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Highlights:  

 

- Transport of organic compounds is quantified in a soft clay rock (Tégulines)  

- Low content of organic matter drives the retention of lipophilic compounds 

- Retention of ionizable sorbates decreases with lipophilicity (log POW < 0)  

- Apparent partition coefficient, PAPP, are reported for ionizable compounds  

- Diffusion coefficients provide contribution of charge and size to porosity exclusion 
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Abstract    

The migration of organic compounds in soils is a major concern in several environmental issues. 

Contaminants display distinct behaviours as regards to their specific affinities towards soils constituents. 

The retention mechanism of hydrophobic compounds by natural organic matter is well known. The 

retention of ionizable compounds is mainly related to oxides and clay minerals, even if less documented 

in reductive media. In this work, we investigated the migration of organic compounds in a soft clay-rich 

sedimentary rock (Tégulines clay, France). The aim was to determine the relative contributions of 

natural sorbents on retention, and eventual correlations with solutes properties. Both hydrophobic 

compounds (toluene, benzene, naphthalene) and hydrophilic species (adipate, oxalate, ortho-phthalate, 

benzoate) were investigated, using batch and diffusion experiments.  

The retention of neutral aromatic compounds correlates with their lipophilicity (log POW), 

confirming that absorption mechanism prevails, despite a low content of natural organic matter (≤ 0.5%). 

A low retention of ionizable compounds was quantified on Tégulines clay. The eventual discrepancies 

between data acquired on crushed rock and solid samples are discussed. Low effective diffusion 

coefficients are quantified. These values hint on the relative contributions of steric and electrostatic 

exclusion, despite a large pore size in such “soft” clay-rock. Overall, the dataset illustrates a general 

scheme for assessing the migration over a wide variety of organic compounds. This approach may be 

useful for predictive modelling of the fate of organic compounds in environmental media.  
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Abbreviations and notations: 

α: Apparent porosity (diffusion accessible) 

ε: Porosity of media 

Π: Exclusion factor from porous media  

COx: Callovian-Oxfordian (Clay rock) 

D0: Diffusion coefficient (m2 s-1) in water 

De: Effective diffusion coefficient (m2 s-1) in porous media 

fOM / fCM: Massic fraction of organic matter / clay minerals in sorbents  

HDO: Semi-heavy water 

IS: Ionic strength  

KCM: Contribution of clay minerals to the solid-liquid distribution coefficient (L kg(clay)-1) 

KOC: Contribution of organic matter to the solid-liquid distribution coefficient (L kg(NOM)-1) 

NOM: natural organic matter 

OPA: Opalinus (clay rock) 

Orga: Organic (compound / sorbate) 

PAPP: Apparent octanol water partition coefficient  

POW: Octanol water partition coefficient (analogue to KOW) 

Rd: Solid-liquid distribution coefficient (L kg-1) 

1. Introduction 

 The transport of organic compounds in environmental media is studied for various applications: 

extraction of fossil fuels, fate of emerging organic contaminants, waste disposal and remediation of 

soils. The term “organic” may be misleading, as it corresponds to a large diversity of compounds: small 

ionizable compounds such as amino-acids, hydrophobic or hydrophilic hydrocarbons, large synthetic or 

natural geopolymers and natural organic matter (NOM) such as fulvic and humic acids. This work 

focuses on the transport of small soluble molecules in the near surface of geological systems. Both 

ionizable carboxylic acids and neutral aromatic compounds are investigated. The migration of such 

solutes in sedimentary rocks is highly sensitive to sorption leading to diffusive retardation (Altmann et 

al., 2012; Shackelford and Moore, 2013). Sorption-influenced transport is largely described in literature 

for organic compounds (Borisover and Davis, 2015; Schaffer and Licha, 2015) indicating that the 

retention part may originate from various mechanisms. Hydrophobic compounds, such as alkanes and 

aromatic compounds are mainly absorbed by NOM (Borisover and Graber, 1997; Karickhoff, 1981) 

with Freundlich-type sorption isotherm, eventually leading to intra-particulate slow diffusion 

mechanism (Pignatello and Xing, 1996). On contrary, hydrophilic compounds such as ionizable 

molecules are adsorbed on the surfaces of minerals, e.g. clays and oxides (Gu et al., 1994; Hwang et al., 

2007; Johnson et al., 2004; Kang and Xing, 2007). Adsorption may be assumed in this case, with 

instantaneous and reversible Langmuir-type isotherms, leading to increased apparent porosity and 

diffusive retardation factor. Both mechanisms of adsorption and absorption, may occur simultaneously 

on the various mineralogical components of a natural medium, but the relative contribution of these 

mechanisms is rarely discussed. 

 

Clay rock geological formations are considered in several countries for hosting a radioactive 

waste disposal, e.g. Callovian-Oxfordian (COx) and Tégulines in France, Opalinus Clay (OPA) and 

Helvetic Marl in Switzerland, Boom Clay in Belgium, etc. (Altmann et al., 2012; Appelo et al., 2010; 
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Maes et al., 2011). The COx clay rock has been extensively studied in the context of the French 

Geological Radioactive Waste Disposal (Cigéo project). Corresponding studies investigated the 

interaction between inorganic or organic solutes and COx clay rock (Descostes et al., 2008; Melkior et 

al., 2007; Rasamimanana, 2017a; Savoye et al., 2012). Absorption of neutral hydrophobic compounds 

occurs in NOM (Vinsot et al., 2017), with an eventual contribution from clay minerals (Willemsen et 

al., 2019). Similarly, the adsorption of organic anions occurs on clayey minerals, despite a positive 

charge on clayey mineral surfaces (Rasamimanana et al., 2017b). Still, electrostatic interactions between 

mineral surfaces and solutes leads to a partial exclusion of anions from rock porosity. This so-called 

“anion exclusion” decreases both effective diffusion coefficient and retardation factor of anions, as 

compared to neutral solutes (Chen et al., 2018; Dagnelie et al., 2018). However, some major 

discrepancies are observed between data measured by sorption on crushed clay rock and retardation 

factor observed in solid samples. For that reason, the quantification of diffusive retardation factors seems 

mandatory.      

 

This work focuses on the Tégulines clay, from the Albian Gault geological formation (East Paris 

Basin, France) under investigation for a potential near surface geological radioactive waste repository 

(Lerouge et al., 2018; Missana et al., 2017). This repository would confine low-activity long-lived waste, 

such as 14C-graphite, remain from old natural uranium graphite gas nuclear power reactor, developed in 

France until the 90s. In absence of exhaustive characterization, the organic source term potentially 

released by radiolytic lixiviation of graphite waste makes both neutral and anionic reference compounds 

being of interest (Andra, 2015; Pageot et al., 2016, 2018; Poncet and Petit, 2013). The purpose of this 

work is to quantify sorption and retardation factors of various organic species, in order to assess the 

confinement properties of the geological barrier toward potential release of 14C bearing compounds. To 

that aim, diffusion experiments were performed and compared to sorption experiments or predictive 

model based on media mineralogy. Moreover, the comparison between results on Tégulines “soft” clay 

rock and COx “hard” clay rock, displaying different compactions, are interesting to assess potential 

porosity exclusion and effects on sorption-influenced transport of anions.  

 

2. Material and methods 

2.1. Rock samples 

Experiments were carried out on Tégulines clay samples from the Albian Gault clay formation. 

