
The role of organic matter in the colloid mobility and solid-liquid 
distribution of naturally abundant lanthanides and actinides: Case of the 
Boom Clay formation

Muriel Bouby a,* , Ugras Kaplan a,1, Frank W. Geyer a, Alexander Lunz a, Horst Geckeis a,  
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A B S T R A C T

In Belgium, deep geological disposal of radioactive waste is envisaged in poorly indurated clay formations like 
the Boom Clay (BC). In the present work we applied the Asymmetrical Flow Field-Flow Fractionation coupled to 
a UV-Vis spectrophotometer (AsFlFFF-UV) as well as the Liquid Chromatography coupled to Organic Carbon 
Detection, UV and ICP-MS (LC-OCD-UV-ICP-MS) to study dissolved organic matter (DOM) mobility. Small sized 
DOM fractions (<7 nm) are detected in all BC porewaters (BCPW) where the maximum of the species size dis
tribution is at a hydrodynamic diameter of ~1.8-1.9 nm. Pore waters originating from or influenced by the 
double band (DB) structure exhibit a multimodal size distribution ranging to larger sized colloidal entities up to 
~30 nm. The findings support the outcome of earlier investigations stating that the inter layer mobility of DOM 
in BC apparently is restricted to species with a diameter of <7 nm. Trace elements (Fe, Mn, Ni, lanthanides, Th, 
U) reveal a variable and complex association with colloidal species in BCPW and BC leachates where FeOOH/ 
DOM aggregates play a role. An attempt is made to derive so-called in-situ Kd(OM)-values i.e. the distribution of 
naturally abundant lanthanides and actinides between dissolved OM in BCPW and OM being extractable from 
solid BC samples by a leaching step using 15 mM NaHCO3 solution. Results are compared with laboratory Kd- 
values described in the literature and point to the significant contribution of the immobile OM to lanthanide and 
actinide retention.

1. Introduction

Natural organic matter (NOM) is ubiquitous in the environment, 
occurring in all soils, waters, and sediments (Aiken et al., 1985; Suffet 
et al., 1989; Davies et al., 1998; Ghabbour et al., 2000; Clapp et al., 
2001). It possesses a large variety of properties coming from its detrital 
nature, its origin from various sources (e.g. marine and terrestrial res
ervoirs), and its different formation pathways (degradation, oxidation, 
polymerisation, …). NOM is therefore heterogeneous by definition 
related to size, elemental composition, structure, and functional entities 
(Swift, 1999; Piccolo, 2001; Simpson et al., 2002; Sutton et al., 2005). 
Humic substances refer to that part of NOM, which has already under
gone severe transformation and decomposition after deposition. The 

NOM in Boom Clay can be classified as consisting solely of humic sub
stances considering the formation pathways and the diagenetic history. 
The fraction of the NOM pool, which can be solubilised in aqueous so
lution is referred to as dissolved organic matter (DOM). DOM is sub
divided into humic and fulvic acids. Humic acids (HA) are insoluble at 
acidic pH values (pH < 2) but are soluble for higher pH values (Aiken 
et al., 1985). HA are typically composed of larger macromolecules. 
Fulvic acids (FA) are soluble in water at all pH values and are composed 
of smaller molecules (Aiken et al., 1985). For more than three decades, 
HA and FA are the most studied fractions of NOM in soil science due to 
their ability to complex radionuclides (RNs) and toxic metals (Kim et al., 
1987; Moulin et al., 1992; Choppin, 1992; McCarthy et al., 1998; 
Geckeis et al., 2003; Suteerapataranon et al., 2006; Reiller et al., 2012; 
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Maes et al., 2011).
Poorly indurated clay formations like the Oligocene Boom Clay (BC) 

are envisaged by the Belgian Agency for Radioactive Waste and enriched 
Fissile Material (ONDRAF/NIRAS) as a possible deep geological host 
formation for radioactive waste disposal. Compared to other argilla
ceous formations studied in the European context of radioactive wastes 
geological disposal, the BC contains substantial amounts of organic 
matter (OM) of low maturity (total organic carbon (TOC) content 1-5 wt 
%). The NOM pool is distributed between the liquid and the solid phase. 
The BC OM was already subject of detailed petrographic 
(Vandenberghe, 1978) and geochemical studies (Laenen, 1997). Over
views of BC OM and their characteristics are available from e.g. (Van 
Geet et al., 2003). Recent studies focused on “undisturbed” samples 
typical for the Mol-Dessel region (Belgium) (Deniau et al., 2001; Blan
chart et al., 2012). The results of around 200 analyses show that the 
present day BC pore water (BCPW) at the Mol site is a dilute NaHCO3 
solution of 10-20 mM with a pH slightly above 8, a negative Eh potential 
(− 200 to − 400 mV) and containing a significant amount of dissolved 
organic carbon (88 ± 67 mgC/L) (Wang et al., 2023; Honty et al., 2022) 
(see Table 1). The Na+, Cl− , I− concentrations and alkalinity increase 
with the depth of the BC layer over a thickness of 65 m around the 
underground laboratory (HADES URL, Mol, Belgium) located at 200 m 
below sea level. The water type and the concentration profile observed 
in the upper (meteoric) and lower (marine type) aquifers create a con
centration gradient which consistently explains these trends, thus 
interpreted as diffusion-controlled transport of originally marine BC 
pore water after sea regression and further sediment burial (Wang et al., 
2023).

The determination of any variability in the concentration and the 
size distribution of BC DOM collected from the HADES URL, Mol, 
Belgium has been subject of detailed studies (Durce et al., 2015, 2016, 
2018). They show that due to its low maturity and relatively high O/C 
ratio, the total OM pool is able to generate a relatively high concen
tration of DOM in BCPW with mostly less than 10 nm (hydrodynamic 
diameter) in size, even though only less than 0.2% of the total organic 
matter content (TOC) in the BC is found dissolved in BCPWs. Only a 
DOM size fraction with hydrodynamic diameter <6 nm was found to be 
mobile (Durce et al., 2015) due to the confined pore structure of the 
Boom Clay at the Mol-Dessel reference site where the HADES URL is 
located, with a BC pore throat diameter determined at 6.6-7.6 nm (Durce 
et al., 2018), i.e. the diameter of those pores in the sedimentary rock, 
which is available for colloids or macromolecules to pass. Leaching DOM 
from BC samples in the laboratory generates larger species and accounts 
for approximately 12 % of the TOC (Durce et al., 2015). The TOC content 
(and to a lesser extent the hydrogen index of the kerogen) controls the 
concentration of the leachable DOM (Durce et al., 2015). The high 

fraction of leachable TOC consisting of relatively larger sized DOM en
tities as compared to the BCPW DOM points to the preferential retention 
or filtration of large sized organic macromolecules leaving only smaller 
ones in pore waters. Only in those layers consisting of siltier and/or 
sandy layers, also larger sized DOM species can be mobile (Durce et al., 
2015).

Previous size characterization of DOM was carried out by using the 
size exclusion chromatography (SEC) technique coupled to a UV-Visible 
spectrophotometer used at a fixed detection wavelength (280 nm) 
(Durce et al., 2015, 2016, 2018). SEC in general provides a high size 
resolution (Pelekani et al., 1999; Perminova et al., 2003; Striegel et al., 
2009; Chin et al., 1994), however, exhibits in many cases a limited 
working range so that some material is eluted directly at the “so-called” 
exclusion limit, as observed in (Durce et al., 2015). Detailed information 
on the larger sized DOM fractions could often thus not be obtained.

