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Abstract Deep geological repositories for high-level radioactive waste (HLW) rely to a large extend on the long-
term hydraulic integrity of host rocks to limit fluid flow and radionuclide migration. Low hydraulic conductivity
(K<10*° m/s) is a key factor for effective long-term barrier performance, and argillaceous formations are promising
15 candidates due to their strong aquitard characteristics. However, predicting their bulk hydraulic behaviour across
temporal and spatial scales remains difficult, as it reflects the combined effects of intrinsic material properties and
post-depositional evolution. This study compiles 782 hydraulic conductivity measurements from six European
argillaceous formations, including laboratory and field scales. By integrating petrophysical, mineralogical, and
reconstructed burial history data, we identify systematic links between burial evolution and hydraulic behaviour.
20 Results show that maximum burial depth and associated stress and temperature conditions exert a first-order
control on matrix-scale hydraulic conductivity, which is largely retained after uplift. In contrast, bulk hydraulic
behaviour at the rock-mass scale reflects interactions between maximum burial depth and present-day depth,
defining processes such as decompaction, fracturing, and self-sealing processes. Three evolutionary trends emerge
from the compiled data: (1) Shallowly buried (<400 m), poorly indurated formations show limited hydraulic
25 variability and scale independence; (2) Moderately buried (~800 m — 2,000 m), overconsolidated formations retain
low matrix hydraulic conductivity after uplift, but exhibit gradually (partly significantly) enhanced hydraulic
conductivity at depths <100 m due to the evolution of a pronounced decompaction zone. When devoted to less
pronounced uplift and at greater present-day depths (>250 m) matrix and bulk hydraulic conductivities converge
and predominantly range within a natural variability between 104 to 10"*2 m/s, indicating effective self-sealing
30 processes; (3) deeply buried formations (>2,000 m) become increasingly indurated and brittle, with reduced self-
sealing capacity due to the loss of swellable clay mineral phases and fracture-dominated bulk hydraulic behaviour.
Matrix and rock-mass hydraulic conductivities may diverge by several orders of magnitude. These trends provide
predictive insights into the long-term barrier performance of argillaceous host rocks in HLW repositories.

1 Introduction

35 Aurgillaceous geo-materials, such as consolidated clays, claystones, and shales, are widely recognized as potential
host rocks and natural barriers for the permanent disposal of high-level radioactive waste (HLW) in deep
geological repositories (DGRs). Their favorable properties, including extremely low permeability (often in the
range of micro- to nano-Darcy), self-sealing behavior of fractures, and strong sorption capacity, provide favorable
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conditions for the safe long-term containment of hazardous radionuclides generated by the radioactive decay of

40 waste products.

Fluid-flow within argillaceous formations is a key determinant of their sealing efficiency, as it largely governs
solute transport (Patriarche et al., 2004a). Hence, assessing the long-term barrier effectiveness of these formations
requires a detailed understanding of their hydrogeological properties, particularly transport characteristics such as
permeability (K) or hydraulic conductivity (K). While permeability (k, m?) is a measure of the intrinsic ability of a
45  material to transmit fluids, hydraulic conductivity (K, m/s) reflects both the permeability and fluid properties
(viscosity and density), and is more commonly reported in hydrogeological applications and therefore taken as the

convention used in this study.

In intact (unfractured) argillaceous rock, hydraulic conductivity is exceptionally low (mostly <102 m/s),
significantly restricting advective flow and making diffusion the dominant transport mechanism (Mazurek et al.,
50 2011). At the rock-mass scale, hydraulic conductivity may be increasingly governed by fracture networks that are
superimposed on the low-permeable matrix. However, characterizing and quantifying fluid transmission in these
formations remains a major challenge due to the time-intensive nature of measurement techniques (Boisson et al.,
2001; Yang and Aplin, 2007; Neuzil, 2019; Winhausen et al., 2020) and the potentially strong spatial anisotropy
of hydraulic properties, which can vary across different scales, partly by several orders of magnitude (Yu et al.,
55 2017). This anisotropy arises from multiple factors, including orientation of the bedding/stratification (Aertsens et
al., 2004; Yang and Aplin, 2007), the presence of secondary fluid pathways such as fractures, and heterogeneities
in sedimentological, i.e. grain-sizes and their distribution, and mineralogical facies, i.e. clay mineral content and
type (Dewhurst et al., 1998, 1999; Yang and Aplin, 2007). Hence, methodological factors such as the scale of
investigation, the orientation of specimens with respect to the bedding, or the applied method become crucial
60 determinants in the assessment of transport characteristics of argillaceous formations and need consideration in

modelling approaches.