Rock samples were collected from two boreholes (AUB01918, AUB01825). The cores were drilled at 

depths -20 and -22 m from the surface of the studied area (NE-SW) in the eastern part of the Paris Basin 

(France) (Amédro et al., 2017; Lerouge et al., 2018 and 2020). The mineralogical composition is detailed 

in supplementary data (Table S1). It is basically composed of 50% of clay minerals, 40% of quartz, less 

than 5% of calcite and 0.6% of NOM. After drilling, the core samples were protected from oxygen using 

container with N2(g). They were manipulated inside a glovebox (PO2/P0 < 2 ppm) to prevent mineral 

oxidation. The hydrated and “pasty” outlayer of the core was firstly removed and the inner sound part 

of the rock was kept. The inner core was then sliced using a wire saw into disk samples with a thickness 

of ~ 10 mm, and a diameter of ~ 35-40 mm. The metrology of the samples used in diffusion cells is 

provided in supplementary data (Table S2). These measurements indicate an average hydrated density 

~ 1.98 ± 0.10 g cm-3. The difference between this hydrated density and clay rock dry density ρdry ~ 1.7 

g cm-3 provides a rough estimation of rock porosity: ε = 28 ± 10%. This value is in agreement with the 

results obtained from diffusion experiments detailed subsequently. Some of the remaining off-cut were 

crushed and sieved entirely below 125 μm for batch experiments.  

 

A synthetic pore water was prepared by dissolution of pure salts (purity > 99.5%) to reach the 

composition for underground pore water of Gault formation clay rock (Ionic strength:  IS  = 2.33 10-2 
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M, equilibrated pH = 7.2 ± 0.2, Table S3). The synthetic water was bubbled (1 L min-1) with a mix of 

N2/CO2 (99/1) for more than 2 hours, removing O2 and equilibrating dissolved CO2. The synthetic pore 

water was then mixed with “sacrificial” crushed clay rock with a solid to liquid ratio of 10 g L-1 and 

agitated for more than 48 h. This step was used for the equilibration of trace elements such as Fe, Al, 

Mn, Si and NOM. Equilibrated pore water was filtrated through a 0.8 μm membrane to remove the 

sacrificial clay. Additional filtration step through a 0.22 μm membrane was processed before 

experiments to prevent bacterial activity. The composition of the equilibrated synthetic water was 

analysed by ionic chromatography (Metrohm, 850 IC). Alkalinity was measured by acidic dosage 

(HCOOH) in presence of methylene blue (Sarazin et al., 1999) with a UV-vis spectrophotometer (Cary-

500 from Agilent). The prepared pore water was used for pre-equilibration step of clay samples, as 

described in the following section.  

 

2.2.  Adsorption experiments 

The crushed clay (< 125 µm) was equilibrated for more than 48 hours with synthetic pore water 

in sealed polycarbonate centrifugation tubes, with a solid to liquid ratio of 250 g L-1 (1.5 g in 6 mL). 

Each tube was then spiked with 14C or 3H-organic tracer and agitated in a shaking machine for 24 h at 

least, and up to 7 days. At the time of sampling, the tubes were centrifuged over 50,000 g for 1 h and a 

fraction of the supernatant was sampled. The tracer activity was determined by liquid scintillation 

counting on 1 mL samples (Packard TRICARB 2500), after addition of 4 mL of liquid scintillation 

solution (ultima goldTM cocktail). The mass balance was checked for each tracer by duplicate 

experiments, i.e. without clay. The variation of blank activity was below measurement accuracy (∆A0 < 

2 %). All organic molecules studied in this work and their properties are displayed in Table 1. Aromatic 

and small carboxylic acids were chosen as compounds potentially released by degradation of graphite. 

The compounds were also chosen in order to cover a wide range of lipophilicity (-4 < log D < 3.5).  The 

equilibrium concentration range was limited by the solubility of the organic compound in aqueous 

solution and the specific activity of radioactive sources. When available, full sorption isotherms cover 

a wide range of concentrations, thus providing information on sorption process, e.g. isotherm shape and 

saturation of sorption sites (Langmuir, Freundlich, etc.).  
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Table 1 Properties of organic molecules. POW is the octanol water partition coefficient of carboxylic acids (RCOOH). log PAPP is the apparent partition coefficient 

in Tégulines pore water (pH ~ 7.2). *pHEXP. = 7.7 ± 0.2. Recommended values are in bold. $Structure of molecules detailed in Table S4. [1] (Haynes, 2014), [2] 

(Hansch et al., 1995), [3] (Pinsuwan et al., 1995), [4] (Sangster, 1989).  

 

Compound Name Formula$ MW pKa
[1] Charge log POW

[2,3,4] log PAPP log PAPP 

 (IUPAC)  (g mol-1)  (pH 7.2)  (Théor.) (Exp.) 

o-phthalate 
Benzene-1,2-

dicarboxylic acid 
C8H6O4 166.14 2.94, 5.43 Ph.2- 0.73 -5.3 -2.77 ± 0.2* 

Oxalate Oxalic acid C2H2O4 90.03 1.25, 4.14 Ox.2- -0.47 -9.5 -3.96 ± 0.2* 

Benzoate Benzoic acid C7H6O2 122.12 4.20 Bz- 1.87 -1.13 -1.26 ± 0.2* 

Adipate 
Hexanedioic 

acid 
C6H10O4 146.14 4.43, 5.42 Ad.2- 0.08 -4.5 n.d. 

Naphthalene Naphthalene C10H8 128.17 aprotic N0 3.32 3.4 3.3 ± 0.1 

Toluene Toluene C7H8 92.14 aprotic T0 2.73 2.7 2.77 ± 0.1 

Benzene Benzene C6H6 78.11 aprotic B0 2.13 2.1 1.82 ± 0.1 
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2.3 Diffusion experiments 

Six diffusion experiments were conducted in typical through-diffusion cells (numbering 

provided in Table 2), with a geometry detailed in Descostes et al., (2008) and provided in Fig. S3. Prior 

to diffusion experiments, the rock samples were pre-equilibrated by filling both upstream and 

downstream reservoirs with synthetic pore water. Clay was then equilibrated more than 48h and 

solutions renewed several times in order to ensure chemical equilibrium. Semi-heavy water (HDO) was 

used as a conservative reference, i.e. non sorbing tracer with access to the whole porosity. To that aim, 

upstream solutions were spiked with heavy water (D2O). Both compartments were then periodically 

sampled. HDO content was measured by infrared laser spectrometry (LGR, DLT-100 from Los Gatos 

Research). After sampling, the upstream volume was renewed with initial injection solution and 

downstream volumes renewed with raw pore water. After a few weeks of monitoring, upstream solution 

was renewed by a solution with labelled organic tracers. The initial concentrations of organics were 

controlled by Total Organic Carbon analysis (Vario TOC Cube from Elementar) for cold solutions. 

Through-diffusion of organic compounds was monitored following the same procedure than for HDO, 

except that samples were measured by liquid Scintillation Counter (Packard TRICARB 2500 with ultima 

goldTM, Perkin Elmer).  

 

2.4 Data modelling 

Distribution between liquid and solid may follow two mechanisms: absorption or adsorption. 

Absorption is a process in which an absorbate (atoms, molecules or ions) goes into a bulk phase of 

absorbent. The mechanism at the interface can be considered as a partitioning in two immiscible phases. 

