resin at acidic pH values.

This result agrees well with the LC-OCD data showing that the hydrophilic fraction

represented 62 ± 10% of the total pore water DOC as obtained by the integrated peak

area of the chromatogram. In the high-pH outflows, 21% of the total DOC was recov-

ered. This fraction is composed of hydrophobic compounds containing a sufficient

amount of proton-reactive groups to be mobilized again when raising pH due to the

deprotonation of functional groups (step 3). After a chloroform extraction recovering

68% of the isolated hydrophobic DOC fraction, we further characterized this recov-

ered fraction by FT-IR spectroscopy. A remaining, strongly hydrophobic fraction cor-

responding to 24% of the total DOC stayed attached to the DAX resin and was not

recovered in the resin extraction procedure. The FT-IR spectrum of the chloroform-

extracted hydrophobic fraction of the pore water DOM is given in Figure 3.4. The iso-

lated hydrophobic DOM exhibited absorption bands in the regions of 3430 cm−1 (H-

bonded OH groups), 2950 cm−1, 2925 cm−1, 2865 cm−1 and 2855 cm−1 (aliphatic CH,

CH2 and CH3 stretching), 1710 cm−1 (C=O stretching of COO and ketones), 1620 cm−1

and 1500 cm−1 (aromatic C=C), 1450 and 1380 cm−1 (C-H and OH deformation), 1160

cm−1 (C-O) and 1100 cm−1 (C-O-C). The absorption bands at 2950 cm−1, 2925 cm−1,
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2865 cm−1 and 2855 cm−1 were very pronounced indicating that the hydrophobic frac-

tion of the pore water DOM contained a substantial amount of aliphatic compounds.

The absorption bands at 1100, 1160 and 3430 cm−1 reflect that the hydrophobic frac-

tion comprised compounds having polysaccharide-like structural units. The presence

of substantial amounts of polysaccharides can be excluded based on the analysis of

carbohydrates following Pakulski and Benner (1992) and Burdige et al. (2000) (results

not shown). The FT-IR analysis further revealed that small amounts of carboxylic

functional groups were present in the hydrophobic fraction of the pore water as re-

flected by the low absorption bands at 1380 and 1710 cm−1. The low absorbance at

1620 cm−1 indicated a rather low content of aromatic compounds in the hydrophobic

pore water DOM which agrees with the C-1s NEXAFS analysis of the total pore water

DOM (Figure 3.3).

3.3.3 Comparison of pore water DOM and rock-extracted DOM

The DOC concentrations measured in all investigated extracts were found to be in the

same range (3.9 ± 0.4 to 8.0 ± 0.8 mg/L) as the measured values for the pore wa-

ters (1.2 to 15.8 ± 0.5 mg/L). The analysis of the pore water and anoxic deionized

water extracts by C-1s NEXAFS spectroscopy showed that, apart from the presence

of carbonate-C in the deionized water extract as indicated by the peak at 290.5 eV

(Urquhart and Ade, 2002), the DOM extracted with deionized water exhibited the

same characteristics found in the pore water (Figure 3.3). This result demonstrates

that the DOM extracted under anoxic conditions was akin to the pore water DOM. The

LC-OCD analyses revealed that with 62 ± 10%, the percentage of hydrophilic DOC in

the pore water sample collected in 2004 from the borehole BWS-A1 was similar to

the percentages of hydrophilic DOC in the investigated extracts (53-75% of DOC).

Comparison of the ionic composition and the DOM size distribution of the pore wa-

ter and the anoxic extract shows that the SPW extract was most similar to the in situ

pore water (Table 3.1 and Figure 3.2). Although intermediate molecular weight com-

pounds (350-500 Da) were more abundant in the pore water, the 3 peaks of the OPA

pore water chromatogram at 47, 52, and 57 min were only represented in the SPW

extracts. However, the difference between DOM in the SPW and DW extracts may be

small since it was shown that the effect of a high salt background on the shape of a

chromatogram was important. The intermediate molecular weight compounds in the

pore water eluting at 47 min were only found to a similar extent in the NaOH extract

and the deionized water extract of oxic crushed rock material. The borehole BWS-A1

was drilled with air, but immediately flushed with N2 after the equipment installa-

tion in 1996. Therefore, the rock around the borehole was exposed to O2 for a short
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period. Mäder and Mazurek (1998) and Traber (2005) showed that only a maximum

of 1 m of rock would be expected to be affected by O2 during the whole duration of

the repository construction. Since the sampled pore water was collected 8 years after

the drilling session, most of the organic matter mobilized due to oxidation induced

by the borehole installation had already been released by the O2 affected rock ma-

terial and was collected in sampling campaigns before 2003. In addition, the redox

measurements ensured that the pore water collected in 2004 remained anoxic until

the LC-OCD analysis was performed. The analysis of LMWOA confirmed that the

composition of DOM in the extracts was similar to the DOM in the pore water. The

identified LMWOA accounted for 36% of the DOC in both the pore water sample and

the SPW extract. In the pore water, however, the absolute amount of acetate deter-

mined (203 µM) was much higher than in all anoxic extracts (max. 54 µM). In addi-

tion, propionate (27 µM) was identified only in pore water samples. Both acetate and

propionate are typical products of anoxic biodegradation of organic matter. Hence,

their high concentrations in the pore water could also be related to bacterial activity

in the borehole. Evidence of microbiological activity has already been shown in other

boreholes of the OPA formation (Battaglia and Gaucher, 2003; Ishii, 2004; Mauclaire

and McKenzie, 2004). However, clear indication of the presence of anaerobic bacteria

has not been found so far in borehole BWS-A1 (Pearson et al., 2003). Also the constant

SO4 concentrations observed in borehole BWS-A1 (Table 3.4) implies that at least no

SO4-reducing bacteria are active in BWS-A1.

3.4 Conclusions

Investigating various parameters for the extraction of DOM from the rock samples

taken from the OPA formation proved to be extremely useful to determine to what ex-

tent they influence the isolated DOM and to evaluate results obtained with different

extraction procedures. The study provides evidence that, under anoxic conditions, a

high solid-to-liquid ratio of 1500 g/L and a short extraction time of 1 day were re-

quired to obtain DOC concentrations representing in-situ conditions. In addition, the

data revealed that the various extractants tested (deionized water, SPW and 0.1 M

NaOH) had a pronounced effect on the size distribution of the hydrophilic DOM. Of

all the investigated extractants, the SPW extracts were most similar to the pore wa-

ter regarding the background salt concentrations and LMWOA contents as well as

the size distribution of the hydrophilic DOM. It is concluded that SPW represents the

most suitable extractant for the isolation of DOM representative of the in-situ condi-

tions. The investigation of the acid-pretreatment revealed that about two-thirds of the
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total acid-base-extractable DOM was trapped by the carbonate matrix of OPA. The

trapped DOM contained higher molecular weight compounds which were not iso-

lated from non-pretreated rocks. However, also in a sequential acid-base extraction,

only a very small fraction of the TOC of OPA (< 0.5%) was extracted in total. This find-

ing demonstrates that most of the OPA organic matter is very strongly attached to the

mineral phases. The short-term exposure of rock material to O2 during rock crushing

resulted in a pronounced effect on the DOM extractions by increasing the DOC yields

and shifting the size distribution of the hydrophilic DOM towards higher molecular

weights. Therefore, strictly anoxic conditions during sampling, sample storage and

analysis are required to evaluate the nature and reactivity of OPA DOM representing

in-situ conditions. Regarding DOM characterization, the rock extracts, particularly

the SPW extract, were very similar to the pore water. About two-thirds of the DOC

exhibited hydrophilic properties having a molecular size of less than 500 Da. About

half of these hydrophilic compounds were identified as LMWOA such as acetate, pro-

pionate, lactate and formate.
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Chapter 4

Proton and trivalent metal cation binding by

dissolved organic matter in the Opalinus Clay

and the Callovo-Oxfordian formation.