In the present work we used the asymmetrical flow field-flow frac
tionation (AsFlFFF), coupled on-line to a UV-Vis detector and liquid (size 
exclusion) chromatography (LC) with organic carbon, UV-Vis and ICP- 
MS detection. Both methods can be flexibly operated to analyse 
colloidal material with broad size distributions (see e.g. (Giddings et al., 
1976; Beckett et al., 1987; Schimpf and Petteys, 1997; Schimpf et al., 
2000; Ngo Manh et al., 2001; Huber et al., 1991; Huber et al., 2011; Tasi 
et al., 2024)). The application of ICP-MS as a detector allows for the 
multi-element analysis in colloidal matter as a function of colloid 
diameter (Taylor et al., 1992; Hasselöv et al., 1999; Bouby et al., 2008, 
2012). We specifically looked at naturally abundant trace elements like 
U, Th and the lanthanides in different DOM samples in order to draw 
conclusions on the potential behaviour of radioactive waste derived 
radionuclides in BC systems. Samples were BC pore waters extracted 
from various piezometer filters installed at the HADES underground lab 
in Mol, Belgium and DOM released from solid BC samples by leaching. 
The aim of the study is related to three topics: 

- Identification of the potential inter layer mobility of measured 
colloidal species and associated metal ions.

- Characterization of the BC colloid composition including trace 
inorganic components.

- Quantification of the naturally abundant lanthanide, U and Th dis
tribution between BC porewater and Boom Clay leachate solutions 
and derive estimates for the role of immobile clay mineral associated 
OM for lanthanide and actinide retention.

2. Material and methods

The pore waters and solid clay samples were provided by Euridice, a 
general Partnership between ONDRAF/NIRAS, the Belgian Agency for 

Table 1 
BCPW composition.

mg/L BCPW at the Mol sitea SPRINGb SPRINGc Morpheus F4c Morpheus F8c Morpheus F12c Morpheus F20c

pH lab.d 8.5 ± 0.4 ​ ​ 8.80 ± 0.01 8.73 ± 0.01 8.80 ± 0.02 8.82 ± 0.03 8.78 ± 0.01
Eh lab.d (mV) − 220 to − 400 ​ ​ − 170 ± 20 − 188 ± 50 − 227 ± 50 − 197 ± 50 − 203 ± 30
Na 308 ± 58 298 390 302 ± 2.2 % 314 ± 3.1 % 275 ± 1.5 % 351 ± 1.7 % 314 ± 2.5 %
K 8 ± 2 8.7 12.0 6.8 ± 3.0 % 7.5 ± 3.9 % 7.36 ± 0.6 % 7.31 ± 2.1 % 5.4 ± 3.8 %
Mg 1.7 ± 0.6 1.9 4.0 3.0 ± 1.1 % 1.5 ± 0.2 % 1.78 ± 1.5 % 2.33 ± 2.7 % 1.73 ± 1.2 %
Ca 2.4 ± 1 2.2 4.7 2.7 ± 0.7 % 1.3 ± 1.4 % 1.82 ± 1.2 % 2.07 ± 0.6 % 1.47 ± 0.3 %
Fe 0.3 ± 0.4 0.3 1.2 0.4 ± 1.2 % 0.26 ± 0.2 % 1.02 ± 0.8 % 0.30 ± 0.2 % 0.22 ± 1.6 %
Al 0.05 ± 0.04 ​ ​ <0.04 <0.04 0.07 ± 3.7 % <0.04 <0.04
Si 5 ± 3 2.6 4.5 4.6 ± 0.2 % 5.9 ± 1.3 % 5.6 ± 1.1 % 5.9 ± 0.7 % 5.4 ± 1.3 %
F− 2.4 ± 0.7 2.6 2.9 2.78 ± 0.02 % 2.46 ± 4.2 % 3.22 ± 0.3 % 2.77 ± 0.01 % 2.46 ± 0.32 %
Cl− 20 ± 5 18.5 24.8 19.4 ± 0.5 % 19.2 ± 4.6 % 29.3 ± 2.1 % 23.3 ± 2.5 % 21.5 ± 1.1 %
SO4

2- 2 ± 2 <0.25 4.2 0.16 ± 17 % 0.79 ± 9.7 % 0.49 ± 40 % 0.58 ± 7.1 % 1.54 ± 3.6 %
DOC 88 ± 67 n/a ​ 71 ± 7.0 % 76 ± 6.6 % 131 ± 35 % 87 ± 15 % 85 ± 33 %

a Mean values derived from 195 water samples (Wang et al., 2023; Honty et al., 2022).
b Data from (De Craen et al., 2004).
c This work.
d As determined in the Ar glove box just after the opening of the Swagelok containers.
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Radioactive waste and Enriched Fissile Materials, and SCK.CEN in 
charge of the management of the HADES underground research labo
ratory (URL) (Mol, Belgium) (see (Van Geet et al., 2023) for the HADES 
URL history).

2.1. Pore water samples: BCPW

Boom Clay pore water (BCPW) samples come from two piezometers, 
namely Spring (TD-116E) and Morpheus (TD-11D). The sampling 
campaign was done in October 2023. A detailed description of these 
piezometers can be found in (De Craen et al., 2004, 2019). Samples were 
taken in Argon pre-flushed stainless-steel containers (Swagelok®). This 
sampling procedure preserves the original waters and protect them from 
photodegradation (Lou et al., 2006). The containers were kept in an Ar 
glove box. One sample from Spring, and four from Morpheus, namely 
from the filters -F4, -F8, -F12 and -F20 were analyzed between February 
2024 and October 2024.

Spring (drilled in October 1999) is a piezometer made of stainless 
steel (SS) casing and SS AISI 316L (Krebsöge, SIKA R5, material: 1.4404) 
filters with a pore size between 7 and 16 μm (Honty et al., 2022; De 
Craen et al., 2019) placed horizontally in the BC and is located in the 
Test Drift part of the HADES URL (ring 116) at ~ 223 m below surface 
level (BSL) It is entirely made of stainless steel and equipped with four 
large filter screens, representing in total about 6 m collection, and 
pointing towards the east. The hydraulic interconnections of this sub
stantial length result in a high-water flow (~350 mL per day). The water 
was collected in October 2023 with all filters connected.

Morpheus (drilled in May 2001) is a vertically oriented piezometer 
designed to study the variability of the BC pore water composition 
(especially the BC organic matter and the elemental content) under
neath the HADES URL (Honty et al., 2022; De Craen et al., 2019). It 
allows the sampling at 12 distinct stratigraphic levels of the BC such as: 
organic rich layers, carbonate rich layers, more silty layers, and the level 
of the so-called “double-band (DB)” consisting on two very silty layers 
rich in organic content. The Morpheus piezometer casing is made of 
hardened PVC and Schumaterm 20 (sintered mullite, porcelainite) filter 
screens with an average pore diameter of 15 μm (Honty et al., 2022; De 
Craen et al., 2019). The collection setup guarantees a sampling with only 
limited geochemical disturbances. The Morpheus filter 8 (Morpheus-F8) 
provides pore water from the DB silty layer, where the hydraulic con
ductivity is two or three times higher than for the rest of the BC. Phys
ically and chemically, the water collected is influenced largely by the 
characteristics of the DB layer.

According to Hemes et al., 2013, 2015, Boom clay is characterized by 
a complex pore structure with pore sizes ranging from the nm to the μm 
scale showing a strong anisotropy of the pore space connectivity. Durce 
et al. (2015) conclude from percolation experiments pore throats around 
6-8 nm perpendicular to the clay rock bedding. Cut-offs of the filter 
screens are clearly larger than those so that pore size exclusion or 
filtration effects related to the pore size of the filter screens can be 
neglected (Honty et al., 2022).