Adsorption is a surface phenomenon, with an “increase in the concentration of a substance at the 

interface between a condensed material (sorbent) and in our case a liquid phase. Both absorption and 

adsorption can be quantified by a solid-liquid distribution coefficient, Rd (L kg−1): 

 

𝑅d =
𝑞e

𝐶e
  (1) 

  

where qe (mol kg−1) is the concentration of sorbed species per mass of sorbent, and Ce (mol L-1) the 

concentration in solution at equilibrium with the solid. In this work, the solid-liquid distribution 

coefficient Rd (L kg−1) is calculated using the following Eq. (2): 

 

𝑅d = (
𝐶0

𝐶eq
− 1) ×

𝑉

𝑚
= (

𝐴0

𝐴eq
− 1) ×

𝑉

𝑚
  (2) 

 

 
 

 

with C0/Ceq (mol L-1) being the initial/equilibrium concentrations in solution; A (Bq) the activity, 

assumed proportional to C at any time; V (mL) the solution volume; and m (g) the dry mass of clay rock. 

The uncertainty (u) on Rd values is calculated using uncertainties on previous parameters through the 

Eq. (3): 

 

𝑢𝑅d

2 = (
𝑉

𝑚 × 𝐴𝑒𝑞
)

2

𝑢𝐴0

2 + (−
𝐴0

𝐴eq
2

𝑉

𝑚
)

2

𝑢𝐴eq

2 + (
𝑅d

𝑉
)

2

𝑢𝑉
2 + (

𝑅d

𝑚
)

2

𝑢𝑚
2  (3) 
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Sorption isotherms can be described by several empirical equations. For example, Langmuir and 

Freundlich isotherms are described by Eq. (4) and Eq. (5), respectively, with KL (L mol-1), KF (L(1/n) kg-1 

mol(1-1/n)), the affinity constants, and Q (mol kg-1) the maximum sorbed amount. Langmuir-type isotherm 

is usually observed when adsorption occurs with a single energy interaction, leading to surface 

monolayers. Such behavior was evidenced by adsorption of hydrophilic organic molecules on COx clay 

rock (Rasamimanana et al., 2017a). Freundlich isotherm is more common when several interactions 

occur, e.g. including multilayer or absorption processes. The parameter 1/n can be seen as a sorption 

intensity (Karnitz et al., 2007). When n = 1, the Freundlich isotherm, Eq. (5), becomes analogue to 

partitioning, Rd = KF = Corg./Ceq.. In this work, Eq. (4) and Eq. (5) are respectively applied to describe 

the adsorption of hydrophilic organic molecules and absorption of lipophilic organic molecules in 

Tégulines clay rock. 

 

𝑞e = 𝑄 ×
𝐾L×𝐶e

1+𝐾L×𝐶e
  (4) 

  

𝑞e = 𝐾F × 𝐶e
1/𝑛  (5) 

 

The one dimensional analysis of diffusion results is based on Fick’s second law (Crank, 1975), 

described by Eq. (6): 

𝜕𝐶

𝜕𝑡
=

𝐷e

𝜀a+𝜌(1−𝜀)𝑅d
 

𝜕2𝐶

𝜕2𝑥
=

𝐷e

𝛼

𝜕2𝐶

𝜕2𝑥
   (6) 

 

with C represents the tracer concentration (mol L-1), t the time (s), De the effective diffusion coefficient 

(m2 s-1), ε and εa are the total and diffusion accessible porosities, ρ is the grain density of Tégulines clay 

rock (~1.7 kg L-1), α = R×ε is called the rock capacity factor. The normalized flux of tracer, JNORM (m2 

s-1) is defined by Eq. (7): 

 

𝐽𝑑𝑜𝑤𝑛
𝑁𝑂𝑅𝑀

 
(𝑡) =

𝐿

𝐶0

𝑑𝑛down(𝑡)

𝑆×𝑑𝑡
  (7) 

 

where dndown is the quantity of tracer reaching the downstream reservoir (moles), per unit of time dt (s), 

and per sample surface S (m2), L (m) the thickness of sample, and C0 (moles m-3) the initial upstream 

concentration.  

The effective diffusion coefficient (De) and the rock capacity factor (α) are adjusted by least-square 

fitting of both downstream flux and depletion of the upstream concentration. The mass balance was 

assessed by comparison between upstream experimental data and modelling. Satisfactory mass balances, 

ΔC << 5%, were obtained for all experiments, except for toluene (Cell n° 6) which is discussed furtherly. 

Data and modelling for the reference tracer, HDO, are provided in Fig. S4. The average values of De 

and ε for HDO obtained from the 6 samples are De = (1.38 ± 0.37) × 10-10 m2 s-1 and ε = 0.41 ± 0.06.  

 

3. Results 

3.1. Sorption of organic compounds on Tégulines clay 

The Fig. 1 shows the experimental sorption results on Tégulines clay rock.  Rd values of 

ionizable compounds are rather constant as a function of equilibrium concentration. The corresponding 

average value, Rd
EXP, for each organic compound are gathered in Table 3. Some compounds display 
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significant affinities (i.e. ρ×Rd >> ε). For example, the value Rd (oxalate) = 4.7 L kg-1 is one order of 

magnitude higher than that of benzoate.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Solid-liquid distribution coefficients (Rd) of organic compounds on Tégulines clay rock as a 

function of equilibrium concentration. V/m = 4 L kg-1, pH = 7.2 ± 0.2, T = 22 ± 2℃.  

(a) Data for ionizable compounds: o-phthalate, benzoate and oxalate.  

(b) Data for neutral aromatic compounds: naphthalene, toluene and benzene. 

 

The sorption isotherm of phthalate also displays a rather constant value. No clear saturation of 

sorption site is observed in the range of concentration measured, as expected in Langmuir-type shape 

(Eq. (4), Rasamimanana et al., 2017a). The best-fit modelling is provided in supplementary information 

(Fig. S2). Adjusted values are Q = 1.5 ± 2.1 mol kg-1, and KL = 1.6 ± 2.2 L mol-1, leading to Rd
MAX ~ KL 

× Q = 2.3 ± 4.5 L kg-1. The o-phthalate compound displays higher affinity to Tégulines clay rock than 

benzoate. This highlights the role of the di-carboxylate group on sorption mechanism (Rasamimanana 

et al., 2017a). Still, phthalate displays a weaker adsorption than oxalate, eventually linked to a steric 

effect, as discussed in Section 4. 

  

The Fig. 1 also illustrate the sorption of neutral organic compounds on Tégulines clay rock. The 

Rd
EXP values of neutral organic compounds are displayed in Table 3, and exhibit with an order of 

naphthalene > toluene > benzene. The value Rd (naphthalene) = 9.1 L kg-1, is one order of magnitude 

higher than that of benzene. These Rd values, from 1.14 to 9.10 L kg-1 are similar to that for ionizable 

compounds, despite rather different retention mechanism. Indeed, a slight decrease of Rd values is 

observed with the equilibrium concentration. Typical Freundlich isotherm, Eq. (5), was used to explain 

the naphthalene sorption isotherm, as illustrated in Fig. S2. The best fitting parameters are KF = 6.9 ± 

0.2 and n = 1.0. The value of the constant n = 1 indicates a constant energy interaction and a sorption 

mechanism such as absorption (i.e. partitioning between two phases). The constant value of Rd in this 

range of concentration allows the use of similar equations for both ionizable and neutral compounds for 

modelling of diffusion experiments.  