Abstract

We investigated the proton and trivalent metal binding of dissolved organic mat-

ter (DOM) in in-situ pore water and anoxic rock extracts of two potential host

rocks for the disposal of radioactive waste, i.e., the Opalinus Clay (OPA) and the

Callovo-Oxfordian formation (COx). The proton, curium, and europium bind-

ing properties of the OPA pore water and the extracted DOM of both rocks were

studied with acid-base titrations, time-resolved laser fluorescence spectroscopy

(TRLFS) and voltammetry, respectively. Protons were mostly buffered by inor-

ganic compounds. DOM contributed to the total proton buffering capacity of the

samples only to a small extent. Significant complexation of curium by DOM was

observed for OPA pore water by TRFLS in contrast to little complexation by DOM

detected in the OPA and COx extracts. The data on europium binding in OPA pore

water were described by the presence of 14.3 µM of organic ligands exhibiting a

conditional affinity constant of log β = 6.50. Calculations of europium speciation

under in-situ conditions indicated that carbonates largely controlled the specia-

tion of europium in OPA and COx. In the OPA formation, the presence of DOM

may enhance the solubility of europium by 5·10−8 M, representing about one third

of total dissolvable europium.
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4.1 Introduction

The Opalinus Clay (OPA) and the Callovo-Oxfordian formation (COx) are currently

evaluated for the storage of high-level radioactive waste in Switzerland and France,

respectively (Andra, 2005; Nagra, 2002). As part of the safety assessment, the potential

radionuclide transport mechanisms and the retention properties of these rocks have

to be investigated. Due to the very low hydraulic conductivities determined for OPA

and COx, diffusion dominates the transport of radionuclides within these formations

(Andra, 2005; Nagra, 2002). The diffusion of various ions has been studied for both

rocks (Bazer-Bachi et al., 2006; Descotes et al., 2004; Dewonck et al., 2006; Melkior et

al., 2005; Van Loon et al., 2003, 2004, 2005; Wersin et al., 2004; Yllera et al., 2004). To

evaluate the mobility of radionuclides, also the retention properties of the clay rocks

have to be considered. Based on transport and sorption data, the migration of selected

radionuclides was modeled, considering all major inorganic components of the rocks

and the pore waters (Samper et al., 2006). However, both OPA and COx rocks contain

also up to 1% w/w of organic matter. The effect of the organic matter on the transport

of radionuclides is still unclear. Most of the organic matter is attached to the mineral

phases in both rocks. Only a small fraction is present as dissolved organic matter

(DOM) in the pore waters (Chapters 2 and 3). In both formations, the DOM is mainly

composed of small compounds (< 500 Da) (Chapters 2 and 3). Diffusion coefficients

of metal complexes of organic low molecular weight compounds were reported to be

in the same order of magnitude as reported for the respective metal ions (Buffle et al.,

2007). Consequently, DOM may substantially contribute to radionuclide diffusion if

exhibiting a high affinity for radionuclides.

Despite the need, only very little information on the complexation behavior of

DOM in OPA and COx is currently available. Glaus et al. (2005) reported that the

presence of water-extractable OPA DOM did not significantly influence the binding

of nickel, europium and thorium to a cation-exchange resin and the speciation of

curium (Cm3+) being dominated by carbonate species. Cm3+ complexation constants

β= {CmHS}
{Cm3+}{HS} ranging from 105.57 to 106.59 were estimated from time-resolved laser flu-

orescence spectroscopy (TRLFS) measurements at pH ∼ 6 for humic substances (HS)

isolated from pre-acidified OPA and COx rocks using alkaline extractions (Claret et

al., 2005). In the above mentioned studies, DOM was extracted from rock materials

under oxic conditions (Glaus et al., 2005) or with an acid-pretreatment (Claret et al.,

2005). We have shown in previous studies that the extraction conditions have a signif-

icant impact on the nature of the DOM extracted from OPA and COx rock materials

(Chapters 2 and 3). Strictly anoxic conditions (O2 < 1 ppm), the use of pristine (not
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acid-pretreated) rock materials, and synthetic pore water (SPW) as extractant, i.e., wa-

ter containing all major ions at pore water concentrations but no organic matter, were

found to be required to isolate DOM being most similar to in-situ pore water DOM re-

garding its size distribution (Chapters 2 and 3). To evaluate whether extracted DOM

and pore water DOM exhibit a similar reactivity with respect to radioactive cations,

data on proton binding can serve as a proxy providing information on the cation bind-

ing capacity and the types of functional groups involved in complexation. Although

only a part of all proton-reactive groups may bind radionuclides under in-situ condi-

tions, such information can also be highly valuable for worst-case scenarios in safety

assessments.

The objective of this study was (i) to assess and compare the reactivity of DOM in

OPA pore water and anoxic SPW extracts of OPA and COx rock materials with respect

to protons and trivalent metal cations and (ii) to evaluate the contribution of DOM to

the speciation of trivalent metal cations under in-situ geochemical conditions. Acid-

base titrations were performed to obtain information on the cation binding affinity

and capacity and the type of binding sites of the DOM. The complexation of trivalent

metals by DOM was investigated by voltammetry using europium (Eu3+), which is

often used as a chemical analogue for trivalent radionuclides such as curium (Cm3+)

(Rabung et al., 2005) and allows to work without radiation protection. The chemical

analogy was verified with additional TRLFS measurements using curium.

4.2 Materials and Methods

4.2.1 Pore water sample and anoxic rock extracts

The OPA pore water sample was collected under anoxic conditions in 2006 from the

borehole BWS-A1 at the Mont Terri rock laboratory (St-Ursanne, Switzerland). Details

on pore water and rock samples as well as on anoxic extraction procedures are given

in Appendix B, Chapters 2 and 3. The available amounts of pore water from the COx

formation were not sufficient to study the reactivity of DOM. Therefore, DOM was

extracted under anoxic conditions from COx rock material using SPW as described in

Chapter 2. For comparison, anoxic SPW rock extracts were also performed using OPA

rock material and the procedure given in Chapter 3. The OPA material used in this

study was collected at a distance of 7.95-8.50 m from the drilling point of the BHE-D0

borehole in the Mont Terri rock laboratory. The COx core was sampled at a depth of

467.34-467.72 m below ground surface in the borehole REP2205 of the Meuse/Haute

Marne rock laboratory (Bure, France). The total organic carbon (TOC) content of the
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cores BHE-D0 (OPA) and REP2205 (COx) was 0.82% (w/w) and 0.54% (w/w), respec-

tively.

4.2.2 Proton binding

The proton binding behavior of the OPA pore water DOM and SPW-extracted DOM

of OPA and COx was studied by potentiometric acid-base titrations. The experiments

were conducted in a CO2-free nitrogen gas atmosphere at 25± 1 ◦C using a computer-

controlled titration setup (Kinniburgh et al., 1995). Four burettes filled with CO2-free

∼0.05 M NaOH, 0.05 M HCl, deionized water and 2 M NaCl (Dosimat 605, Metrohm),

a pH electrode (6.0123.100, Metrohm) and an Ag/AgCl reference electrode (6.0733.100,

Metrohm) were linked to a computer by a Microlink MF18 interface (Biodata, Manch-

ester, UK). To increase the relative contribution of DOM to proton binding, the sample

pH was initially adjusted to 3.5 and kept constant for one hour to remove dissolved

carbonates. Then, each solution was titrated twice to pH 9 and back to pH 3.5. The

ionic strength was kept constant during the titrations by adding 2 M NaCl solution at

each titration step. During the titration, electrode readings were recorded when the

electrode drift was less than 0.02 mV/min or after a maximum drift time of 30 min. For

each data point, the speciation of all known inorganic components and low molecular

weight organic acids (LMWOA) was calculated with the chemical speciation program

ECOSAT (Keizer and van Riemsdijk, 1998) using the stability constant given in the

Nagra-PSI database (Hummel et al., 2002) for inorganic components and in Smith and

Martell (1976) for LMWOA. The amount of protons consumed by unknown ligands

was calculated as the difference between the total amount of protons added and the

amount of protons consumed by known inorganic species and LMWOA. The proton

consumption of unknown ligands was described assuming one low-affinity and one

high-affinity proton binding component. The amounts of proton binding components

and their respective proton binding constants were fitted with the programs ECOSAT

(Keizer and van Riemsdijk, 1998) and Fit (Kinniburgh and Tang, 2004).