2.2. Sediment material

2.2.1. Description
Sediment materials come from a so-called “cutting-edge” sample 

cored in January 2006 vertically down to the HADES URL gallery, 
perpendicular to the bedding plane (cutting edge 06/52/Test Drift/Ring 
25-26/3.65 m to 4 m below the HADES URF (intrados)). The cutting edges 
were immediately sealed off with flanges and stored at 4 ◦C. Boom Clay 
samples obtained by cutting edges have a minimal excavation disturbed 
zone (EDZ) due to the high plasticity, and only the open sides of the 
cylinder have been in contact with oxygen for a short period before 
sealing. The clay cylinder has been extruded out of the tube on January 
2010 and cut in small disc pieces of ~40 mm and ~15 mm in length and 
vacuum repacked in Al-PE foil (SIF, Fig. SIF-1 up). This operation was 

done under atmospheric conditions (short time period 1-2 h). Oxidation 
of the outer surface has therefore taken place. Samples were stored in a 
fridge until use in summer 2013.

The horizon where samples are taken from is similar to that of the 
Spring piezometer, i.e. in the median plane of HADES-URL. According to 
(Durce et al., 2015), TOC of BC at this position is ~1 wt%.

2.2.2. Leaching tests: instantaneous OM release
As oxidation of the outer surface has taken place, the outer 

„oxidized“ rim (~2 mm) of a clay disc is removed with a knife which is 
easily done due to the high clay plasticity. Then some inner-pieces are 
suspended for 1 week under atmospheric conditions in a synthetic Boom 
Clay water (SBCW) consisting of 15 mM NaHCO3 at a solid/liquid ratio 
of 0.2 kg/L (SIF, Fig. SIF-1 middle). The suspension obtained from this 
leaching experiment is distributed in small Eppendorf tubes (2 mL) and 
ultra-centrifuged (centrifuge SIGMA, Germany) at 15,000 rpm 
(gmax = 16162) for 90 min. For reproducibility tests, the mobilized en
tities, i.e. the supernatant (BC extract) called hereafter BC leachates (SIF, 
Fig. SIF-1 bottom) from three clay discs (CD) was collected and stored in 
tight glass vials at 4 ◦C in the dark prior to the analysis under aerobic 
conditions.

2.3. Analysis of BCPW and BC leachates

BCPW and BC leachates were analyzed by ICP-MS (THERMO Sci
entific, iCAP TQ, Germany). Sample solutions were acidified (3 % 
HNO3). In order to analyse lanthanides at lowest concentrations, special 
care was taken to clean the sample introduction system with ultrapure 
HNO3 solution, in order to minimize background signals and detection 
limits. In order to avoid sedimentation of flocculated humic acid, sam
ples were agitated shortly prior to the injection into the nebulizer.

Respective detection limits for Fe, U, Th, Ce and Lu (the latter two 
taken as representatives for light and heavy lanthanide elements), were 
at 0.2 μg/L, 0.1 ng/L, 0.8 ng/L, 0.03 ng/L and 0.03 ng/L, respectively.

The non-purgeable (i.e. non-volatile) organic carbon (NPOC) content 
of the BC leachates and BCPW samples was determined (TOC analyser, 
TOC-L, Shimadzu) after a 1:20 or a 1:10 dilution in ultra-pure water 
(Millipore, Merck, Germany).

For the Morpheus BCPW samples we noticed high NPOC values 
analyzed by the TOC analyzer, being clearly higher than the LC-OCD 
data. We assume contaminations of low molecular weight organic 
components (e.g. softeners) from the piezometer (Schumaterm filters or 
PVC or nylon or new inline particles filters) being responsible for this 
deviation. We, therefore, took only the NPOC due to macromolecular 
constituents as determined by LC-OCD.

The concentrations of the main anions (F− , Cl− , SO4
2− ) were deter

mined by Ion Chromatography (ICS-3000, column AS9 HC, Thermo 
Scientific, Germany).

pH values for each BCPW were determined in an Ar glove box (semi- 
micro electrode Orion 8103BN and Orion 720A pH-meter). Eh was 
monitored in the Ar glove box (redox combination electrode BlueLine 
31RX, SI Analytics, Germany) just after the opening of the Swagelok 
containers.

2.3.1. Sample conditioning
Before analysis by AsFlFFF and LC, aliquots of the various BCPW 

samples were taken out from the corresponding Swagelok container 
stored in the Ar-glove box.

For the AsFlFFF, 3 times 1 mL of each BCPW, were placed in glass 
vials closed hermetically with a septum in the Ar glove box. The vials 
were then transferred to the auto-sampler of the AsFlFFF. A small 
amount of the original BCPW is injected (100 μL) without any pre 
filtration 3 times consecutively for each BCPW from the 3 independent 
vials.

For the LC, 20 mL of each BCPW sample were placed in glass vials 
closed with a pre-cut household aluminum foil (3 × 3 cm in size) secured 
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with a holed screw cap. The needle of the auto-sampler perforated the 
vials. Accordingly, the vials and its content are only preserved for air 
contact (and thus oxygen access) until the first aspiration and injection. 
Six successive injections of 1 mL sample volume each were performed.

The BC leachates, preserved in a fridge since their preparation, are 
diluted by 10 in the eluent prior to injection in the AsFlFFF system 
(100 μL) or in the LC system (1 mL).

2.3.2. AsFlFFF and LC system principle; ICPMS coupling
The AsFlFFF used in this study (AF2000 MultiFlow FFF Series) is 

provided by Postnova analytics, Landsberg, Germany (SIF, Fig. SIF-2). It 
works similarly to the previous model (HRFFF 10.000) we described in 
detail in our former work (Bouby et al., 2008, 2011; Gopalakrishnan 
et al., 2023). A brief overview is given in the SIF (see Fig. SIF-2 and the 
corresponding text).

The LC-OCD-UVD-OND (see SIF, Fig. SIF-3) is a liquid chromatog
raphy (size-exclusion chromatography, SEC) setup coupled on-line to an 
organic carbon detector (OCD), a UV-Vis detector (UVD) and an organic 
nitrogen detector (OND). This method is described in detail in (Huber 
et al., 2011; Tasi et al., 2024) and www.doc-labor.de. The method allows 
for the separation of NOM into major fractions of different sizes and 
chemical functions, the identification of various compound classes 
(biopolymers, humic substances (HS), low molecular weight compounds 
…) and the quantification of colloid bound, organic and inorganic ni
trogen. A brief overview is given in the SIF (see Fig. SIF-3 and the cor
responding text).

The additional coupling to an Inductively Coupled Plasma Mass 
Spectrometer (ICP-MS) allows the detection of the inorganic elements 
associated to the individual compounds (fractions), at trace levels. More 
details are given in the SIF (see Fig. SIF-4 and the corresponding text).

2.3.3. Size/molecular weight (MW) calibration
The AsFlFFF and the LC/SEC are both sized-based fractionation 

techniques, separating the components in a flowing liquid. AsFlFFF 
coupled to UV/Vis detection (λ = 225 nm) fractionates colloids ac
cording to their sizes in a laminar flow profile in a thin channel with an 
applied cross flow according to their different diffusion coefficients. 
Small colloids are eluted first followed by larger sized particles. In LC- 
OCD-UV separation of colloid sizes is achieved in a porous medium, 
where larger colloidal particles are excluded from the medium pores 
and, thus, elute first followed by smaller sized particles.