An important factor shaping the hydraulic characteristics of argillaceous formations is their burial history,
including the past associated stress and temperature conditions. In general, the hydraulic conductivity of
argillaceous formations is closely linked to the pore space accessible for fluid flow and decreases logarithmically
65 with pore closure and increasing tortuosity during gradual burial, induced by mechanical compaction and chemical
cementation (Neuzil, 1994; Yang and Aplin, 2007; Mazurek et al., 2011; Carcione et al., 2019). After the
deposition of clay muds, compaction and consolidation processes may reduce the permeability by six or more
orders of magnitude, reaching values as low as 102 m? (Neuzil, 2019). During mechanical compaction, most
pronounced at shallow to intermediate burial depths (typically between 0 mand 2,000 m to 3,000 m), the reduction
70 in porosity, and consequently pore water flux, is directly driven by the progressive increase in effective stress and
strength of the sediment grain framework (Athy, 1930; Bjarlykke, 1999; Avseth et al., 2001; Ewy et al., 2020).
With increasing depth and at higher temperatures (>70°C), mineral alteration and cementation become dominant
diagenetic processes. Cementation by precipitation of minerals around the clastic grains will result in further
porosity loss and consequently in reduced fluid flow through the rock matrix. However, progressive porosity

75 reduction during burial may be counteracted by undercompaction, whereby the low-permeability clay matrix
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restricts fluid expulsion and consequently leads to the development of excess pore pressures (Bowers, 1995;
Swarbrick and Osborne, 1998; Hart et al., 2023; Castro-Vera et al., 2024; Burchartz et al., 2025).

Initially, poorly consolidated argillaceous muds present a high grade of plasticity, resulting in the ability to undergo
substantial deformation without exhibiting prominent fracturing (Horseman et al., 1987; Horseman, 1996).
80 However, the gradual burial and heating of initially ductile muds, accompanied by mechanical compaction and the
precipitation of cementing minerals, can progressively increase the brittleness of the material. The transition from
ductile to brittle behaviour occurs at varying depths and temperatures, depending on the mineralogical composition
and textural relationships (Bjerlykke and Hgeg, 1997). As a result of uplift-induced decompaction, or non-
hydrostatic stress conditions (e.g., related to fluid overpressure), the rock might experience ductile or brittle
85 deformation (Bjgrlykke and Hgeg, 1997). In the brittle regime, deformation typically results in the formation of
dilatant features such as fractures and faults, which can locally enhance hydraulic conductivity and fluid transport
properties, potentially compromising the sealing capacity of the formation (Ishii et al., 2011). Upon deep burial at
high confining stresses and associated elevated temperatures, brittle fracturing can be suppressed by increasing

ductility at grain-scale deformations (Winhausen et al., 2022).

90 Following deep burial, many formations considered as potential HLW host rocks have undergone significant uplift
due to tectonic processes and/or erosion of overlying strata. This uplift results in overconsolidation (present
effective stress < past effective stress), whereby the rock matrix retains a memory of its maximum past burial
stress. Overconsolidation can substantially alter the hydro-mechanical properties as it enhances shear strength and
brittleness of argillaceous formations (Wagner, 2013; Winhausen et al., 2022). Additionally, the uplift-related

95 stress relief typically promotes the formation of discontinuities or fracturing, ultimately leading to the development
of a pronounced decompaction zone (Einsele et al., 1985; Hekel, 1994; Czerewko and Cripps, 2006), in which
increased fracture susceptibility may lead to locally enhanced transport properties (Hekel, 1994; Vogt et al., 2017;
Gautschi, 2017).