4.2.3 Curium binding

The binding of Cm3+ by DOM in OPA pore water and SPW extracts of OPA and

COx was studied with time-resolved laser fluorescence spectroscopy (TRLFS) using

a pulsed Nd:YAG pumped dye laser system (Continuum, Powerlite 9030, ND 6000) at

a repetition rate of 10 Hz and a maximum laser energy of 2 mJ. To minimize the inter-

ferences related to light scattering and background fluorescence, the emission spectra

of Cm3+ were recorded 1 µs after the exciting laser pulse in the wavelength range of
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580-620 nm, in a time window of 1 ms at λex = 396.6 nm (laser dye: Exalite 398). The

fluorescence emission was detected by an optical multi-channel analyzer consisting of

a polychromator (chromex 250 is) with a 1200 lines/mm grating. A stock solution of

2·10−5 M Cm3+ (89.7% 248Cm, 9.4% 246Cm, 0.4% 243Cm, 0.3% 244Cm, 0.1% 245Cm and

0.1% 247Cm) dissolved in 0.1 M HClO4 was used in this study. For the measurements,

the samples were prepared inside a glove box (CO2-free Ar atmosphere, O2 < 1 ppm)

ensuring anoxic conditions. The anoxic samples were first acidified to pH 3 with 1

M HCl and purged with CO2-free nitrogen gas for 30 minutes to remove dissolved

carbonates. Then, 50 µL of the Cm3+ stock solution were added to 5 mL acidified sam-

ple solution before readjusting the pH of each sample back to the original value with

CO2-free NaOH. Finally, the samples were transferred into closed quartz cuvettes and

measured with the laser system. To estimate the contribution of the organic Cm com-

plexes, a peak deconvolution was performed by subtracting the spectrum measured

in the absence of organic material, using the respective SPW solutions, from the origi-

nal spectrum, assuming the fluorescence properties for the inorganic and organic Cm

complexes being identical.

4.2.4 Europium binding

The binding of Eu3+ by DOM in OPA pore water and SPW extracts of OPA and COx

was determined in Eu3+ titration experiments with differential pulse voltammetry

(DPV). The measurements were performed in a CO2-free nitrogen gas atmosphere

using a Metrohm 757 VA stand with a hanging mercury drop electrode, an Ag/AgCl

reference electrode and a platinum counter electrode. In addition to the three sam-

ple solutions (OPA pore water, OPA SPW extract and COx SPW extract), OPA pore

water samples containing 15 µM or 25 µM EDTA were analyzed. The corresponding

SPW solutions (blanks) were used for calibration. For each titration, a 10 mL sample

aliquot was transferred into a PTFE vessel in a glove box (O2 < 1ppm), sealed and

placed to the VA stand. Each sample was immediately acidified to pH 2 with 1 M HCl

and purged for 15 minutes with CO2-free nitrogen gas to remove dissolved carbon-

ates. Then, the sample pH was readjusted to its original value using CO2-free NaOH

(Merck, Suprapur) and buffered with 4-(N-morpholino)butanesulfonic acid (MOBS,

Sigma-Aldrich) at a concentration of 1 mM. For the titration, aliquots of a 1.158 mM

EuCl3 solution were added. After each Eu addition, the sample solution was stirred

and purged with nitrogen gas for 3 minutes. After a rest time of 10 s, the poten-

tial was scanned from 0 to -1.2 V. The scanning parameters were optimized in pre-

liminary experiments and set to 100 mV pulse amplitude, 0.02 s pulse time, 10 mV

voltage step and 0.1 s voltage step time. The reduction peak potential of Eu3+ in the
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samples was -595 ± 20 mV. From the measured current, the concentration of electro-

chemically labile Eu3+ was calculated. Pretests showed that electrochemically labile

Eu3+ comprised free Eu3+, inorganic Eu3+ complexes and weak organic complexes

(e.g., LMWOA complexes) which are rapidly dissociated. The difference between to-

tal Eu3+ added and electrochemically labile Eu3+ was ascribed to strong Eu-DOM

complexes and Eu3+ complexed by EDTA. For each sample, the Eu3+ binding of un-

known, strong organic ligands was described by assuming a singly charged anionic

ligand (LEu) forming a 1-to-1 complex with Eu3+ and a mixed LEu-Eu-EDTA com-

plex. The amounts of unknown ligands and their Eu3+ binding constants were fitted

with the programs ECOSAT (Keizer and van Riemsdijk, 1998) and Fit (Kinniburgh

and Tang, 2004) considering the sample dilution and the speciation of all known com-

ponents for each data point. For the speciation calculations, stability constants were

taken from the Nagra-PSI database (Hummel et al., 2002) for inorganic components

and from Smith and Martell (1976 and 1989) for LMWOA and EDTA.

4.3 Results and discussion

4.3.1 Composition of the pore water and anoxic rock extracts

The compositions of the pore waters and the anoxic rock extracts of OPA and COx

are summarized in Table B1 (Appendix B). The pore water and SPW extract of OPA

exhibited a pH of 7.6. Na and Cl were the major components, while Ca, Mg, K and

SO4 were also found in significant amounts in the investigated OPA samples. DOC

concentrations of 10.0 mg/L and 11.5 mg/L were measured in the OPA pore water

and SPW extract, respectively. The composition of the OPA SPW extract was very

similar to the pore water. Regarding the major inorganic components, the composition

of the COx SPW extract was also very akin to the pore water (Table B1, Appendix

B). However, DOC concentrations were significantly lower in the COx SPW extract

compared to the composition of the pore water (Chapter 2). This is mainly due to the

high acetate concentration reported for the COx pore water (Chapter 2). Overall, the

composition of the studied OPA and COx samples are in good agreement with other

pore waters and similar rock extracts from both formations (Chapters 2 and 3).

4.3.2 Proton binding

The amount of protons consumed by unknown ligands in the OPA pore water and

the SPW extracts of OPA and COx are shown in Figure 4.1 (a-c). The experimental

data correspond to the difference between the total amount of protons added and
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the consumption of protons by water, known inorganic species and LMWOA shown

in Figure 4.1 (d-f). In all samples, the binding of protons by unknown ligands in-

creased with decreasing pH. The resulting fits of the experimental data assuming one

lowaffinity (LH,1) and one high-affinity (LH,2) proton binding components are shown

in Figure 4.1 (a-c, solid lines). The fitting parameters are reported in Table 4.1. A good

description of the proton binding data was achieved both for the OPA pore water (R2

= 0.88) and the SPW extracts of OPA (R2 = 0.94) and COx (R2 = 0.95). In the OPA pore

water, the high-affinity and low-affinity proton binding ligands amounted to 55 and

202 µM, respectively with corresponding proton binding constants log K of 4.76 and