The conversion of the time for the elution of individual particles into 
a size or molecular weight (MW) information is done with colloid 
reference standards. For humic like colloids it has been recommended to 
use monodisperse sodium polystyrene sulfonate (Na-PSS) standards 
(Beckett et al., 1987). Note that while MW is generally well defined, the 
random-coiled structures of humic/fulvic acids and Na-PSS may change 
according to the pH or the ionic strength (Swift, 1999; Beckett et al., 
1987; Schimpf and Petteys, 1997; Ghosh et al., 1980; Avena et al., 1999; 
Berden et al., 1990; Chin et al., 1991; Kirkland et al., 1992; Moon, 1995; 
Moon et al., 2006; Schimpf et al., 1997) so that hydrodynamic diameters 
may vary to different degrees for individual species in different media.

In the present work we used 15 mmol/L NaHCO3 solution (pH = 8.4) 
as carrier or eluent solution throughout most of the analyses, as it 
mimics the BCPW composition as observed at Mol (Honty et al., 2022; 
De Craen et al., 2004). In order to convert the certified MW of Na-PSS 
standards into the respective hydrodynamic diameter relevant for 
given solution composition, a survey of the literature was done for that 
purpose. Wijhoven et al. (Wijnhoven et al., 1995), Reszat et al. (2009), 
Durce et al. (2015) used eluents at IS varying from 10 up to 20 mM. Their 
data were all taken in a single fit to obtain an equation to correlate the 
Na-PSS MW to their size (see Figure SIF-5 in the SIF). The corresponding 
equation is the following: 

log(dS)=0.13(±0.03) + 0.57(±0.01)*log(MW) (equation 1) 

with ds the hydrodynamic diameter (Stokes diameter) expressed in nm 
and MW the molecular weight in kDa.

Those data were taken to calculate hydrodynamic diameters in our 
experiments with 15 mmol/L NaHCO3 solution as a carrier solution. We 
add for comparison the data from Ngo Manh et al. (Ngo Manh et al., 
2001) acquired using a 5 mmol/L Tris-buffer eluent (pH = 9.4). The 
corresponding equation is the following: 

log(dS)=0.274(±0.001) + 0.580(±0.001)*log(MW) (equation 2) 

with ds the hydrodynamic diameter (Stokes diameter) expressed in nm 
and MW the molecular weight in kDa.

The lower IS and higher pH of this eluent apparently induces an 
expansion of the PSS structure and thus lead to an increasing hydrody
namic diameter. From Figure SIF-5 it becomes also obvious that size 
variations for colloidal matter at a given MW become larger for larger 
sized colloids and are less relevant for particles with sizes at around 
1 nm.

In the present work, a series of polystyrene sulfonate (PSS) reference 
standards (Polysciences, Eppelheim, Germany) of different molecular 
weights ((MW): 0.891, 1.67, 3.42, 6.43, 15.8, 33.5, 65.4, and 148.5 kDa) 
are used for size calibration of the AsFlFFF and LC-OCD-UVD. The 
AsFlFFF calibration was completed by a series of carboxylated poly
styrene reference particles (Magsphere, USA) of different sizes (di
ameters: 21, 103, and 190 nm given by the manufacturer).

Using equation (1) and the elution times of each Na-PSS standards at 
their peak maximum, it is possible to estimate the sizes corresponding to 
the various elution times at which the analytes present in the BCPW are 
detected (as reported in Figs. 1 and 2).

3. Results

3.1. Composition of BCPW and BC extracts

Cation and anion concentrations in the different BCPW samples and 
extracts are shown in Tables 1 and 2. Main pore water components and 
parameters (Na+, K+, Ca2+, Cl− , F− , SO4

2− , Eh and pH) are similar for the 
BCPWs collected from various horizons of the Boom Clay lithostratig
raphy (see assignment of samples to different layers in (Wang et al., 
2023; De Craen et al., 2019)). Differences appear, however, in concen
trations of DOC, Fe and of various trace elements. Notably in the 
Morpheus-F8 samples, concentrations of DOC, Fe and trace elements 
such as lanthanides, U and Th are significantly higher than in other 
samples. Our values lie consistently within the range of hitherto re
ported data for pore water samples from EG/BS (another piezometer 
sampling in the DB) and SPRING (Wang et al., 2023; Honty et al., 2022; 
De Craen et al., 2004). DOC in the BC extracts (clay discs leachates 
samples) is obtained in a single leaching step and is at 59 to 84 mgC/L 
(Table 2). This concentration lies in the same range as reported by Durce 
et al., 2015) (Durce et al., 2015), who performed leaching in an Ar 
flushed glove box, and corresponds to ca. 0.3-0.4 g C (kg rock)− 1. Note, 
that this is much less (i.e. 2-4%) than the total organic carbon (TOC) in 
the BC layer where the sediment sample comes from (acc. to Durce et al., 
2015 this at about 1-1.5 wt%). Durce et al., 2015 performed multiple 
leaching steps and report that about 12% of the TOC can be extracted 
(Durce et al., 2015).

Separate ICP-MS measurements were performed for the analysis of 
the entire series of lanthanides, uranium and thorium in Morpheus-F4, 
-F8, -F12, -F20 and the BC leachates. Special care was taken to attain 
highest detection sensitivity and low background in order to be able to 
quantify also the heavy lanthanides being abundant at only ng/L con
centration levels (see Table 3). Those data are used to compare and 
interpret lanthanide pattern as discussed below.
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3.2. Size characterisation of dissolved organic matter (DOM)

The size distribution of DOM in pore water and BC leachate samples 
is analyzed by AsFlFFF coupled to UV/Vis detection (λ = 225 nm) and 
LC-OCD-UV where beside UV/Vis detection also the very sensitive 
organic carbon detector (OCD) is coupled. Results are summarized in 
Fig. 1. Note, that replicate fractograms and chromatograms for all 
samples are very reproducible.

Fig. 1 (left side, top for the BCPW (A) and bottom for the BC leachates 
(B) samples) shows the original normalized AsFlFFF-UV-fractograms. 

The maximum of the DOM size distribution found by AsFlFFF for all 
BCPWs is at a hydrodynamic diameter of ~1.5 nm. At the relatively high 
IS of the carrier solution, an overloading effect as e.g. described by Ngo 
Manh et al. (Ngo Manh et al., 2001) who used a low IS and high pH 
carrier solution, should not exert a relevant effect. We nevertheless 
performed dilution experiments (i.e. dilution factors from 10 to 360) and 
found a slight effect resulting in a shift of the size distribution by 
~0.3-0.4 nm so that the real size of the main fraction in all BCPW 
samples should be rather at 1.8-1.9 nm. For Morpheus-F4, -F20 and 
SPRING, only one main DOM fraction is detected where the size 

Fig. 1. AsFlFFF-UVD and LC-OCD-UVD measurements done for all BCPW in NaHCO3 15 mM as eluent; A: AsFlFFF-UVD for all BCPW; B: AsFlFFF-UVD for the BC 
leachates; C: LC-OCD- UVD for all the BCPW and the BC leachates. F in the size scale at the top of each figure stands for size “Fraction”. In the LC-OCD chromatograms 
in C, 13 nm (1150 s) corresponds to the exclusion limit of the column and 1.3 nm to the lower end of the calibration range.