Understanding the complex interplay of burial history, including processes such as mechanical compaction,
100 cementation, mineral alteration, and uplift-related decompaction, and their cumulative effects on hydraulic

behaviour is essential for evaluating the long-term integrity of argillaceous host rocks. Equally important is

recognizing how technical variability in testing methods, such as differences between laboratory and in situ scales

or variations in packer interval length, can influence measured hydraulic conductivity values. Both, geological

evolution and methodological choices must be carefully considered to ensure robust assessment of hydraulic
105 performance in these formations.

To address this, the present study compiles and analyses a comprehensive dataset of hydraulic conductivity
measurements from both laboratory and field investigations across six European clay-rich formations currently
under consideration for HLW disposal (Fig. 1): the Aalenian Opalinus Clay Formation (Switzerland and
Germany), the Callovo-Oxfordian (COx) and Toarcian-Domerian (To-Do) Argillites (France), the Pliensbachian

110 Amaltheenton Formation (Germany), the Rupelian Boom Clay (Belgium), and the Upper Permian Boda Claystone
Formation (BCF).



https://doi.org/10.5194/egusphere-2026-964
Preprint. Discussion started: 17 March 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

115

120

These formations represent a paragenetic sequence that spans early diagenetic, ductile clays (eogenesis), through
mid-diagenetic claystones (mesogenesis), to late-diagenetic, deeply buried and brittle claystones that have
undergone significant uplift and thus exhibit pronounced overconsolidation. Special emphasis is placed on linking
their hydraulic characteristics to the respective diagenetic evolution and burial history, as well as to mineralogical
properties and methodological factors such as the investigation scale. By integrating these aspects, this study aims
to contribute to a more robust understanding of the long-term hydrogeological performance of argillaceous
formations as host rocks for deep geological repositories.

2 Studied Formations and Sites

The argillaceous formations considered in this study are briefly described in the subsequent sections. Some
formations are represented by data from multiple sampling and testing sites (Fig. 1). Geological, petrophysical,
mechanical, and mineralogical properties of all formations, except the Amaltheenton Formation, are summarized
in the 2022 Clay Club Catalogue (CCC) database, published by the OECD & NEA (2022). Data for the

Amaltheenton Formation, not included in the CCC, is derived from investigations undertaken as part of the

125 MATURITY project (Burchartz et al., 2025). Table 1 presents key formation properties as given in the CCC and

by Burchartz et al. (2025).
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Figure 1 Formations and their locations in central Europe that served as data for this study. OPA=Opalinus Clay Formation,

COx=Callovo-Oxfordian Argillite, To-Do=Domerian-Toarcian Argillite, AMA=Amaltheenton Formation, BCF=Boda
130 Claystone Formation.

2.1 Boom Clay Formation (Boom)

The Boom Clay Formation in northeastern Belgium was deposited during the Lower Oligocene (Rupelian) in a

shallow marine environment of the North Sea Basin, at estimated paleo-depths of 50-100 m (Vandenberghe and
4
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Mertens, 2013; Zeelmaekers et al., 2015). It comprises rhythmically alternating clay-rich and silt-rich beds

135 (Dehandschutter et al., 2005), subdivided into three stratigraphic members: the Belsele-Waas Member (siltiest),
the Terhagen Member (pale grey clay, lowest coarse fraction), and the Putte Member (organic-rich dark clays)
(Aertsens et al., 2004). Present-day formation top depths range from ~50 to 260 m, with a thickness between 80
and 100 m. Mineralogically, the formation isconsidered homogeneous, containing ~60 wt.% clay minerals
dominated by illite, with subordinate smectite, kaolinite, chlorite, ~20 wt.% quartz, and ~10 wt.% feldspar

140  (Aertsens et al., 2004; Frederickx et al., 2018, 2021). Its burial history includes continuous subsidence, interrupted
by a minor uplift phase during the Chattian, resulting in a modest overconsolidation ratio (OCR) of ~2.4(OECD
and NEA, 2022).