8.65 (K= {HLH,i}
{H+}{LH,i}

for i=1; 2). The amount and the binding constant of the high-affinity

(17 µM, log K 4.94) and low-affinity proton binding components (136 µM, log K 8.27)

differed in the OPA SPW extract, implying that the DOM present in the pore water

may be chemically different to DOM in the SPW extract. The fit of the COx SPW

extract data indicated the presence of 20 µM and 126 µM of unknown compounds

having proton binding constants (log K) of 5.05 and 9.11, respectively. The proton

binding constant fitted in the acidic range (log K 4.76 - 5.05) may indicate the presence

of organic acids such as fatty acids, which were also qualitatively identified by GC-

MS in the samples (results not shown). With the assumption that all proton binding

observed in the acidic range was explained by unknown organic ligands, the number

of charged groups per mole of carbon was found to range from 11.1 mmol/molC in

the COx SPW extract to 66.6 mmol/molC in the OPA pore water. The calculated val-

ues indicate that on average, DOC may be composed of compounds having one acidic

proton binding group per 15 to 90 carbon atoms. Unknown ligands buffering protons

in the alkaline range (log K 8.27 - 9.11) may consist of phenolics or sulfhydryls. The

presence of amino-groups can be excluded based on the analysis of total dissolved

nitrogen and ammonium concentrations using a colorimetric method (Weatherburn,

1967). Assuming that all proton buffering observed in the alkaline range was due to

unknown organic ligands, values ranging from 70.0 mmol/molC in the COx SPW ex-

tract to 242.5 mmol/molC in the OPA pore water were calculated for the number of

charged groups per mol of carbon. These values are very high and would imply that

the OPA pore water DOC possessed one functional group per 4 carbon atoms. The

results suggest that the proton buffering in the alkaline range may not only be due

to unknown organic compounds, but also be due to unknown reactions of inorganic

components.

Figure 4.1 (d-f) shows the individual contributions of water, known inorganic com-

ponents, LMWOA and the unknown ligands on the total proton buffering capacity

of the samples. The carbonate content of the samples was deduced from the initial
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Figure 4.1: Acid-base titrations of the Opalinus Clay (OPA) pore water (BWS-A1, sampled in
2006), synthetic pore water (SPW) extract of OPA rock material (BHE-D0), and SPW extract of
Callovo-Oxfordian (COx) rock material (REP2205). Symbols represent the proton consump-
tion of unknown organic compounds in a) OPA pore water, b) OPA SPW extract, and c) COx
SPW extract calculated from experimental data as the difference between total amount of pro-
tons added and protons consumed by H2O, known inorganic ions (without HCO3

−), and low
molecular weight organic acids (LMWOA). Lines are model fits. The contributions of H2O,
known inorganic salts, LMWOA, and the unknown DOM to the proton binding capacity of
OPA pore water, SPW extract of OPA rock material, and SPW extract of COx rock material
are shown in panels d, e and f, respectively. Circles represent the pH values at the start of
the titration experiments. The positions of the circles on the y-axis correspond to the initially
present amounts of HCO3

− of 1.38 mM (d), 0.44 mM (e), and 0.88 mM (f) at the beginning of
the titration experiments.
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Table 4.1: Concentrations of proton and Eu binding ligands and respective affinity constants
as fitted from acid-base titration and differential pulse voltammetry data of the Opalinus Clay
(OPA) pore water (BWS-A1, collected in 2006), the OPA synthetic pore water (SPW) extract
(BHE-D0), and the Callovo-Oxfordian (COx) SPW extract (REP2205). For modeling proton
binding, the presence of two ligands, LH,1 and LH,2, was assumed. For Eu binding, only one
ligand, LEu, was assumed. n.d. denotes not determined. alog K values for proton binding are
given for I = 0 and 25 ◦C defined as L−

H,i + H+ 
 HLH,i for i=1; 2. blog β for Eu3+ binding is
given for I = 0 and 25 ◦C defined as L−

Eu + Eu3+ 
 HLEu
2+.

OPA COX
Pore water SPW extract SPW extract

Acid-base titration
- concentration of LH,1 µM 202 136 126
- binding affinity of LH,1 log K a 8.65 8.27 9.11
- concentration of LH,2 µM 55 17 20
- binding affinity of LH,2 log K a 4.76 4.94 5.05
- correlation between fit and data R2 0.88 0.94 0.95
Eu-Voltammetry
- concentration of LEu µM 14.3 <2 <2
- binding affinity log β b 6.5 n.d. n.d.
- correlation between Fit and data R2 0.97 n.d. n.d.

amount of protons required to remove the carbonate (represented by the y-axis posi-

tion of the starting points in Figure 4.1 (d-f)), divided by the sample volumes. Car-

bonates amounted to 1.38 mM, 0.44 mM and 0.88 mM in the OPA pore water and the

SPW extracts of OPA and COx, respectively. These results are in good agreement with

the TIC analysis (Table B1, Appendix B) and demonstrate that the carbonate species

dominate the proton buffering under in-situ conditions. After carbonate, protons were

mostly consumed by water and to a very small extent by LMWOA in the acidic pH

range. At alkaline pH-values, the proton buffering can be mostly explained by metal

hydrolysis. Compared to the mentioned inorganic species, unknown organic ligands

present in the samples only consumed small amounts of protons.

4.3.3 Curium binding

The TRLFS spectra of the CO2-free OPA pore water and SPW extracts of OPA and COx

are presented in Figure 2. The contribution of Cm3+-organic complexes (Cm-DOM)

was obtained by subtracting the relative contribution of the inorganic Cm complexes

measured in the respective SPW solutions spiked with Cm from the original spectra of

the samples. In the OPA pore water, the organic Cm complexes exhibited a maximum

peak at 602 nm. Given the integrated area of the difference spectrum, we estimated
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that 51% of the total Cm was complexed by organic ligands in the CO2-free pore water.

Compared to the OPA pore water, the intensities of the difference spectra were signif-

icantly lower in the SPW extracts of OPA and COx. Only 14% and 9% of the Cm was

estimated to be complexed by DOM in the CO2-free SPW extracts of OPA and COx,

respectively, while the peak maximum was positioned at a similar wavelength around

600 nm. This result indicates that the DOM in the OPA pore water exhibits a higher

affinity for Cm than the DOM extracted with SPW from OPA. The data clearly showed

that in the absence of carbonate, DOM in the pore water and the SPW extracts of OPA

and COx complexed Cm to a significant extent. However, a binding constant from the

TRLFS data could not be derived because sorption of Cm on the glass cell occurred

during the measurements. Therefore, DPV measurements were conducted using Eu3+

as a non-radioactive analogue for trivalent actinides in order to derive Eu3+ binding

constants for DOM in OPA and COx.

4.3.4 Europium binding

Figure 4.3 (a-c) shows the influence of the OPA pore water DOM, and the DOM

extracted with SPW from OPA and COx rocks on the measured DPV signals. The

amount of labile Eu represented by the DPV signals was less in the presence of the

OPA pore water DOM compared to the SPW blank. In the SPW extracts of OPA and

COx, the peak current remained the same as in the corresponding SPW blank demon-

strating that for total Eu concentrations above the detection limit of 1 µM, DOM ex-

tracted with SPW did not significantly influence the Eu speciation. For the interpre-

tation of the DPV signals, the electrochemical lability of the Eu-DOM complex was

investigated additionally. At a given Eu concentration, the peak current was lower

and the potential was shifted from -595 to -615 mV in the presence of OPA pore water

DOM (Figure 4.3a). According to Buffle and Tercier-Waeber (2000), the data suggested

that the OPA pore water DOM formed non-labile Eu-complexes, exhibiting diffusion

coefficients comparable to free Eu3+ ions. Similar conclusions were drawn for the Eu-

EDTA complexes under identical experimental conditions.