Fig. 2. LC-OCD-UVD-ICPMS-chromatograms as obtained after injection of the various BCPW: A: SPRING, B: Morpheus-F8 and C: BC leachates. Injection volume: 
1 mL; Eluent NaHCO3 15 mM. F in the size scale at the top of each figure stands for size “Fraction”. In the LC-OCD chromatograms , 13 nm (1150 s) corresponds to the 
exclusion limit of the column and 1.3 nm to the lower end of the calibration range.
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distribution tailing ranges up to ~7 nm. SPRING shows a somewhat 
narrower size distribution but with a more pronounced shoulder at 
~4.5 nm. However, the DOM size distribution in Morpheus-F12 and 
notably Morpheus-F8 presents two well-resolved elution bands at larger 
colloid sizes (~4.5 nm and ~9.3 nm) and sizes range up to ~ 30 nm.

The sizes of the two first fractions at ~1.8-1.9 and ~4.5 nm are in the 
range usually reported for fulvic and humic acids (Swift, 1999; Schimpf 
and Petteys, 1997; Ngo Manh et al., 2001; Reszat et al., 2009; Thurman 
et al., 1982; Gaffney et al., 1996; Lead et al., 2000; Siripinyanond et al., 
2002; Kawahigashi et al., 2005; d'Orlyé et al., 2008; Roger et al., 2010). 
Larger size fractions >7 nm point to the presence of larger aggregates. 
This is consistent with the positions of the stratigraphic layers where the 
Morpheus-F12 and –F8 are sampled, i.e. close to or at the so-called 
double band (DB), this silty layer, where the hydraulic conductivity is 
two or three times higher than for the rest of the BC and which may carry 
bigger-sized material. Those results are in line as well with those ob
tained previously at SCK•CEN (Honty et al., 2022).

Results of LC-OCD analysis (Fig. 1C) widely confirm the outcome of 
AsFlFFF experiments The OCD signals also show a maximum at a 
size ~ 1.5 nm for colloids consisting of organic carbon and are quite 
congruent with UV-chromatograms for all BCPWs. A shoulder at ~3 nm 
is visible for Morpheus-F8 and Morpheus-F12. Striking is the high UV- 
signal close to and at the exclusion limit of the size-exclusion column 
(i.e. ≥ ~6 nm) for Morpheus-F8 and -F12, which is much less pro
nounced in the OCD chromatogram where only a small shoulder is 
visible in this region. This might be explained by the occurrence of 
larger-sized organic/inorganic aggregates being visible in the UV- 
detector via light scattering. Note that the intensity of the light scat
tering signal is extremely sensitive to the increase of particle size and is 
proportional to the sixth power of the diameter (Müller et al., 1996). The 
nature and possible origin of those colloids will be discussed below 
(section 3.3).

Fractograms and chromatograms of the BC leachates obtained from 
leaching clay discs differ significantly from those of BCPWs (Fig. 1B and 
C). A small-sized fraction with a maximum at ~1.6 nm and somewhat 
larger (~3.8 nm) is also visible like in BCPW samples. However, the 
main fraction appears in the larger colloid size region with a broad 
distribution up to 30 nm and a maximum at ~15 nm. In a separate test, 
the BC leachates were passed through membrane filters with a nominal 
cutoff of 100 kDa (corresponding to an operationally defined hydrody
namic diameter of ~7 nm according to (Millipore, 2000)). AsFlFFF-UV 
analysis of the filtrate (see SIF, Figure SIF-7) confirms that the larger 
sized colloid fraction seen in the fractograms is indeed removed. Results 
of ultrafiltration and AsFlFFF-UV analysis consistently show the pre
dominant presence of a large-sized colloid fraction ≥ ~6 nm, visible by 
the light-scattering signal in the UV/Vis detector. This again is consis
tent with the observation of Durce et al. (2015). LC-OCD-UV data are 
consistent with the outcome of AsFlFFF-UV.

3.3. Fe, Mn, Ni, Y, lanthanide, Th in BC samples

Fig. 2 shows the LC-OCD-UV-ICP-MS-chromatograms obtained after 
injection of BCPW (Spring, Morpheus-F8) and BC leachates. Elements 

Table 2 
Composition of BC leachates.

mg/L Leachate 1 Leachate 2 Leachate 3

Na 390 ± 4.0 % 339 ± 1.9 % 347 ± 4.3 %
K 18.8 ± 7.3 % 11.1 ± 5.7 % 11.1 ± 8.6 %
Mg 4.5 ± 4.1 % 3.2 ± 2.1 % 3.1 ± 1.5 %
Ca 1.7 ± 8.8 % 1.3 ± 7.9 % 1.3 ± 8.5 %
Fe 0.39 ± 2.8 % 0.52 ± 3.8 % 0.44 ± 1.8 %
Si 11.1 ± 23 % n/a n/a
Al 0.13 ± 6.5 % 0.24 ± 3.3 % 0.27 ± 3.5 %
TIC 192 ± 0.2 % 149 ± 0.2 % 140 ± 0.2 %
DOC 59 ± 2.0 84 ± 1.3 83 ± 0.9
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detected in the ICP-MS chromatograms are selected as being represen
tative for pore water constituents such as Fe, Mn and the trace elements 
Ni, Y, La, Ce, Th and U considered as naturally abundant chemical an
alogues to radionuclides contained in radioactive waste.

Looking to the distribution of metal ions within the colloid size range 
provides interesting and diverse details. In Spring samples, most metal 
ions are associated with the main DOM fraction with colloid sizes 
<2 nm. This is not surprising, as it is well known that polyvalent metal 
ions notably those with oxidation states III and IV strongly interact with 
humic/fulvic acids under natural conditions forming fulvate/humate 
complexes (see e.g. (Vandenberghe, 1978)).

However, the size distributions of DOM associated Fe, Mn, Y, La, Ce 
and Th species are always shifted and skewed towards larger sizes (see 
Fig. 2), as compared to the DOC size distribution, to a different extent. 
This might be interpreted as a preferential complexation of inorganic 
elements by larger sized OM fractions or can be attributed to some kind 
of metal induced agglomeration effect (see discussion in (Geckeis et al., 
2003; Suteerapataranon et al., 2006; Geckeis et al., 2002)). Striking is, 
however, that Fe appears to be predominantly associated with a size 
fraction close or above the exclusion limit of the column together with 
significant fractions of Mn, Ce, Th. Metal association with the large size 
fraction ≥ ~6 nm becomes even more pronounced for Morpheus-F8, 
which contains the highest DOC but also the highest Fe-concentration 
(1.8.10− 5 mol/L in Morpheus-F8 compared to 7.1.10− 6 mol/L in 
Spring). Still 3.5-7.5% of the DOM in the BCPW appears in the chro
matogram region where iron is eluted. If we translate this into a mass 
ratio of C to Fe, we come to a value for RC/Fe of ~6 to ~10 (corre
sponding to molar C/Fe ratios of 29-45). The large sized colloids, thus, 
are still mainly composed of organic carbon.