 

 

3.2. Diffusion of organic compounds in Tégulines clay rock   

The results of through-diffusion experiments are illustrate in Fig. 2. A depletion of upstream 

concentration and accumulation in downstream compartment (i.e. positive flux) is observed with time 

increasing. Phthalate was observed in the downstream during the first day, much earlier than adipate (~3 
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days) and oxalate (~15 days). This indicates a low retardation factor and retention for o-phthalate. On 

contrary, toluene was detected in the downstream after 14 days, indicating a higher retention. In the case 

of toluene, the non-linear sorption isotherm leads to a slight deviation between observed and model data 

and an “apparent” bias in mass balance. This does not affect significantly further estimation of the 

retardation factor, based on the normalized flux. For other compounds, the model agreement between 

both upstream and downstream data validates the model hypothesis, as well as mass balance of the 

experiment. 

 

For all compounds, a “steady state” is reached after a few tens of days, meaning a constant flux 

of tracer. The normalized fluxes, calculated from downstream data with Eq. (7), are shown in Fig. 2. 

The value of the plateau provides a visual estimation of effective diffusion coefficients (De). The De of 

organic compounds in Tégulines clay rock ranges from 1 to 4 × 10-11 m2 s-1, with the order of phthalate 

< toluene < adipate < oxalate.  These values are one order of magnitude lower than the effective diffusion 

of HDO. The adjustment of parameters De and α was performed using Eq. (7) by adjusting 

simultaneously both upstream and downstream data. The corresponding best fit values of De and α 

values are gathered in Table 2. The rock capacity factors (α = R ε), sometimes referred as “apparent 

porosity”, range from 0.47 (phthalate) to 7.72 (oxalate), higher than the total porosity quantified with 

HDO (ε = 0.41). This data quantifies the retention of the molecules during migration in Tégulines clay 

rock. The corresponding solid-liquid distribution ratios calculated from Eq. 6 are discussed in the 

following sections.   

 

Table 2 Reference of diffusion cell experiments, n°1 to 6. Corresponding diffusion parameters 

adjusted from experimental results (HDO for water tracer). D0 values are taken from Haynes (2014). 

*reprocessed to account for the experimental diffusion gradient. 

 

Diffusion cell IS (M) De (water) ε (water) α (org) D0(org) De(org) ∏ Rd
CELL Rd

BATCH  

 (Tracer)  (10-10 m2 s-1)   (10-10 m2 s-1) (10-12 m2 s-1)   (L kg-1) (L kg-1) 

Cell n°1 0.02 1.04  0.41  0.47 6.96 10.05  0.32  0.16 2.33 

3H-phthalate  ± 0.05 ± 0.06  ± 0.05  ± 0.70 ± 0.03  ± 0.04  ± 0.10 

Cell n°2 0.02 1.43 0.45  0.64 6.39 23.63  0.58  0.30 - 

3H-adipate   ± 0.16 ± 0.06  ± 0.10  ± 2.70 ± 0.10  ± 0.08  

Cell n°3 0.02 1.65  0.47  7.58  9.87 36.44 0.52 5.93  4.65 

14C-oxalate  ± 0.21 ± 0.08 ± 1.50   ± 4.50 ± 0.10 ± 1.22  ± 0.10 

Cell n°4 0.32  0.96 0.34  5.59  9.87 23.32  0.57 4.31  - 

14C-oxalate (phthal.)  ± 0.05 ± 0.05 ± 1.20  ± 4.70  ± 0.11 ± 0.97  

Cell n°5 0.32  1.93  0.46 11.12 9.87 40.84  0.50  8.80 - 

14C-oxalate (NaNO3) ± 0.23  ± 0.06  ± 1.10  ± 2.80 ± 0.07  ± 0.89  

Cell n°6 0.02 1.30 0.41 3.30  8.50 38.7*  0.82  2.45  2.57 

3H-toluene   ± 0.04  ± 0.05 ± 0.80  ± 3.6 ± 0.8 ± 0.65  ± 0.68 
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Fig. 2. Diffusion data of organic compounds in Tégulines clay rock. 

 (a) Upstream concentration (b) Normalized Downstream flux. Solid lines represent best fit modelling 

(Upstream and downstream data adjusted simultaneously). Dashed line represents the average value 

measured for water, De (water) = (1.38 ± 0.37) × 10-10 m2 s-1. 

 

3.3. Co-diffusion of organic and inorganic solutes 

In order to get insights on the various mechanism occurring, e.g. anion exclusion and synergetic 

or competitive effects, the diffusion of oxalate was measured in presence of organic and inorganic 

plumes. Additional through-diffusion experiments were performed with ionic strength increased by an 

order of magnitude, i.e. from 2.33 10-2 M in Tégulines pore water, up to 3.2 10-1 M. Ionic strength (IS = 

0.32 M) was imposed by the presence of 0.1 M sodium phthalate and 0.3 M NaNO3 respectively. 

Diffusion data of oxalate under these conditions are are provided in Fig. S6. The adjusted parameters, 

including De and α values, are displayed in Table 2. Significant variation of De(oxalate) and α(oxalate) 

values are observed in presence of saline and organic plume. Yet, the difference observed between both 

experiments at high ionic strength, i.e. o-phthalate and NaNO3 plume, indicates that ionic strength is not 

the only parameter affecting migration and anion exclusion. The transitory state during diffusion of 

oxalate lasted ~ 15 days in raw Tégulines pore water. This transitory state was shorter (10 days) in 

presence of 0.3 M NaNO3, while slightly longer (30 days) with addition of 0.1 M sodium phthalate. 

Hence, both experiments at high ionic strengths induced opposite disturbances compared to the “sound” 

state. These effects are quantified more precisely by the effective diffusion coefficients, De, which is an 

indicator of charge or steric exclusion, and rock capacity factor, α, which is an indicator of retention 

(Table 2). The possible mechanisms occurring, e.g. anion exclusion or pH drift are reviewed in the 

following section.   

 

Table 3 Solid-liquid distribution coefficients measured by batch experiments on Tégulines clay rock. 

pH = 7.2 ± 0.2, T = 22 ± 2 ℃. V/m = 6 / 1.5 mL g-1. 

Compound o-phthalate Oxalate benzoate naphthalene toluene benzene 

Rd (L kg-1) 2.33 4.65 0.55  9.10  2.57 1.14 

± u(Rd) ± 0.10  ± 0.10  ± 0.23 ± 0.23 ± 0.68  ± 0.18  

 

4. Discussion 

4.1 Retention of lipophilic compounds (log POW > 1) 

The interaction between neutral aromatic compounds and soils is mainly related to absorption 

mechanism into NOM. Such hypothesis is easily assessed by representing the correlation between 
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retention and lipophilicity of sorbates (Karickhoff et al., 1979). Lipophilicity of solutes is usually 

quantified by their octanol/water partition coefficient, POW. Strong correlations are observed between 

POW values and affinity on the NOM fraction of sorbents, i.e. KOC = Rd/fOC (fOC being the mass fraction 

of organic matter in the sorbent). Such correlation is illustrated in Fig. S7, with the corresponding linear 

regression log KOC ~ 0.84 × log POW + 0.23 (R² = 0.84). The value of the slope: +0.84, close to unity, 

traduces a thermodynamic equilibrium, with similar interactions involved in absorption and partitioning 

mechanisms, e.g. free enthalpy of solvation. The value log KOC = +1.07 (for log POW = +1) quantifies a 

strength of interaction between slightly lipophilic solutes and NOM. On the other hand, the affinity 

between clay minerals and organic solutes is also well documented (Barré et al., 2014) and similar 

correlations due to hydrophobic interactions are expected (Willemsen et al., 2019). Yet, the correlations 

between retention and log POW are less obvious, as illustrated in Fig. S7, with log KCM ~ 0.51 × log POW 