The results of the modeling assuming the formation of a 1-to-1 EuLEu complex and

a mixed LEu-Eu-EDTA complex in the OPA pore water are summarized in Table 4.1

and Figure 4.3a. From the fitting of experimental data, an amount of 14.3 µM of un-

known organic ligands with a conditional affinity constant log β of 6.50 was estimated

(β= {EuLEu}
{Eu3+}{LEu}

). The log β value was 25.75 for the mixed LEu-Eu-EDTA complex. A

very good description of the data (R2=0.97) was achieved with this description (Figure

4.3a). Assuming further complexes such as Eu(LEu)2 and Eu(LEu)3 or a second type of

unknown ligand (LEu,2) did not improve the fits. Regarding the SPW extracts of OPA



4.3. Results and discussion 91

570 580 590 600 610 620 630

570 580 590 600 610 620 630

570 580 590 600 610 620 630

(a)

Cm-DOM

Cm in OPA pore water

Cm in OPA SPW

 

 

F
lu

o
re

s
c
e

n
c
e

 e
m

is
s
io

n
 

Wavelength [nm]

(b)

Cm-DOM

Cm in OPA SPW

Cm in OPA 

SPW extract

 

 

F
lu

o
re

s
c
e

n
c
e

 e
m

is
s
io

n
 

Wavelength [nm]

(c)

Cm in COx 

SPW extract

Cm in COx SPW

Cm-DOM

 

 

F
lu

o
re

s
c
e

n
c
e

 e
m

is
s
io

n
 

Wavelength [nm]

Figure 4.2: Normalized fluorescence emission spectra of Cm3+ spiked CO2-free a) Opalinus
Clay (OPA) pore water (BWS-A1, sampled in 2006), b) synthetic pore water (SPW) extract of
OPA rock material (BHE-D0), and c) SPW extract of Callovo-Oxfordian (COx) rock material
(REP2205). The plots depict the overall spectra as well as the relative contributions of the
inorganic Cm-complexes (Cm in OPA SPW and Cm in COx SPW) and the organic Cm species
(Cm-DOM).
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Figure 4.3: Eu3+ titration of CO2-free a) Opalinus Clay (OPA) pore water (BWS-A1, sampled
in 2006), b) synthetic pore water (SPW) extract of OPA rock material (BHE-D0), and c) SPW
extract of Callovo-Oxfordian (COx) rock material (REP2205) using differential-pulse voltam-
metry. For each sample, the corresponding SPW was used for calibration. Symbols represent
the measured peak current ip plotted as a function of the total europium concentration in so-
lution. Straight solid lines correspond to calibrations based on data from SPW. Dotted lines
correspond to fits of Eu titrations of OPA pore water in the presence and absence of added
EDTA.
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and COx (Figure 4.3b and c), no change in the peak currents were detected compared

to the corresponding blank solutions indicating that less than 2 µM of strong organic

ligands are present in the SPW extracts of OPA and COx. Therefore, fitting of the ex-

perimental data and determination of Eu binding constant could not be performed for

the rock extracts.

The Eu speciation calculated for the CO2-free OPA pore water with ECOSAT (Keizer

and van Riemsdijk, 1998) revealed that for total Eu concentrations of less than 1.2·10−5

M, Eu-DOM complexes were the predominant species in the CO2-free pore water rep-

resenting about 60% of total Eu. This result agrees well with the TRLFS data showing

that 51% of Cm was bound to DOM in the CO2-free OPA pore water sample.

4.3.5 Speciation of Eu under in-situ conditions

The speciation of Eu in the pore waters of OPA and COx was calculated to estimate

the influence of the DOM on the fate of Eu under in-situ conditions. The input data

included the carbonate content and the concentrations of all known inorganic compo-

nents and LMWOA (Table B1, Appendix B). In addition, the calculations comprised

the amount and Eu binding constant of the strong organic ligand determined from

DPV measurements using OPA pore water (Table 4.1). The corresponding speciation

of Eu calculated with ECOSAT (Keizer and van Riemsdijk, 1998) is presented in Fig-

ure 4.4a. The results demonstrated that under in-situ conditions, the carbonate species

EuCO3
− dominated the speciation of Eu in the OPA pore water, representing up to

54% of total dissolved Eu. The second most important species, amounting up to 29%

of total dissolved Eu in the pore water, were calculated to be the Eu-DOM complexes,

followed by EuSO4
+ and free Eu3+, which contributed to total dissolved Eu by 7% and

5%, respectively. The contributions of the remaining species including chlorides and

hydroxides species were less significant and jointly represented 5% of total dissolved

Eu. The solubility of Eu was limited to 1.7·10−7 in the OPA pore water due to the for-

mation of EuOHCO3. The data revealed that the presence of DOM may enhance the

solubility of Eu in the OPA pore water, but only by a maximum surplus of approxi-

mately 5·10−8 M. For the COx pore water, only rough estimates can be calculated since

the amount of pore water from the COx formation was too low to perform complex-

ation studies and the amounts of strong organic ligands in the COx SPW extract was

insufficient (< 2 µM) to reliably estimate Eu binding constants. Therefore, the predic-

tions of the Eu speciation were calculated under the assumption that DOM in the COx

pore water had a similar affinity for Eu as in the OPA pore water. A first forward spe-

ciation calculation was computed with an organic ligand concentration of 2 µM. The

corresponding speciation is shown in Figure 4.4b. The calculations revealed that the
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Figure 4.4: Eu3+ speciation calculated for a) Opalinus Clay (OPA) pore water (BWS-A1, com-
position in Table B1, Appendix B) containing 1.39 mM HCO3

− and 14.3 µM of strong organic
ligand as determined by voltammetry, and b) Callovo-Oxfordian (COx) pore water (PAC 1002,
composition in Table B1, Appendix B) containing 1.56 mM HCO3

− and an assumed strong
organic ligand concentration of 2 µM.
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carbonate species EuCO3
+ dominated in the COx pore water (72% of total dissolved

Eu), followed by EuSO4
+ (15%) and Eu-DOM (4%). As in the OPA pore water, the

solubility of Eu in the COx pore water was controlled by the formation of EuOHCO3,

limiting the total dissolved Eu concentration to 1.5·10−7 M . Since the DOM in the

OPA pore water showed higher affinity for Eu compared to the DOM extracted with

SPW from crushed OPA rock, concentrations of strong organic ligands may also be

elevated in the COx pore water compared to the SPW extract. But even if 20 µM of

strong organic ligands were present in COx pore water, carbonates would still domi-

nate the speciation and solubility of Eu in solution (not shown). The solubility of Eu

was calculated to be increased by approximately 5·10−8 M for 20 µM of strong organic

ligands. Our results show that under in-situ conditions, the speciation of Eu is largely

controlled by the presence of carbonates in both pore waters. For OPA, the DOM may

influence the solution speciation of trivalent cations substantially. For COx, the low

content of strong organic ligands observed in the SPW extract alone did not allow a

reliable estimation of the in-situ amounts of strong organic ligands in the pore water

and their binding constants with respect to trivalent metal cations.
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Chapter 5

Conclusions

This study aimed at investigating dissolved organic matter (DOM) of the Opalinus

Clay (OPA) and the Callovo-Oxfordian (COx) formations, which may act as a potential

carrier for the transport of radionuclides. In the following, an overview of the most

important findings of this thesis is presented along with possible extensions in this

research field.