Fe and Mn exhibit a pronounced redox activity and exist under 
oxidizing conditions as Fe(III) and Mn(IV), respectively. Under the 
reducing conditions of the undisturbed BC system (Eh = − 266 mV 
(Wang et al., 2023) to ≤ − 270 mV (De Craen et al., 2004),). both ele
ments are assumed to occur in their reduced forms (Fe(II) and Mn(II)). 
De Craen et al. report that Fe2+ in BCPW is in equilibrium with pyrite 
and siderite (De Craen et al., 2004). Divalent cations are assumed to 
show in general a somewhat weaker interaction with fulvic/humic acid 
as compared to polyvalent cations such as thorium and lanthanides. 
Therefore, it would be expected that divalent Fe(II) and Mn(II) should 
rather show a pattern like the non-redox active Ni(II). The fact that in 
our study, both elements are clearly associated to larger sized colloids 
suggests that oxidized Fe(III) and Mn(IV) species prevail. Even though 
BCPW samples were taken, transported and stored under anaerobic 
conditions, no measures were taken for the exclusion of oxygen during 
size fractionation with LC-OCD-UV-ICP-MS (as also reported in (Durce 
et al., 2015) for SEC analysis). Therefore, oxidation of at least a part of 
initially present Fe(II) to Fe(III) and precipitation of larger sized 
FeOOH/humic agglomerates cannot be excluded and may incorporate at 
least parts of trace metal ions such as lanthanides and Th during 
formation.

Separate formation of inorganic FeOOH nanoparticles in the pres
ence of humic matter is not to be expected. Association of humic matter 
to Fe(III) oxihydroxides is well known and has been observed in various 
studies (see e.g. (Benedetti et al., 2003; Wang et al., 2020)). Therefore, 
the formation of FeOOH humic agglomerates are most likely responsible 
for the observation of the peaks at the exclusion limit, which is most 
evident for Morpheus-F8, containing the highest Fe-concentration.

Similar observations were made for BC leachates (Fig. 2 C). A clear 
association of metal ions to the larger sized colloidal fraction with sig
nificant inorganic content is found. The signal for Fe is rather noisy, due 
to the low Fe concentration in the 1:10 diluted leachate. As discussed 
already in the case of BCPW analyses, the main component of the larger 
colloid size fraction still is organic carbon. Values for the mass ratio RC/ 

Fe in this case lie in a range of ~7 (corresponding to a molar ratio of 
~33).

Whether such type of colloidal FeOOH humic aggregates observed in 

all samples play as well a role under the genuine, reducing BC conditions 
needs to be further studied. However, following the arguments in ref. 
(De Craen et al., 2004), we tend to assume that those large-sized FeOOH 
based colloid species are formed artificially as a consequence of oxygen 
contact during sampling, sample preparation and analysis.

The association of metal ions to different size fractions of BC DOM 
and OM in BC extracts was also investigated by Bruggeman et al. (2010). 
They found by sequential ultrafiltration, that Eu(III) added at trace 
concentrations (3.2 . 10− 8 to 5.8 . 10− 7 mol/L) to BCPW (containing 
DOM) is distributed in a bimodal fashion in size fractions from < 1 kDa 
to 19 kDa and 30 – 300 kDa (~1.3 to 7.2 nm and 9.3-34.7 nm, respec
tively according to equation (1)). Adding Eu(III) to a BC extract results in 
a distribution of only a minor Eu(III) amount bound to the smaller size 
fraction (<1 kDa – 19 kDa) and the majority being associated with the 
fraction with sizes ranging from 19 to 220 nm. Taking into account, that 
sequential ultrafiltration does not allow for a highly resolved size dis
tribution, their results are very consistent with the outcome of the pre
sent study when looking to the chromatograms of the naturally 
abundant lanthanides La and Ce. It is worth to note, that different to the 
present work, the experiments in (Bruggeman et al., 2010) were per
formed under anoxic conditions.

3.4. U in BC samples

The observed chromatograms for uranium require separate discus
sion. LC-OCD-ICP-MS chromatograms show in all BCPW and BC extract 
samples an elution band with a maximum at 1800 s for uranium which is 
consistent with the chromatogram of a 15 mM NaHCO3 solution con
taining U(VI) in absence of DOM (see SIF, Fig SIF-8). This finding sug
gests the presence of U(VI) carbonate complexes. Note that the elution 
peak for uranium carbonate complexes appears outside the calibration 
range for the LC-column and corresponds to a size clearly <1.3 nm 
which nevertheless is compatible with the dimensions of uranyl car
bonate complexes as obtained by EXAFS studies (see e.g. (Ikeda et al., 
2009)). A part of uranium appears in the BC extract and in all BCPW 
samples, most pronounced in Morpheus F8, in the larger sized colloid 
fraction.

Carbonate apparently acts as a strong competitor ligand for U(VI) 
competing with fulvic/humic acid complex formation. Salah et al. 
(Wang et al., 2020) assume that CO3

2− complexation dominates U(VI) 
speciation in BC pore water forming predominantly UO2(CO3)3

4− as well 
as minor contributions of CaUO2(CO3)3

2− and Ca2UO2(CO3)3(aq) com
plexes. While the existence of U(VI) is comprehensible under the aerobic 
conditions of our analytical experiments, the presence of U(IV) under 
the reducing conditions in genuine BCPW is also possible. Salah et al. 
suggest in their report that U(VI) carbonate complexes exist in equilib
rium with U(IV) solid phases in the BC system (Salah et al., 2015). 
(Bruggeman and Maes, 2017) argue that the behaviour of uranium in 
transport and batch experiments under BC conditions rather points to 
the presence of U(IV). The elution pattern reveals in addition that at 
least a part of the uranium exists colloid-borne, possibly partly as a re
sidual fraction of U(IV). Therefore, we also assume that under the 
genuine reducing BC conditions, U might to a significant extent exist in 
redox state (IV). This aspect calls for further investigations.

4. Discussion on colloid and trace element mobility

4.1. Colloid mobility

Assessing the potential mobility of DOM in BC is of interest in the 
context of radioactive waste disposal because DOM may act as a carrier 
for radionuclide migration susceptible to reduce retention. An important 
barrier function of clay rock consists in the nano porosity, which limits 
advective groundwater flow perpendicular to the layering. Mobility of 
colloidal OM depends on the connected porosity and the pore size dis
tribution of the rock and physical, chemical retention at the rock surface.
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Durce et al. (2015) reported recently a threshold of 20 kDa corre
sponding to a hydrodynamic diameter of 5.6 nm to be considered as the 
cut-off above which DOM species are hardly mobile in BC. In a perco
lation experiment, the transport of DOM in a solid sample from the 
HADES underground facility was studied perpendicular to the bedding 
plane (Durce et al., 2015). A one-dimensional reactive transport model 
was developed to account for the DOM retardation, diffusion and 
entrapment (attachment and/or straining). The value of the BC pore 
throat diameter deduced from this work was 6.6 to 7.6 nm. Below this 
threshold, DOM mobility depends on size and only for species with a 
molecular weight below 2 kDa significant trapping could not be 
observed anymore. LC-OCD-UV measurements obtained in the present 
work show that all BCPW samples contain DOM species with hydrody
namic diameters <7 nm while the clearly dominating small size fraction 
is at 1.8-1.9 nm. Following the conclusions of Durce et al. (2015), most 
of the DOM in BCPW is considered mobile perpendicular to BC layers. 
The size range in Morpheus-F8 and -F12 extends to larger sizes up to 
30 nm. Morpheus-F8 water originates from the silty layers of the DB 
structure and contains the highest NPOC ranging up to 131 mgC

. L− 1 (see 
Table 1), where the concentration is found to vary temporarily. The 
higher porosity and larger pore sizes of the silty DB layer is believed to 
be responsible for the higher mobility of also larger sized OM colloids 
within the layer in horizontal direction as observed for Morpheus-F8. 
Morpheus-F12 water comes from a filter, which is very close to the DB 
layer and most likely receives part of the pore water from this layer.