– 0.98. The low correlation (R² = 0.11) and strong data disparity are caused by the diversity of 

phyllosilicates structures, as well as various adsorption mechanisms (Barré et al., 2014). Still, the value 

log KCM = -0.47 (for log POW = +1) indicates an affinity of clay minerals, almost two orders of magnitude 

below the previous value for NOM. Hence, the two previous correlations are useful to assess, in a first 

macroscopic approach, the respective contributions of NOM and clay minerals to the retention in 

sedimentary rocks. Fig. 3 (a) illustrates the relative contributions of absorption in NOM and of 

adsorption on clay minerals in two examples of sedimentary rocks. The agreement between predicted 

values and experimental data on Tégulines (fOC ~ 0.5%, fCM ~ 50%) and OPA (fOC ~ 0.8%, fCM ~ 60%) 

clay rocks is rather good. The fact that clay minerals contribution displays a lower slope than NOM 

contribution induces interesting features. The contribution of absorption mechanism in NOM prevails 

for high values of log POW. This remains true even in sedimentary rocks with low NOM content, such 

as Tégulines clay rock (fOC = 0.5%, Lerouge et al., 2018), OPA clay (fOC = 0.5%, Wersin et al., 2008), 

or COx clay rock (fOC = 0.6%, Gaucher et al., 2004). On the other hand, the adsorption on phyllosilicates 

may control the retention of solutes with low log POW values, especially for such rocks with high contents 

of clay minerals (fCM > 50%).  Further investigations still are necessary to assess such assumption. As a 

corollary, the accurate measurement of low NOM content (fOC < 1%) provides a useful data, 

complementary to clay mineralogy. This allows to determine sorbing phases and predict the migration 

of lipophilic compounds (dissolved gas, pesticides, etc.) in sedimentary rocks and geobarriers.  
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Fig. 3. Correlation between partition coefficient of organic compounds  

and their retention properties in natural media (near neutral pH ~7.2).  

a) Data for lipophilic compounds (log PAPP > 1) measured on Tégulines (Tég.) and Opalinus (OPA) 

clay rocks. Dashed lines: theoretical contribution expected from absorption in NOM and adsorption on 

phyllosilicates. Signs correspond to experimental data: Adsorption and through-diffusion in Tégulines 

at 22 ± 2°C (This work), In situ out-diffusion experiment in OPA at 16.5 ± 1.5°C (Vinsot et al., 2017). 

b) Comparison of adsorption data for hydrophilic compounds (KCM = Rd/fCM) and absorption data of 

lipophilic compounds (KOC = Rd/fOC). Data on Tégulines (This work), OPA (Vinsot et al., 2017), COx 

clay rock (Rasamimanana et al., 2017a) and soils (Karickhoff et al., 1981).  

4.2 Retention of hydrophilic compounds (log PAPP < -1) 

Ionizable compounds are among the most widespread hydrophilic compounds. For carboxylates 

(RCOO-), octanol/water apparent partition coefficient may be estimated from the value of carboxylic 

acids (RCOOH) using the Eq. 8 (Sangster, 1989):   

𝑃𝐴𝑃𝑃 =
𝑃𝑂𝑊

1 + 10(pH−p𝐾𝑎1)
 (8) 

 

However, such equation becomes unsuitable for highly hydrophilic compounds. For that reason, 

log PAPP values were experimentally measured in this study. The methodology and results are  provided 

in supplementary material (Fig. S1). The corresponding values are gathered in Table 1. As for 

hydrophilic compounds, a correlation is observed between log Rd and log PAPP values of ionizable 

compounds (Fig. 3, b). In this case, the slope is negative, which indicates a retention mechanism 

differing from that for aromatic compounds, i.e. more likely an adsorption mechanism on surfaces of 

clayey minerals. Hence, Rd values are normalized by the content of clay minerals in the media, KCM = 

Rd/fCM, in order to ease the comparison between rocks. Results on Tégulines soft clay rock (Fig. 3, b) 

are in line with data previously published on COx hard clay rock (Chen et al., 2018; Durce et al., 2015; 

Rasamimanana et al., 2017b). A linear correlation is observed between retention of solutes and 

hydrophilicity of sorbates ant that solvation and retention mechanism involve similar interactions. 

Moreover, the value of the slope close to unity, (-1.2 ± 0.1), tends to indicate that thermodynamic 

equilibrium is reached during diffusion experiments. Some correlation between hydrophilicity of 

ionizable sorbates and retention has been previously reported on COx clay rock, but without evidence 

of any sorption “maximum” (Rasamimanana et al., 2017a). The correlation observed on Tégulines clay 
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rock, KCM = f(log PAPP), points out a rise to a plateau for highly hydrophilic sorbates, e.g. oxalate. This 

means that below a certain value of log PAPP, the affinity between hydrophilic sorbates and minerals 

does not increase “indefinitely”. This trend differs from the affinity of lipophilic compounds which 

increases up to log POW values over +6. 

Speciation calculation are illustrated in supplementary material (Fig. S8). Data indicates than 

the acidic form of solutes becomes negligible at near-neutral pH. Hence, the retention mechanism may 

imply anionic species, rather than protonated organic acids. On the other hand, the relative contribution 

of mineralogical phases (especially clay minerals and oxides) to the retention of ionizable compounds 

deserves further numerical or experimental investigations (Ilina et al., 2020). For example, the presence 

of oxidized minerals in samples may contribute to differences between batch and diffusion experiments, 

as observed for o-phthalate and discussed furtherly. 

 

4.3. Diffusion data and exclusion from rock porosity 

The effective diffusion coefficients obtained from the diffusion experiments are lower than that 

of water, almost by an order of magnitude (Table 2). This behaviour is usually explained by a 

phenomenon of anion exclusion in surface charged media (de Haan, 1968). Such data can be discussed 

using the exclusion factor, Π, defined by Eq. 9:  

 

∏(solute) =
De(solute)/De(water)

D0(solute)/D0(water)
 (9) 

 

where De is the effective diffusion coefficient in the porous solid and D0 in water. The ratio 

De(solute)/De(water) quantifies the effect of clay rock on the diffusion of a solute, in comparison with 

non-reactive species such as water. This ratio is then normalized by D0(solute)/D0(water), in order to 

remove the contribution of solvent (poral water) on the diffusivity. Thus, the exclusion factor ∏ isolates 

the effect from the porosity of the media (i.e. tortuosity and constrictivity, Van Brakel and Heertjes, 

1974) on the diffusion pathways of solutes. Fig. 4 shows the exclusion factor of anionic solutes as a 

function of their sizes (estimated from molecular mass). Data is reported for both COx and Tégulines 

clay rocks. Previous studies evidenced anion exclusion in COx clay rock for both inorganic (Descostes 

et al., 2008) and organic anions (Dagnelie et al., 2018), with exclusion factors down to 0.1 (i.e. Π(anion) 

<< Π(water) = 1). This phenomena is usually explained by the presence of surface charged clay minerals 

(Tournassat et al., 2016) and more pronounced when pore size is small (Gaboreau, et al., 2016; Wigger 

et al., 2018). For example, a strong anion exclusion is observed in COx clay units, quantified with Π(Cl-

/COx) ~ 0.3 ± 0.1  (Descostes et al., 2008). In contrast, no anion exclusion was evidenced with chloride 

in Tégulines soft clay rock, despite similar content in clay minerals. The absence of chloride exclusion 

in Tégulines, Π(Cl-/Tégulines) ~ 1,  can be explained by the shallow depth of the media: -75 m to -10 m 

(Debure et al., 2018). This leads to a less dense material (ρdry ~ 1.7 g cm-3), and a limited diagenetic 

processes with pore diameters mainly higher than 30–50 nm (Lerouge et al., 2018).  