The analysis of the anoxic pore water samples revealed that dissolved organic

carbon (DOC) concentrations varied from 1.1 to 18 mg/L in the OPA pore waters

and reached 56.7 mg/L in one of the first pore water sample ever collected from the

COx formation. Most of the pore water DOM consisted of hydrophilic low molecu-

lar weight compounds (<500 Da) for both rocks. In addition, a significant portion of

these hydrophilic compounds were identified as low molecular weight organic acids

(LMWOA) such as acetate, malate, formate, lactate and propionate. They represented

up to 36% of the DOC in the OPA pore waters and 88% of the total DOC in the COx

pore water. The predominance of acetate observed in the COx pore water may possi-

bly be indicative of bacterial activity in the borehole. The results imply that the early

pore water sample may be altered by the installation of the sampling devices carried

out in November 2005. Reequilibration of the pore water with the surrounding rock

material may be not be achieved, yet. The composition of the OPA pore waters was

rather stable in the period 2003 to 2006 indicating that the pore waters are in quasi-

equilibrium with the surrounding rock material almost 10 years after the drilling of the

BWS boreholes (Appendix A). Because of the uncertainties related to the single use of

pore water samples and the additional limited amounts of pore water and DOC avail-

able from both formations, rock extractions were required to investigate the in-situ

DOM further.

Investigating various parameters for the extraction of DOM from the rock sam-
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ples proved to be extremely useful to determine a suitable extraction procedure and

to evaluate their influences on the nature of the isolated DOM. The systematic evalu-

ation of the extraction parameters provided evidence that, under strictly anoxic con-

ditions, a minimum solid-to-liquid ratio of 1500 g/L and an extraction time of 1 day

were needed to release DOC concentrations representing in-situ conditions. In ad-

dition, the data revealed that the investigated extractants, i.e., deionized water, SPW

and 0.1 M NaOH, had a significant effect on the size distribution of the hydrophilic

DOM isolated from the OPA rock material. This effect was less pronounced for the

DOM extracted from the COx rock. In general, the SPW extracts were most similar

to the pore waters. Therefore, SPW was selected as the extractant of choice to extract

representative DOM from the rocks.

The effect of a short-term exposure of the rock material to O2 during crushing and

the effect of an acid-pretreatment of the rock materials before the extractions as com-

monly found in the literature were further examined. The influence of the short-term

exposure of the rock materials to O2 was characterized by an increase of the DOC ex-

traction yields and a shift of the size distribution of the hydrophilic DOM towards

higher molecular weight compounds for the OPA and towards smaller molecular

weights for the COx extracts. This findings demonstrated that strictly anoxic con-

ditions during sampling, sample storage and analysis are required to study the nature

of DOM representing in-situ conditions. Evaluating the effect of an acid-pretreatment

on the rock material revealed that approximately two thirds of the total acid-base-

extractable DOM was trapped in the carbonate matrix for both OPA and COx forma-

tions. The DOM isolated from the acid-pretreated rock materials contained higher

molecular weight compounds which were not observed in the extracts of non pretrea-

ted rocks. In addition, only a very small fraction of the total organic carbon contents

(< 1.12%) was extracted during the sequential acid-base extractions. These results

demonstrated the need to use pristine rock material (not acid-pretreated and pre-

served under anoxic conditions) for the extraction of DOM and showed that most

of the organic matter is very strongly bound to the mineral phases in both rocks.

The characterization of the DOM in the anoxic extracts of non-pretreated rock ma-

terials revealed that less than 0.05 % of the total organic carbon content were released

as DOC, particularly the SPW extracts. As in the pore waters, hydrophilic low molec-

ular weight organic compounds (< 500 Da) represented the major part of the DOM for

both rocks, namely 55 to 80% of the total DOC. A large portion of these hydrophilic

compounds were identified to be LMWOA such as acetate, propionate, lactate and

formate. LMWOA represented 20 to 36% of the DOC in the anoxic OPA extracts and

only 10 to 21% of the DOC in the COx anoxic extracts. In the OPA SPW extracts, the
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LMWOA content was the same as in the pore water and amounted to 36% of the DOC.

Regarding the COx extracts, the LMWOA content were smaller than in the pore water

sample where they reached 88% of the DOC. This difference may arise from the het-

erogeneity of the rock material, a more effective DOM filtration by the rock formation

compared to laboratory extractions, or possibly, bacterial activity in the pore water. In

general, the anoxic SPW extracts were most similar to the pore waters regarding back-

ground salt concentrations, DOC concentrations, size distributions of the hydrophilic

DOM and LMWOA contents. Because of the uncertainties related to the sampling of

unaltered pore water samples and to the simulation of the natural release of DOM by

the tested extraction procedures, this work clearly demonstrated the need to investi-

gate DOM both in in-situ pore water samples and SPW anoxic extracts of pristine rock

materials for both the OPA and COx formations.

We showed in this study that the pore water DOM was best simulated by the

anoxic SPW extract for both rocks. In those samples, a large fraction of the DOM

was composed of hydrophilic low molecular weight organic molecules (< 500 Da),

which are smaller than the average pore size of the rocks (average pore size < 0.1

µm). These properties potentially allow these compounds to be mobile through the

rocks by diffusion mechanisms. A significant portion of these hydrophilic molecules

consists of LMWOA. These LMWOA are supposed to not bind the radionuclides to a

significant extent. However, the remaining unknown fraction of the DOM could con-

tain high affinity ligand for radionuclides. In Chapter 4, the reactivity of the DOM was

investigated using pore water and SPW extracts. For the COx formation, the amount

of pore water was too limited to study the reactivity of the DOM, the reactivity as-

sessment was thus performed in anoxic SPW extract, only. The acid-base titrations

revealed that in the OPA pore water and SPW extracts of both rocks, protons were

mostly buffered by inorganic compounds, i.e., mainly by carbonates and to a less ex-

tent also by ammonium, borate, and silicate in the alkaline pH range and by the iden-

tified low molecular weight organic acids in the acidic pH range. Overall, the results

indicated that the DOM only contributed to a minor extent of the total proton buffer-

ing capacity of OPA and COX pore waters and SPW extracts. The analysis of Cm3+

and Eu3+ complexation by the OPA pore water DOM and SPW-extracted DOM from

both rocks indicated that the OPA pore water DOM contained 14.3 µM of functional

groups complexing Europium with a mean binding constant log β=6.50. In the SPW

extracts, only weak binding of Cm was detected, bu no Eu binding. The data showed

a pronounced difference between the pore water DOM and the SPW extracted DOM

for the OPA formation. Consequently, the simultaneous study of both anoxic SPW

extracts and pore water samples are needed to investigate the reactivity of the DOM
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in the two formations. The data also provided evidence that DOM must be taken into

account in the forward speciation calculations of radionuclides within the host rock.

For safety assessment, it is advised to use the highest binding constants measured ei-

ther in the pore water or in the anoxic extracts to evaluate the influence of DOM on the

speciation of radionuclides within the host formation. The speciation calculations for

in-situ conditions indicated that carbonates largely controlled the speciation of Eu and

indicated that DOM enhanced the solubility of Eu by a maximum surplus of 5x10−8

M for the OPA formation, representing about one third of the total dissolved Eu. For

COx DOM, a Eu binding constant could not be derived since the observed binding in

SPW extracts was too low and pore water was not available at sufficient quantities.

Therefore, more data on COx pore water DOM is required to evaluate the influence of

DOM on the speciation of Eu in the COx formation.