As discussed before, the BC leachates contain a large colloid fraction 
with sizes ranging up to 30 nm. The fact that the larger size fractions in 
pore water from the DB structure and in the leachates are not visible in 
the other samples originating from adjacent BC layers (see Fig. 1 A and 
C) supports the assumption, that they are not able to cross clay layers in 
a perpendicular direction.

Those conclusions are supported by the results of Li et al. (Yu et al., 
2013) and Hemes et al., 2013, 2015. Li et al. (Yu et al., 2013) determined 
the geometric mean of the vertical (Kv) and horizontal (Kh) hydraulic 
conductivities for the Putte and Terhagen Members at the Mol site to be 
1.7 10− 12 and 4.4 10− 12 m/s, respectively, with a vertical anisotropy 
Kh/Kv of about 2.5. In the siltier zones above and below the Putte and 
Terhagen Members higher K values are reported (but still low at 10− 12 to 
10 10 m/s). Hemes et al., 2013, 2015 showed a strong anisotropy of the 
pore space connectivity, i.e. the BC pore throats are preferentially 
orientated parallel to the bedding planes, suggesting a higher perme
ability in the direction of the bedding planes.

4.2. Inorganic element mobility

Conclusions from earlier investigations suggest the establishment of 
an overall geochemical equilibrium in BC (Wang et al., 2023; Honty 
et al., 2022; De Craen et al., 2004). This is supported by relatively 
similar geochemical parameters for BCPWs collected from different 
levels (Wang et al., 2023; Honty et al., 2022), with regard to e.g. pH, Na+

and CO3
2− concentrations. As mentioned above, the increasing trend of 

NaHCO3, I− and Cl− with depth is explained by diffusion. Locally vari
able pore water compositions related to DOC, SO4

2− , Fe and trace ele
ments could be potentially correlated with biotic processes and DOM 
formation notably in BC regions of higher porosity. The potential role of 
microbial activity in this system is still under discussion (see e.g. 
(Wouters et al., 2013)). As already reported before, Morpheus-F8 pore 
waters contain beside elevated DOC levels as well significantly higher 
Fe-concentrations (~1 mg/L vs. ≤ 0.4 mg/L in other BCPWs, see 
Table 1). The observation of elevated concentrations of DOM and Fe in 
samples from the DB structure as compared to the other porewater 
samples can be taken as a further indication for the limited trans
fer/migration of DOM and inorganic ions from one layer to the other.

Lanthanides, U and Th abundant in natural samples have frequently 
been taken as analogues to radionuclide constituents of radioactive 
waste (Landström et al., 1995; Curtis et al., 2004; Montavon et al., 

2022). Investigating their distribution in porewater/sediment systems 
can provide some insight into their mobility in a given system and might 
to some extent provide hints to the long-term behavior of waste derived 
radionuclides. Within the present study we try to interpret our data in 
this direction.

Fig. 3(a–c) shows lanthanide pattern where the concentrations in the 
samples are normalized to the content in the North American shale 
(North American Shale Composite; NASC; (DeVore)). Respective ana
lyses of BCPWs and BC leachates have been performed within the pre
sent work (see Table 3). Lanthanide contents of the BC solid phases are 
taken from (De Craen, 2006; Clauer et al., 2022). It is noticeable that the 
normalized REE pattern differ from each other. For the BC solid phases 
(Fig. 3 a) we find a rather flat profile quite in agreement with a global 
average lanthanide abundance represented by NASC. Lanthanide 
pattern for the BC leachates and BCPWs (Fig. 3b and c) reveal conversely 
a relative depletion and enrichment of notably the heavy lanthanides, 
respectively. The shape of the profiles in BCPW samples could be the 
result of a preferential complexation of heavier lanthanides by 
humic/fulvic acids. Due to their smaller ionic radii concomitant with a 
higher charge density, complexation constants are higher (see e.g. 
(Sonke et al., 2006)). Enhanced complexation may be explained with the 
in general higher content of functional groups (carboxylic, phenolic 
groups) of BCPW humic/fulvic acids (~5-6 eq/kg) as compared to those 
of extracted OM (1.8 – 2.3 eq/kg) (Bruggeman et al., 2012). It is 
tempting to assume that the reverse slope of the lanthanide pattern in 
the extracts is the result of preferential leaching of heavy lanthanides 
from the REE bearing phases in the extracted BC colloidal matter and, 

Fig. 3. Lanthanide pattern for a) BC solid phases (star symbol: data taken from 
Fig. 2 in (De Craen, 2006), sphere symbol: data taken from (Clauer et al., 
2022)); b) for BC leachates and c) BCPW collected from different levels of the 
MORPHEUS piezometer; Lanthanide content in the solid phase in μg/g were 
normalized to the averaged Lanthanide content of the North American Shale 
Composite (NASC in μg/g); NASC values from (DeVore)).
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thus, of chemical interactions between BCPW and BC bound OM. The 
previously discussed LC-OCD-UV-ICP-MS analyses evidence that signif
icant fractions of yttrium and lanthanides (represented by La and Ce) as 
well as Th (and partly U) in BCPW and BC leachates are associated with 
colloidal matter, although with variable colloid size fractions.

In the following section we used our data in order to examine 
whether we can provide some information on the solid-liquid distribu
tion of naturally abundant lanthanides, U and Th, and to compare those 
data with respective Kd-values derived from laboratory experiments 
with added lanthanides and actinides (Bruggeman et al., 2017). In a first 
instance we assume that the OM in the BC extracts corresponds pre
dominantly to sorbed and immobile (i.e. captured in BC nanopores) OM 
(see as well Fig. 1 in (Durce et al., 2015)). DOM contained in BCPW 
within pores of the BC disks is considered to play a minor role. A second 
assumption made is that naturally abundant lanthanides and actinides in 
BCPW and BC extract are to a significant part associated to OM. This 
assumption appears to be reasonable considering a study performed by 
Bruggeman et al. (2010). They applied a “bottom-up” approach to 
simulate Eu(III) sorption to illite, taken as a proxy for the clay fraction in 
BC, in contact with BCPW and BC leachates. From their data, they 
conclude, that more than 50% of the sorbed Eu(III) could be attributed 
to binding to the “immobile” DOM (defined as the clay sorbed DOM plus 
the fraction >30 kDa in BCPW, which is not able to pass nanoporous clay 
layers by diffusion). Less than 50% of the sorbed Eu(III) is found sorbed 
to the clay minerals represented by illite.

We estimated the content of the naturally abundant trace elements 
Ce, Th and U in the BC leachates, by analyzing their concentration in a 
single extraction step from the BC solid sample (Table 2), where only 2- 
4% of OC was desorbed. As discussed above, Durce et al. (2015) state 
that only a part of the extractable OC can be leached in one step and 
increases to ~ 12% within multiple extraction steps. The analyzed Ce, 
Th and U concentrations are thus normalized to the extractable TOC of 
12% acc. to (Durce et al., 2015) (see eq. SIF-1 in the SIF). Relating the 
trace element content in the extractable OM (which is considered to be 
bound to clay rock and thus insoluble and immobile acc. to (Durce et al., 
2015)) to the respective concentrations in BCPWs as analyzed in the 
present work, we obtain distribution ratios for the naturally abundant 
trace elements Ce, Th and U between OM bound to clay rock and OM 
dissolved in BCPW, which we name in-situ Kd(OM). The comparison of 
those ratios with Kd values selected by Bruggeman and Maes (Tables 3–8 
in (Bruggeman et al., 2017)) for Eu(III) and actinide sorption to BC (log 
Kd = 3.5 – 4.5) results in similar values (see Fig. 4). A respective value 
for log(Kd(Eu(III)) derived from the sorption isotherm provided in Fig. 4
in Bruggeman et al. (2010) is ~4.1 and thus lies in the same range. The 
resemblance of all those Kd-values suggests that the immobile OM 
fraction significantly contributes to lanthanide, tri- and tetravalent 
actinide retention in BC.