Surprisingly, a significant exclusion was observed for organic molecules in Tégulines clay rock, 

thus differing from chloride case (Fig. 4, a). Regarding exclusion from porosity, the size of diffusing 

solutes may also decrease exclusion factor by steric effect, as clearly evidenced with neutral species, 

Π(toluene/Tégulines) ~ 0.82 ± 0.08. The values for adipate and oxalate, Π ~ 0.5 ± 0.1, are even lower 

than that of toluene (despite similar mass), indicating an additional contribution of charge to the 

exclusion from porosity. Still, the value of Π(organic anions) mainly decreases with the size of solutes 

(Fig. 4) for both Tégulines and COx clay rock. These trends indicate that the exclusion factors of 

complex anions is highly related to their sizes as compared to the size of pores in the media. Hard COx 

rock, with a pore size ~ 6-8 nm, displays a strong anion exclusion, even for chloride. Only small 

inorganic anion, such as Cl-, display little exclusion factor in soft Tégulines rock (pore size ~ 20-30 nm). 
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Since a significant exclusion is observed for larger species in both soft and hard rocks, other anions than 

Cl- should be preferred to quantify exclusion factor of environmental media, e.g. NO3
- SO4

2-. These 

references, if conservative in the media, should be more representative of other contaminants such as 

AsO4
3- or SeO4

2-.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Diffusion data for organic solutes. a) Exclusion factor for organic anions in COx clay rock 

(Dagnelie et al., 2014, 2018) and in Tégulines clay rock (Tég.) (This work).  

M: molecular mass. b) Solid-liquid distribution coefficient, Rd (L kg-1), measured  

in Tégulines by batch experiments (X axis) and diffusion experiments (Y axis). 

 

4.4. Retardation and environmental implications 

Assessing the environmental impact of hazardous materials requires the estimation of their 

migration properties, such as sorption, retardation and diffusivity. The predictive migration modelling 

in natural media requires several building blocks. This includes accurate description of the media, 

sorbing phases, and understanding of retention processes. It is then useful to assess retention by various 

methodologies, e.g. molecular simulations, batch experiments, migration experiments. This approach 

strengthen the description on underlying phenomena and the accuracy on corresponding data. Such 

comparison of results is provided in Fig. 3 (b). A large discrepancy is quantified between batch and 

diffusion data for slightly lipophilic compounds, i.e. -4 < log PAPP < 0, similarly to previous data on COx 

clay rock (Dagnelie et al., 2018) or compacted clay minerals (Chen et al., 2018). This discrepancy is 

especially striking for o-phthalate, for which diffusion data suggests strong steric and charge exclusion 

(Fig. 4). Similar observations on COx clay rock and illite suggest a “collapse” of retardation when 

exclusion factor decreases below a “threshold” value. Yet, the mechanism leading to such discrepancy 

is unclear. Further investigations are required to assess eventual hypotheses, e.g. effect of anion 

exclusion on surface accessibility, oxidative perturbation of sulphide minerals in crushed samples 

leading to additional (hydroxy)oxides, kinetic effects, etc. Meanwhile, diffusion experiments and 

especially long-term in situ experiments seem mandatory in order to accurately quantify the retardation 

factor of such solutes.  

 

The batch and diffusion experiments provided consistent data for both toluene (log PAPP = 2.73, 

lipophilic) and oxalate (log PAPP = -3.96, hydrophilic). This validates the reactive transport model, 

despite simplistic hypothesis (reversible and instantaneous retention) and the absence of speciation 
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calculations. The good agreement between results from both types of experiments strengthens the 

accuracy on corresponding values: Rd (toluene/Tégulines) ~ 2.5 ± 0.3 L kg-1 and Rd (oxalate/Tégulines) 

~ 4.5 ± 0.5 L kg-1. Given the relatively good accuracy on oxalate retention data, this later compounds 

was chosen for further co-diffusion experiments. In the case of pollution events, the concomitant release 

of various contaminants leads to co-sorption and co-diffusion phenomena. Several mechanisms may 

affect retention: competitive sorption, pH drift, modification of IS, etc. In this context, diffusion of 

oxalate was performed in presence of 0.1 M of o-phthalate (diffusion cell n°4) or 0.3 M of NaNO3 

(diffusion cell n°5). The retention of oxalate in sound sample (cell n°3), in presence of phthalate (cell 

n°4), and in batch experiments, are in agreement with regard to the uncertainties. This demonstrates that 

eventual pH drifts (between 7 and 9) due to the presence of organic plume (Fralova et al., 2021) do not 

affect significantly diffusion. On contrary, a slight increase of Rd(oxalate) is observed in presence of 

NaNO3. This result may be linked to the effect of ionic strength, which decreases anion exclusion, and 

thus increases accessibility to surfaces and retardation. It is interesting to note that such an effect was 

not observed in cell 4, despite a similar ionic strength. This may probably be due to the diffusion speed 

of the perturbation compared to oxalate diffusion. The effective diffusion coefficient of o-phthalate is 

lower than that of oxalate. Thus in cell 4, the phtalate plume might diffuse too “slowly” to affect 

significantly the diffusion of oxalate. Whereas in cell 5, the effective diffusion of NO3
-, which is faster 

than oxalate (Dagnelie et al., 2017), leads to an increase of IS along the pathway of oxalate. Such effect 

may be responsible of the decrease of anion exclusion and eventual increase of retention. This also 

confirms that oxalate exclusion is partially induced by charge effects (in addition to steric effects), which 

is in agreement with measured exclusion factors (i.e. Π(oxalate) < Π(toluene), Fig. 4). Overall, these 

results illustrate the various mechanisms, with eventual antagonist effects, which may arise from release 

of complex saline and organic plumes during pollution events.  

 

 

Conclusion 

Retention and diffusion of various organic compounds were quantified in the Tégulines soft clay 

rock. A comparison is made with previous data measured on COx hard clay rock. A significant affinity 

with clay rich rocks was observed for both lipophilic (log POW > 1) and hydrophilic (log PAPP < -1) 

compounds. Neutral aromatic compounds mainly undergo absorption mechanism in NOM. Such 

absorption is well correlated with the content of NOM in the sorbent and the lipophilicity of the sorbate. 

The organic phase remains the main sorbent for such compounds, even in media with low organic 

content, fOC ≤ 0.6%. Still, clay minerals may contribute to the retention of low lipophilicity compounds 

in such clay-rich rocks (fCM ≥ 40%). More generally, the retention measured on crushed clay rock 

accurately predicts retardation measured by diffusion experiments. Additional mechanism of 

intraparticulate diffusion should eventually be taken into account for migration modelling.  