DOM with high affinity for trivalent cations (e.g., Eu) was found in the OPA pore

waters. However, the mobility of the identified Eu-DOM complex still needs to be as-

sessed. Such an evaluation requires a comprehensive understanding of the diffusion

properties of the DOM and the Eu-DOM complex as well as the sorption and disso-

lution mechanisms involving the solid, mineral and organic phases. While the DOM

alone possesses a negative charge, the Eu-DOM complex is positively charged. The in-

teractions of the Eu-DOM complex with the solid mineral and organic phases thus dif-

fers from the interactions of the DOM alone. In both the OPA and COx rocks, the solid

mineral phases are mainly composed of clay minerals, which are negatively charged

and calcite, which is positively charged under in-situ conditions (Somasundaran and

Agar, 1967). In addition, these mineral phases are likely to be coated by organic matter

under in situ-conditions, thereby increasing their overall negative charge. Sorption of

the Eu-DOM complexes is thus expected to occur onto non coated and coated solid,

mineral and organic phases. The transport of the radionuclides may therefore be re-

duced. To evaluate the fate and mobility of a given radionuclide OPA and COx forma-

tions requires knowledge on all the dissolved and solid phases of the systems. While

a strong emphasis has been given to characterize the solid mineral phases present in

the OPA and COx formations in the past years (e.g., Pearson et al., 2003, Rebours et

al., 2005) and recently, on the dissolved organic matter fraction (this study), additional

knowledge on the nature and reactivity of the solid organic phases is needed. Some

insights on this issue has been provided by the thesis from Brevet (2006) and previ-

ous work by e.g., Claret et al. (2002, 2003a, 2003b and 2005), Elie et al. (1999, 2000,

2004), Glaus et al. (2005) and Schäfer et al. (2003). However, a coherent picture on the

reactivity of the solid organic matter is still lacking. Further work in this area is still

needed.
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D.RP.ADPE.04.1110, Andra, Paris, France.
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Table A.1: Composition of the pore waters collected in the boreholes BWS-A1, BWS-A2 and
BWS-A3 at the Mont-Terri rock laboratory (St-Ursanne, Switzerland) between 2003 and 2006.
n.d. denotes not determined.

Samples pH EC Eh DOC TIC Na Mg Ca K Sr NH4 B Cl SO4

(-) (mS/cm) (mV) (mg/L) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM)

BWS-A1
2003
BWS-A16 7.3 21.3 -352 7.1 1.18 229 16.4 15.4 1.44 0.47 n.d. n.d. 257 11.4
BWS-A17 7.4 21.7 -346 11.7 1.46 227 16.2 15.3 1.44 0.46 n.d. n.d. 269 10.9
BWS-A18 7.2 20.3 -148 13.1 1.78 228 16.4 15.6 1.63 0.46 n.d. n.d. 270 12.2
BWS-A19 7.4 21.5 -295 12.6 1.76 228 16.4 15.6 2.00 0.47 n.d. n.d. 270 12.4
2004
BWS-A12 7.7 20.0 -79 15.5 1.67 240 16.3 15.7 1.40 0.46 0.52 0.18 261 14.6
BWS-A13 7.7 20.2 n.d. 15.7 1.60 233 16.4 15.3 1.28 0.45 0.48 0.20 249 10.3
BWS-A14 7.7 20.5 n.d. 15.8 1.55 231 16.2 15.1 1.26 0.44 0.50 0.20 250 10.3
BWS-A15 7.7 20.8 n.d. 18.0 1.37 229 16.2 15.1 1.26 0.44 0.62 0.21 252 9.4
BWS-A16 7.5 21.1 n.d. 15.3 1.40 234 16.3 15.1 1.28 0.45 0.74 0.19 246 9.8
BWS-A17 7.3 21.3 n.d. 14.8 1.35 241 16.8 15.5 1.37 0.46 0.61 0.22 271 9.6
2005
BWS-A11 7.6 20.5 80 5.7 1.48 211 16.2 16.0 1.45 0.47 n.d. 0.17 275 13.5
BWS-A12 7.4 19.6 96 3.6 1.66 207 16.0 16.0 1.40 0.47 n.d. 0.19 284 13.9
BWS-A13 7.7 20.5 93 7.1 1.41 211 16.2 16.1 1.42 0.47 n.d. 0.19 292 14.0
2006
BWS-A11 7.6 20.6 -105 10.0 1.39 215 16.8 16.5 1.45 0.47 0.51 0.20 308 15.6
BWS-A12 7.4 20.7 -10 5.6 1.58 210 16.7 16.6 1.47 0.47 0.56 0.21 264 14.3
BWS-A13 7.5 20.8 -4 2.9 1.73 227 17.3 16.9 1.60 0.49 0.47 0.22 284 15.2

BWS-A2
2003
BWS-A24 7.1 15.9 -212 5.5 3.87 166 10.2 10.4 1.09 0.47 n.d. n.d. 185 8.31
BWS-A25 7.1 16.8 -322 3.6 4.05 165 10.1 10.4 1.08 0.46 n.d. n.d. 186 8.69
2004
BWS-A21 7.3 15.6 -92 2.4 3.69 175 10.4 10.0 1.08 0.46 0.39 n.d. 164 6.72
2005
BWS-A21 8.0 13.8 115 4.6 3.32 157 9.74 10.6 1.22 0.49 n.d. 0.18 194 11.2

BWS-A3
2003
BWS-A31 7.2 12.1 -110 3.0 3.77 118 5.98 6.62 0.88 0.33 n.d. n.d. 121 6.67
BWS-A32 7.2 12.1 -115 2.6 3.77 118 5.98 6.64 0.87 0.33 n.d. n.d. 120 7.30
BWS-A33 7.2 12.2 -91 1.5 3.79 119 5.96 6.64 0.89 0.33 n.d. n.d. 118 7.05
2004
BWS-A31 7.5 12.1 -85 2.3 4.05 124 5.87 6.52 0.81 0.34 0.32 n.d. 111 5.49
BWS-A32 7.5 12.1 n.d. 2.3 3.87 126 5.91 6.59 0.84 0.35 0.56 n.d. 105 5.31
BWS-A33 7.3 12.0 n.d. 1.5 3.95 124 5.84 6.54 0.83 0.34 0.43 n.d. 115 5.81
BWS-A34 7.5 11.9 n.d. 1.7 3.87 124 5.88 6.56 0.83 0.34 0.19 n.d. 121 5.55
BWS-A35 7.3 12.1 n.d. 1.8 3.82 124 5.87 6.55 0.82 0.35 0.45 n.d. 116 5.30
BWS-A36 7.4 12.1 n.d. 1.1 3.81 127 5.98 6.61 0.86 0.35 0.38 n.d. 113 6.44
2005
BWS-A31 7.5 11.5 145 1.1 3.71 110 5.59 7.00 0.90 0.37 n.d. 0.17 131 8.41
BWS-A32 7.5 12.0 140 2.8 3.29 108 5.45 6.78 0.90 0.36 n.d. 0.17 127 8.00
2006
BWS-A31 7.5 14.5 -15 1.2 3.13 116 5.98 7.26 0.94 0.37 0.25 0.18 125 9.48
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B1. Pore water samples

The Opalinus Clay (OPA) pore water sample was collected in the OPA formation at

the Mont-Terri rock laboratory (St-Ursanne, Switzerland) from the borehole BWS-A1

in 2006. The borehole was drilled in 1996 with upward orientation, which allowed

the pore water to seep downwards from the formation into the borehole void located

in the upper part of the borehole. The void was flushed with nitrogen gas immedi-

ately after installing the borehole devices to limit the contact with oxygen (Pearson,

et al. 2003). The sampling glass bottle was rinsed thoroughly with deionized water

and heated to 500 ◦C for 3 hours before use. During sampling, the pre-cleaned glass

bottle was continuously flushed with nitrogen gas. The sealed bottle was stored under

anoxic conditions (O2 < 1 ppm) in a glove box (M. Braun, Germany). Prior to analysis,

the pore water sample was filtered through 0.45 µm cellulose nitrate filters (Schleicher

and Schuell, NC 45) pre-cleaned with deionized water. The main characteristics of the

pore water sample are given in Table B.1.

The available amounts of pore water from the Callovo-Oxfordian (COx) formation

were not sufficient to study the reactivity of COx DOM. Therefore, DOM was extracted

from COx rock materials as described in the following. For comparison, rock extracts

were also performed using OPA.