The variation of our in-situ Kd(OM) values for different BCPW samples 
is mainly due to their variable DOC content. It is furthermore noticeable 
that especially the in-situ Kd(OM) values for Th in the low DOC BCPWs are 
significantly higher than the laboratory Kd-value range.

While the extractable OM represents only a minor fraction of the 
total OM in the clay rock, the potential contribution of main OM com
ponents in the solid phase (such as kerogen) to metal ion sorption can be 
estimated to be of low relevance. Kerogen of different types is charac
terized by low O/C ratios (~0.03 to 0.15 acc. to (Bruggeman et al., 
2012)), corresponding to a low abundance of complexing functional 
groups. Respective O/C ratios for the BC humic acid fraction is at 
0.32-0.46 and the easily extractable OM from BC is reported to consist 
essentially of humic acid (Bruggeman et al., 2012).

The assumption that trace elements only distribute between dis
solved and extractable BC bound OM is certainly a simplification. As 
mentioned before, about 50% of Eu(III) can be expected to exist clay 
mineral surface bound in the Boom Clay system acc. to Bruggeman et al. 
(2010). If we multiply the value for the amount of adsorbed Ce in our 
study by a factor of 2, the resulting in-situ log Kd(OM) values increase by 

only ~0.3. Still, in-situ Kd(OM)-values lie close to and within the range of 
recommended lab-Kd-values and may thus be taken as an independent 
confirmation.

The association of uranium to OM – either clay mineral bound or 
dissolved OM – depends on redox state. As discussed before, in our so
lutions having had contact to air, U(VI) exists predominantly as car
bonate complexes in solution. The similarity of in-situ log Kd(OM) values 
for uranium, lanthanides and thorium suggests the presence of at least a 
part of uranium originally in the tetravalent state, when the BCPW and 
BC disks had been sampled from the BC formation. It is, however, also 
known from the literature that a NaHCO3 solution is able to desorb U(VI) 
from mineral surfaces, while leaching of Ln(III) and notably Th(IV) by a 
NaHCO3 solution will certainly be less efficient. Curtis et al. (2004)
applied an extraction step with NaHCO3 solution for their determination 
of in-situ Kd-values in an alluvial aquifer at a former U mill tailings site. 
The original chemical state of uranium under undisturbed BC condi
tions, thus, still needs to be clarified.

The role of colloidal FeOOH humic aggregates in BCPW and BC ex
tracts observed in size-based LC-OCD and AsFlFFF analyses needs to be 
discussed in a similar way. Apparently, significant fractions of trace 
elements appear to be associated to such species, so that not only 
complexation with OM might be relevant. Currently, we assume that 
FeOOH humic aggregates form at least partly via Fe(II) oxidation due to 
the fact that size-based analyses are performed under aerobic 
conditions.

It is interesting to note, that previous investigations performed for 
sediment/groundwater system containing as well dissolved and sedi
ment associated humic matter came to quite similar conclusions as made 
here (Geckeis et al., 2003; Bouby et al., 2012).

5. Conclusions

The present work deals with the characterization of natural Boom 
Clay pore waters (BCPW) originating from the HADES URL (MOL, 
Belgium) and Boom Clay solid leachates obtained in 15 mM NaHCO3. 
The aim was to complement and/or to confirm some of the results ob
tained so far (Durce et al., 2015, 2018; Bruggeman et al., 2012) by using 

Fig. 4. In-situ log Kd(OM) values for Ce, Th, U for various BCPW samples 
compared to log Kd values for Am(III), Eu(III), U(IV), Th(IV) determined in 
laboratory experiments (marked by the grey area) taken from the literature 
(Maes et al., 2011; Bruggeman et al., 2017); The variation of in-situ Kd 

(OM)-values (upper bound as filled symbol and lower bound as open symbol) for 
a given trace element and a specific BCPW are due to the bandwidth of TOC in 
the BC leachates after one leaching step and the total extractable TOC in the BC 
(see equation SIF-1 in the SIF, and the respective note there).
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complementary analytical techniques and to discuss possible inter-layer 
migration of OM nano entities in BCPW. Furthermore, the distribution of 
naturally abundant trace elements between BCPW and BC leachates is 
analyzed. Results are discussed in terms of providing insight into the role 
of OM for the geochemical behavior of such metal ions which are taken 
as chemical analogues to radioactive waste derived radionuclides.

Size characterization data for OM from different sampling sites as 
achieved within the present study is found in good agreement with 
earlier investigations performed with other analytical methods such as 
ultrafiltration and SEC at SCK CEN. AsFlFFF-UV and LC-OCD-UV-ICP- 
MS, however, provide size distributions with higher resolution and 
more details with regard to the distribution of naturally abundant trace 
metals within the clay sorbed and immobile OM (acc. to (Durce et al., 
2015)) and dissolved DOM established over long time periods.

The small sized OM fraction with a size distribution centered at 
~1.8 nm is considered mobile across sediment layers (horizontal di
rection and perpendicular to the bedding) in agreement with conclu
sions drawn by Durce et al. (2015). Variable tailings in the DOM size 
distributions found for different BC layers indicating the presence of 
larger sized DOM fractions are most pronounced for samples originating 
from or influenced by the DB structure (siltier zones). As those larger 
sized entities seem to be typical for the individual layers where the pore 
water came from, they can be considered as mobile in a horizontal di
rection within the respective layer. The significantly larger sized (DOM) 
species found in the BC leachates with sizes ranging up to ~ 30 nm can 
be considered as immobile as they are clearly associated with the solid 
clay phase under undisturbed BC conditions.

The association of naturally abundant polyvalent metal ions to DOM 
is clearly visible from LC-OCD-UV-ICP-MS chromatograms and consis
tent with investigations on the complexation of polyvalent actinides and 
fission products (e.g. Tc(IV)) with BC DOM (Maes et al., 2003, 2011). 
The fact, however, that association of metal ions is not uniform over the 
DOM size distribution, points to either some kind of preferential binding 
to specific DOM entities or to metal ion induced conformational changes 
of organic matter as already discussed earlier. The role of Fe needs to be 
further investigated. While it is assumed that Fe exists under the genuine 
pore water conditions in its reduced Fe(II) form, we assume, that during 
sampling, transport, handling and/or analysis in the lab oxidation oc
curs. Under such conditions solubility limits will be exceeded and 
FeOOH nanoparticles associated to DOM may form and contribute to the 
BC colloidal ensemble as well as to the distribution of trace elements 
within different colloidal size fractions. Experiments are currently un
derway to examine the possible impact of Fe-redox reactions in BCPW.

By analyzing the distribution of naturally abundant lanthanides and 
actinides in BC leachates and BCDOM, we derived in-situ Kd(OM)-values 
which lie close to or in the range of sorption coefficients obtained earlier 
for Eu(III), U(IV), Pu(IV) and Th(IV) in laboratory sorption studies with 
BC samples. Even though in-situ Kd(OM)-values are derived under certain 
simplified assumptions, their similarity to laboratory Kd-value ranges 
suggest that the OM leachable from BC (i.e. adsorbed and immobile OM 
acc. to (Durce et al., 2015)) has a significant impact on lanthanide and 
actinide retention in BC.
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