Hydraulic conductivity data compiled for this study originate primarily from boreholes in northeastern Belgium
(Essen-1, Zoersel, Weelde-1, Doel-2b, Mol-1) and the HADES Underground Research Laboratory (URL) in Mol.

145 Most laboratory measurements were obtained using pulse or constant-head permeameter tests and
diffusion/migration experiments, while in situ data, exclusively from piezometers, were collected in URL-drilled
boreholes. In total, 269 laboratory and 30 in situ measurements were evaluated, yielding a hydraulic conductivity
range of 3.5 x 10720 t0 2.1 x 107" m/s.

2.2. Amaltheenton Formation (AMA)

150 The Amaltheenton Formation, deposited under shallow-marine conditions during the Upper Pliensbachian in the
Lower Saxony Basin (LSB, Germany), consists predominantly of organic-lean, grey claystones and calcareous
claystones, frequently intersected by siderite concretions. Formation thicknesses between 100 and 200 m have
been inferred from borehole profiles and outcrop data (Burnaz et al., 2024; Marten et al., 2024). In the Hils and
Sack synclines of Lower Saxony, the formation experienced highly variable maximum burial depths, ranging from

155  approximately 1,300 to 3,300 m over a SE-NW transect of ~50 km (Burchartz et al., 2025; Castro-Vera et al.,
2024). Cretaceous inversion tectonics resulted in substantial uplift to shallow depths (from few metres to several
decametres below the surface with respect to the formation top) and pronounced overconsolidation (Stahl, 1992;
Voigt et al., 2021; Gaus et al., 2022).

Within the MATURITY project, eight boreholes were drilled across five locations, intercepting the AMA at

160 variable depths (formation tops between 2 and 74 mbgs) and formation thicknesses, capturing the full extent of the
lateral burial variability. A comprehensive investigation campaign was carried out, involving both laboratory and
in-situ testing. Laboratory hydraulic conductivity data is based on permeameter experiments while in situ data
stems from hydraulic testing conducted using straddle-packer systems in both single- and double-packer
configurations (Burchartz et al., 2025).

165 The mineralogical composition of the AMA is similar across the study area, with total clay mineral contents
ranging from 58 to 75 wt.%, framework silicates between 7 and 23 wt.%, and carbonates from 1 to 8 wt.%
(Burchartz et al., 2025). Laboratory-derived hydraulic conductivities fall between 1.8x10? and 1.3x10°*3 m/s,
while in-situ measurements indicate significantly higher values, ranging from 3.4x10°5 to 1.1x107 m/s, reflecting
the influence of fractures, stress relief, or testing-related disturbances (Burchartz et al., 2025).

170 2.3 Toarcian-Domerian Argillite (To-Do)
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Toarcian—Domerian argillites have been extensively studied at the Tournemire Underground Research Laboratory
(URL), located in a Mesozoic basin on the southern margin of the Massif Central, France (Bonin, 1998). Research
at this site, led primarily by the French Institute for Radioprotection and Nuclear Safety (IRSN), focuses on the
suitability of these formations for hosting high-level radioactive waste. The sedimentary succession, composed of
175 marlstones and argillites, reaches thicknesses of up to 250 m (Constantin et al., 2004) and was deposited under
shallow-marine conditions at estimated water depths of approximately 50 m (Humbezi Desfeux et al., 2024).

Following deposition, compaction and cementation occurred as a result of loading by thick overlying limestone
units (Bonin, 1998). 1D thermal history modelling suggests that the formation was buried up to 2,000 m
(Barbarand et al., 2001; Peyaud et al., 2005; Mazurek et al., 2006), while other references state depth between 900

180 - 1,700 m (OECD and NEA, 2022), and 2,500 — 3,000 m during maximum burial (Charpentier et al., 2003).
However, the consistently low porosity, typically below 10 % (Boisson et al., 2001; Humbezi Desfeux et al., 2024;
Patriarche et al., 2004a), and a predominantly brittle mechanical behaviour that allows for fracturing (Constantin
etal., 2002; Su et al., 2017) indicates relatively deep burial.