The ionizable compounds displayed values of solid-liquid distribution coefficients similar to 

neutral compounds, but mainly due to adsorption mechanism. Surprisingly, this adsorption was also 

correlated with the lipophilicity of solutes, with a maximum affinity reached when log PAPP ≤ -4. The 

diffusion data evidences an exclusion from rock porosity, with a contribution of both size and charge of 

solutes. Such exclusion is higher for large organic anions than for “small” inorganic anions such as 

chloride. The size of solutes should then be taken into account for selection of reference conservative 

tracers or environmental assessment. The diffusive retardation of solutes with intermediate polarities 

(log PAPP ~ -2), such as o-phthalate, was lower than expected from batch experiments. Further studies, 

such as field experiments, would be interesting in order to quantify these values and the relative 

contribution of clay minerals and (hydroxy)oxides on the retention mechanisms.  
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Table S1. Mineralogical composition of clay rock samples 

 

 

Sample 
AUB01919 AUB01826 

AUB1011 AUB1010 

Depth (m) -20.4 -22.03 

C
la

y
 m

in
er

a
ls

 Mica+Ill.+Glauconite 24.2 22.4 

I/S R=0 15.8 14.6 

Kaolinite 13.1 9.7 

Chlorite 1.4 1.2 

Pyrophyllite 0 0 

% Clay minerals 54.5 47.9 

C
a

rb
o

n
a

te
s 

Calcite 3.6 4.4 

Dolomite 

 / Ankérite 1.4 1.6 

% Carbonates 5 6 

T
ec

to
si

li

ca
te

s Quartz 32.5 38.9 

Feldsp.K 3.6 3.7 

Plagioclases 0 0 
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% Tectosilicates 36.1 42.6 

O
th

er
s 

Pyrite 0.8 0.6 

Sidérite / Hématite /  

Fe-mx 2.8 2.1 

TiO2 0.7 0.7 

Ap/Collo 0.1 0.1 

Gypse 0.1 0 

CEC (meq/100g) 15.4 13.9 

 

 

Table S2. Metrology of clay rock sample disks used in diffusion experiments 

 

Diffusion 

Cell 
Experiment Clay Ref. Mass (g) 

Diameter 

(mm) 

Thickness 

(mm) 

ρsaturated 

(g/cm3) 

1 o-phthalate AUB1918-01 23.91 ± 0.48 38.03 ± 0.23 11.12 ± 0.09 1.89 ± 0.05 

2 Adipate AUB1918-03 23.50 ± 0.47 37.50 ± 0.45 11.25 ± 0.41 1.89 ± 0.09 

3 Oxalte AUB1918-05 24.21 ± 0.48 38.01 ± 0.02 10.63 ± 0.13 2.01 ± 0.05 

4 Oxalate AUB1918-06 19.54 ± 0.39 34.77 ± 0.18 10.99 ± 0.21 1.87 ± 0.06 

5 Oxalate AUB1918-07 19.88 ± 0.40 33.83 ± 0.10 11.27 ± 0.09 1.96 ± 0.04 

6 Toluene AUB1918-08 26.05 ± 0.52 37.82 ± 0.31 10.93 ± 0.05 2.12 ± 0.06 

7 HDO only AUB1918-09 22.51 ± 0.45 36.06 ± 0.09 11.26 ± 0.27 1.96 ± 0.06 

8 HDO only AUB1918-10 33.24 ± 0.66 37.74 ± 0.13 14.35 ± 0.28 2.07 ± 0.06 

9 HDO only AUB1918-11 22.20 ± 0.44 37.11 ± 0.04 10.14 ± 0.11 2.02 ± 0.05 

10 HDO only AUB1918-12 25.37± 0.60 39.68 ± 0.29 10.15 ± 0.34 2.02 ± 0.08 

  Average    1.98 ± 0.10 

 

 

The specific surface area (SSA) was measured by ethylene glycol monoethyl ether (EGME) 

technique (Heilman et al., 1965). Similar procedure was performed as the measurement of porosity 

except that EGME was filled in the bottom of the desiccator instead of saturated K2SO4 solution. 

Therefore, the SSA_EGME (m2/g) can be obtained by the equation: 

 

SSA =
𝑚EGME_ad

2.86𝐸−4×𝑚dry_rock
=

𝑚wet_rock−𝑚dry_rock

2.86𝐸−4×𝑚dry_rock
  (S1) 

 

with 𝑚EGME_ad , the mass of EGME absorbed to the clay (g); 𝑚wet_rock, the mass of sample after 

saturated with EGME (g); 𝑚dry_rock is the final mass of sample over-dried after 24 h (g); and 2.86 10-4 

g/m2 is the mass of EGME absorbed by 1 m2 clay (Heilman et al., 1965). The SSA_EGME of both 

AUB01825/15-002-B and AUB01918/15-002-A are 66.9 ± 1.0 and 64.2 ± 0.6 m2/g respectively.  

 

The proportion of carbonate contents was analyzed by Bernard Calcimetry method, which 

aims at acquiring the carbonate content through measuring the CO2 volume generated by the reaction 

between hydrogen chloride acid (HCl) and calcium carbonate (CaCO3) in the sample: 
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CaCO3 + 2HCl → CaCl2 + H2O + CO2(g) 

Thus, the proportion of carbonate can be calculated: 

 

%CaCO3 =
𝑉measure/224

𝑚
× 100 (S2) 

 

where 𝑉measure  (mL) is the volume of CO2 generated by 𝑚 g sample, 224 mL is the CO2 volume 

generated by 1 g CaCO3. The carbonate content of both AUB01825/15-002-B and AUB01918/15-002-

A are 3.8 ± 0.3% and 3.9 ± 0.3% respectively.  

 

 

Table S3. Composition of synthetic water for Gault. 

 Mass of salts used for preparation of 5 L of synthetic pore water. 

 

Salts mtheo (g) Ions CTHEOR. (mM) CEXP.(mM) Δ (%) 

NaHCO3 1.021 Na+ 2.43 3.26 ± 0.07 34 

KHCO3 0.335 K+ 0.67 0.74 ± 0.01 10 

CaSO4 2.069 Ca2+ 3.09 2.24 ± 0.02 -27 

   Mg2+ 1.94 1.87 ± 0.02 -3 

SrCl2·6H2O 0.333 Sr2+ 0.25 0.16 ± 0.00 -36 

MgCl2·6H2O 0.539 Cl- 1.56 1.64 ± 0.11 5 

MgSO4 0.843 SO4
2- 4.44 4.39 ± 0.08 1 

   HCO3 3.16 2.27 ± 0.19 -28 

  Σ+ 12.1 10.5 ± 0.08 -13 

  Σ- 11.2 10.7 ± 0.23 -4 

  I.S. 23.3 21.3± 0.24 -9 
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Table S4. Properties of radioactive organic tracers purchased form ARC / Isobio. 

Activity and concentration of injection solutions. 