B2. Rock samples

The OPA rock material stemmed from the borehole BHE-D0 drilled in the Mont-Terri

rock laboratory (St-Ursanne, Switzerland). The sample used in this study was col-
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lected at a depth of 7.95-8.50 m from the drilling point with an overburden of approx-

imately 300 m. The COx core sample originated from the borehole REP2205 drilled

from the 445 level experimental gallery in the Meuse/Haute Marne rock laboratory

(Bure, France). For this study, we used the sample EST20877 collected at a burial depth

of 467.34-467.72 m. The total organic carbon (TOC) content of the cores BHE-D0 (OPA)

and REP2205 (COx) was 0.82% and 0.54%, respectively. In a glove box (O2 < 1 ppm),

the outer parts of the cores (2-5 cm) were removed and the central part was ground to

a grain size of less than 0.63 mm.

B3. Anoxic extractions

DOM was extracted from ground rock samples under strictly anoxic conditions (O2

< 1 ppm) in a glove box (M. Braun, Germany). To extract DOM being most similar

to in-situ pore water DOM, synthetic pore water (SPW, water containing all major

ions at pore water concentrations but no organic matter) was used as extractant. The

OPA and COx SPWs were synthesized by mixing known amounts of salts with O2-

free high-purity (18.2 MΩ.cm) deionized water (Milli-Q R©, Millipore, USA) following

Pearson (1999) and the recipe given in Chapter 2, respectively. The rock-extractions

were carried out in pre-cleaned Teflon centrifugation bottles at a solid-to-liquid ratio

of 1500 g/L (Chapters 2 and 3). The suspensions were agitated for 1 day in an end-

over-end shaker, centrifuged at 2500g for 1 hour, and filtered through pre-cleaned 0.45

µm cellulose nitrate filters (Schleicher and Schuell, NC 45). The main characteristics

of the SPWs and the corresponding extracts are given in Table B.1.

B4. Analyses of pore water and rock extracts

Total dissolved organic carbon (DOC) and total inorganic carbon (TIC) were measured

in the samples using a TOC-analyzer (TOC-5000, Shimadzu). Total concentrations of

Na, K, Ca, Mg, Sr, B, Al, Fe and Si were analyzed by ICP-OES (Varian, USA). The NH4

contents were determined colorimetrically (Weatherburn 1967). The concentrations of

Cl− and SO4
2− were measured by high performance anion chromatography using a

761 Compact IC system (Metrohm, Switzerland) connected to a Metrosep 500 analyt-

ical column (Metrohm, Switzerland) and a conductivity detector. The mobile phase

consisted of a carbonate eluent (NaHCO3 = 0.168 g/L and Na2CO3= 0.678 g/L) set to

a flow rate of 0.7 mL/min.

The low molecular weight organic acids (LMWOA) were identified and quantified

in the OPA pore water and SPW extracts of OPA and COx rock materials by high-
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performance liquid chromatography (761 Compact IC - Metrohm, Switzerland). The

column used to separate the LMWOA was a Metrosep organic acids column (7.8 x 250

mm, 10 µm particle size, Metrohm, Switzerland) connected to a conductivity detector.

The mobile phase consisted of 0.5 mM H2SO4 and 5% acetone. The injection volume

was 20 µL and the flow rate was set to 0.5 mL/min. A 50 mM LiCl solution served as

suppressor regenerant.

B5. Compositions of pore waters, rock extracts and syn-

thetic pore waters

Table B.1: Composition of the synthetic pore water (SPW) used for the extraction of Opal-
inus Clay (OPA) rock material, the corresponding SPW extract of OPA rock material (BHE-
D0), the OPA pore water (BWS-A1, sampled in 2006), the SPW used for the extraction of
Callovo-Oxfordian (COx) rock material, the corresponding SPW extract of COx rock mate-
rial (REP2205). For comparison, data on the pore water from the COx formation (PAC 1002)
presented in chapter 2 are listed. Values reported for OPA SPW and COx SPW are nominal.
n.d. denotes not determined.

OPA COx
SPW SPW Pore SPW SPW Pore

extract water extract water
pH (-) 7.7 7.6 7.6 7.0 7.2 7.5
Na (mM) 241 245 215 46.2 54.7 46.2
Mg (mM) 17.0 19.2 16.8 7.72 7.67 5.58
Ca (mM) 25.8 26.4 16.5 11.1 10.3 7.56
K (mM) 1.61 3.64 1.45 2.94 1.40 1.45
Sr (mM) 0.51 0.59 0.47 0.31 0.29 0.24
NH4 (mM) - 0.96 0.51 - 0.17 n.d.
Si (mM) - 0.20 0.10 - 0.27 0.27
B (mM) - 0.30 0.20 - 0.13 0.20
Fe (µM) - 4.17 11.5 - 1.57 n.d.
Al (µM) - 1.00 0.56 - 0.11 n.d.
Cl (mM) 300 307 308 41.6 42.1 41.0
SO4 (mM) 14.1 18.7 15.6 23.4 23.5 16.9
TIC (mM) 0.42 0.42 1.39 1.50 0.98 1.56
DOC (mg/L) <0.1 11.5 10.0 <0.1 21.6 56.7
acetate (µM) - 25 9 - 16 1865
formate (µM) - 8 16 - 10 2
lactate (µM) - 10 <1 - 8 8
propionate (µM) - <5 <5 - 6 127
LMWOA (% of DOC) - 9% 4% - 5% 88%
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B6. Stability constants for europium complexes

Table B.2: Stability constants for Eu3+ complexes. Values are given as log β for an ionic
strength I = 0 M at a temperature T = 25 ◦C. a from Hummel et al., 2002. b from Smith and
Martell 1976. c from Smith and Martell, 1989. d from Chapter 4.

Reaction log β
Eu3+ + H2O - H+ = Eu(OH)2+ -7.64 a

Eu3 + 2 H2O - 2 H+ = Eu(OH)+2 -15.10 a

Eu3 + 3 H2O - 3 H+ = Eu(OH)3 -23.70 a

Eu3 + 4 H2O - 4 H+ = Eu(OH)−4 -36.20 a

Eu3 + CO2−
3 = EuCO+

3 8.10 a

Eu3 + 2 CO2−
3 = Eu(CO3)−2 12.10 a

Eu3 + SO2−
4 = EuSO+

4 3.95 a

Eu3 + 2 SO2−
4 = Eu(SO4)−2 5.70 a

Eu3 + Cl− = EuCl2+ 1.10 a

Eu3 + 2 Cl− = Eu(Cl)+2 1.50 a

Eu3 + Acetate− = Eu-Acetate2+ 2.80 b

Eu3 + 2 Acetate− = Eu-(Acetate)+2 4.76 b

Eu3 + 3 Acetate− = Eu-(Acetate)3 5.59 b

Eu3 + Formate− = Eu-Formate2+ 2.07 b

Eu3 + 2 Formate− = Eu-(Formate)+2 3.06 b

Eu3 + Lactate− = Eu-Lactate2+ 3.62 b

Eu3 + 2 Lactate− = Eu-(Lactate)+2 6.30 b

Eu3 + 3 Lactate− = Eu-(Lactate)3 7.78 b

Eu3 + Propionate− = Eu-Propionate2+ 2.65 b

Eu3 + 2 Propionate− = Eu-(Propionate)+2 4.40 b

Eu3 + EDTA4− = Eu-EDTA− 19.99 c

Eu3 + L−
Eu = Eu-L2+

Eu (LEu represents unknown ligands in DOM) 6.50 d

Eu3 + 3 H2O - 3 H+ = Eu(OH)3(am) 17.60 a

Eu3 + 3 H2O - 3 H+ = Eu(OH)3(cr) 14.90 a

2 Eu3 + 3 CO2−
3 = Eu2(CO3)3(s) -35.00 a

Eu3 + OH− + CO2−
3 = Eu(OH)(CO3)(s) -21.70 a
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