 

Compound Structure Labelling 
Activity 

(Bq mL-1) 

C 

(mol L-1) 

 

 

Naphthalene 

 

 

 

3H 3.70E+07 2.50E-05 

 

 

Toluene 

 

 

 

3H 3.70E+04 9.44 

 

 

Benzene 

 

 

 

14C 3.38E+04 11.22 

 

 

Phthalic acid 

 

 

 

3H 3.70E+07 1.67E-05 

 

 

Oxalic acid 

 

 

 

14C 6.14E+05 2.34E-03 

 

 

Benzoic acid 

 

 

 

3H 3.70E+07 5.00E-05 

 

 

Adipic acid 

 

 
 

3H 3.70E+07 1.0E-06 
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Theoretical partition coefficients:  

The partition coefficients of organic acids are usually defined for the acidic form:  POW(A) = 

CO(A)/Cw(A). Such value is accurate if pH << pKa and HA remains the predominant species in water, 

i.e. C(A) ~ [AH]. At higher pH, the relationship between the concentration of acidic species (HA) and 

the total amount of compounds ([A] ~ [A-] + [AH]) varies with pH and pKa (Brönsted acidity). An 

apparent octanol partition coefficient can be defined for the whole compound: PAPP(A) = [∑A]O/[∑A]w. 

It may be assumed in a first approach that ionic species remain predominantly in water, and partitioning 

mainly occurs for the neutral species of the compound. Based on this assumption, the apparent partition 

coefficient becomes PAPP = ([HA]0+0)/([HA]w+[A-]w), leading to the following equation:   

𝑃𝐴𝑃𝑃(𝐴) =
𝑃𝑂𝑊(𝐻𝐴)

1 + 10(pH−p𝐾𝑎)
 Eq. S1 

 

A similar analysis can be performed with dicarboxylic acids leading to an analogue equation:   

 

𝑃𝐴𝑃𝑃(𝐴) =
𝑃𝑂𝑊(𝐻2𝐴)

1 + 10(pH−p𝐾𝑎1) × [1 + 10(pH−p𝐾𝑎2)]
 Eq. S2 

 

In the present work, POW and PAPP are supposed equal for non ionizable compounds (e.g. benzene). On 

the other hand, the use of PAPP is preferred for ionizable compounds (e.g. Benzoic acid). However, the 

previous equations may become wrong for low PAPP values (log PAPP << 3), for example when other 

mechanisms, such as partitioning of ion pairs, becomes significant. For that reason, we measured 

experimentally log PAPP values of organic compounds in Tégulines pore water.   

 

Experimental measurement of log PAPP:  

 Experiments for the determination of partition coefficient were performed in an octanol/water 

system. The octanol was presaturated with water by equilibrating them for 48 hours, corresponding to 

hydratation ratio of 5.64% by mass. The aqueous phase was prepared according to the composition of 

Tégulines pore water. Experiments were performed at room temperature. Organic compounds were 

solubilized in one of the two solvent, i.e. either octanol for lipophilic compounds or water for hydrophilic 

compounds. The Tégulines pore water was added to a vessel containing a magnetic stirrer. Then the 

octanol (water saturated) was slowly filled upon the aqueous phase. Stirring speed was kept moderate 

in order to prevent the formation of colloids. The two phases were mixed for 48h before the 

measurement. After separation, the concentration of organic compounds in each phase was analysed by 

UV-Vis spectroscopy (Cary 500, Agilent) for o-phthalate, toluene or naphthalene; and by liquid 

scintillation counting (Wizard Tri-Carb device and ultima-gold® scintillation liquid form Perkin Elmer) 

for 14C-radiolabeled compounds, oxalate and benzene. Data for lipophilic compounds are in good 

agreement with references values (Fig. S1), thus validating the experimental procedures.  
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Fig. S1. Apparent partition coefficient, PAPP, measured in Tégulines pore water. Reference partition 

values, POW, are theoretical and defined for acidic form of carboxylic acids (HA). 

Sorption isotherms:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2. Sorption isotherm of organic compounds on Tégulines clay rock.  

(a, top) Modelling of o-phthalate sorption isotherm with Langmuir model.  

(b, bottom) Modelling of naphthalene sorption isotherm with Freundlich model. 
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Through-diffusion experiments  

Through-diffusion experiments were performed in diffusion cells in polyether ether ketone 

(PEEK). The cell geometry and corresponding picture are provided in Fig. S4. Rock samples were pasted 

with epoxy resin (Sikadur®) between two stainless steel filter plates in contact with 

upstream/downstream solutions. Prior to diffusion with organic tracers, semi-heavy water (HDO) was 

injected in upstream compartment  and HDO concentration was monitored in both compartments. 

Hence, HDO was used as a conservative reference, i.e. non sorbing tracer with access to the whole 

porosity with results given in the following section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S3. a) Scheme of the experimental setup for through diffusion experiments 

b) Picture of the diffusion cells in anoxic glovebox during hydration step.  
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Diffusion results with HDO tracer: 

The diffusion of water in Tégulines clay rock was investigate for each diffusion cell, by use of 

deuterium-labelled water (HDO). Accumulated HDO was detected in downstream very soon, and 

increases fast with time, as seen in Fig. S4. The downstream concentration was normalized by the initial 

upstream concentration. Different HDO concentrations were measured in different cells at the same time 

due to the discrepancies of different clay rock sample disks, such as length and surface of the sample 

disk. On the purpose to eliminate this effect, Eq. 8 and 9 were used to obtain the normalized flux. The 

normalized downstream flux (symbols in Fig. S4, c) raises rapidly through the transitory state in one 

day and then achieves a plateau, which represents the effective diffusion coefficient (De) of HDO.  De 

and α values can be obtained by the best fitting of the normalized flux using Fick’s second law. The best 

fit values used to simulate the depletion concentration of upstream compartment provide an acceptable 

agreement (Fig. S4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S4. HDO Diffusion results for Tégulines diffusion cells #1 to #6. (a) Upstream and (b) 

Downstream concentration are normalized by initial upstream concentration, Cup(t0). (c) Downstream 

fluxes, normalized by ∆L/Cup(t0) and used for adjustment of modelling (solid lines). 
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Through-diffusion experiments with organic compounds: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S5. Diffusion of organic compounds in Tégulines clay rock. Cumulative concentration in 

downstream compartment as a function of diffusion time.   

 

 

 

 

 

 

 

Fig. S6. Diffusion experimental and modelling results for oxalate in Tégulines clay rock. Comparison 

of data in sound pore water (Cell n°3) or in the presence of phthalate (Cell n°4)  and NaNO3 (Cell n°5) 

(I.S. = 0.32, pH ~7.2). (a) Concentration in upstream and downstream compartments (b) Normalized 

downstream flux. Solid lines represent best fit modelling (Upstream concentration and downstream 

flux adjusted simultaneously). Dashed line represents De (water) = (1.38 ± 0.37) × 10-10 m2 s-1. 
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Fig. S7. Sorbent contribution to the solid-liquid distribution coefficient for lipophilic compounds.  

a) Values reported per organic content of the media: Koc(L kg(NOM)-1) = Rd / fOC.  

Data from references Karickhoff et al., 1981; Borisover et al., 1997; Serrano et al., 2006. 

 b) Values reported per clay content pf the media: Kcc (L kg(clay minerals)-1) = Rd / fCM. 

Data from references Larsen et al., 1992, Pennell et al., 1992; Li and Gupta, 1994; Gawlik et al., 1998; 

Rowe e al., 2005;  on pure clay minerals or aquifers materials with very low OC (<< 1%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S8. Speciation calculations in Tégulines pore water. T = 25 °C, pH ~ 7, equilibrium with calcite 

(CaCO3(s)) imposed. Speciation data are reported as a function of equilibrium concentrations for 

a) Adipic acid, b) Benzoic acid, c) Oxalic acid, d) Ortho-phthalic acid.  
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