Mineralogically, the formation consists of 40-50 wt.% clay minerals, with quartz contributing 10-20 wt.% of the

185 bulk composition. Carbonates (primarily dolomite and calcite), along with pyrite, account for 3-5 wt.% and
~3 wt.%, respectively (De Windt et al., 1999; Boisson et al., 2001). The clay fraction is dominated by illite and
kaolinite, with subordinate mixed-layer illite/smectite (with >70 % illite), mica, and minor chlorite (Bonin, 1998;
De Windt et al., 1999; Boisson et al., 2001; Constantin et al., 2004).

Hydraulic conductivity data from the Tournemire site are limited and largely derived from Boisson et al. (2001).
190 Hydraulic conductivity values in the range of 10-* to 10°*® m/s from laboratory tests, and 10-** to 10 m/s from

in situ measurements.

2.4 Callovo-Oxfordian Argillite (COx)

The Callovo-Oxfordian argillite, deposited during the Middle Callovian to Middle Oxfordian in the eastern part of
the Paris Basin, has been the focus of extensive research over the past three decades. These efforts, led by the

195 French National Radioactive Waste Management Agency (ANDRA), have culminated in the selection of this
formation as the host rock for a deep geological repository. Numerous deep boreholes and the Bure Underground
Research Laboratory (URL) are located within a ~250 km? area in the Meuse/Haute-Marne district of north-eastern
France (Delay et al., 2007; Distinguin and Lavanchy, 2007; Cosenza et al., 2014).

The COx succession exhibits a consistent thickness exceeding 100 m across the study area and is subdivided into

200 four lithostratigraphic sub-units. These units show a systematic upward trend of decreasing clay content and
increasing proportions of silt and carbonates (Gaucher et al., 2004; Cosenza et al., 2014). Mineralogically, the rock
is dominated by clay minerals, particularly illite and mixed-layer illite/smectite, with total clay contents reaching
up to 60 wt.% (Gaucher et al., 2004; OECD and NEA, 2022).

At present, the top of the formation lies between 400 and 600 m below the surface (Delay et al., 2007). A one-
205 dimensional burial model by Blaise et al., (2014) suggests that the formation experienced maximum burial depths

of approximately 850 m (+ 200 m) and associated temperatures around 50 °C during the Late Cretaceous.

6
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Hydraulic investigations from both laboratory and in situ tests consistently report low hydraulic conductivities,
typically ranging between 107! and 107'* m/s (Distinguin and Lavanchy, 2007), supporting the formation's

classification as a very low-permeability barrier rock.

210 2.5 Opalinus Clay Formation (OPA)

The Aalenian (Middle Jurassic) Opalinus Clay Formation, deposited in an epicontinental sea covering large parts
of Central Europe, is the designated host rock for high-level radioactive waste disposal in Switzerland (Wetzel et
al., 2003; Zimmerli et al., 2024). Over recent decades, extensive research has been conducted on the formation by
numerous institutions and scholars. Under the guidance of the National Cooperative for the Disposal of

215 Radioactive Waste (NAGRA), the Opalinus Clay has been investigated through multiple deep and shallow
boreholes across several siting regions in northern Switzerland, as well as in the Mont Terri Underground Research
Laboratory (URL) (Fig.1).

Based on sedimentological features, the OPA is subdivided into three distinct facies zones, characterized by the
presence of thin calcareous silty-sand layers or siderite nodules, and a shallowing-upward trend that is reflected in
220 increasing silt and fine sand content toward the top of the formation (Nagra, 2002; Gautschi, 2017; Zimmerli et
al., 2024). Mineralogically, the formation is dominated by clay minerals, which make up approximately
59 + 12 wt.% of the bulk rock composition. Among these, illite is the most abundant (22 + 8 wt.%), followed by
kaolinite (19 + 6 wt.%), illite/smectite mixed layers (14 + 7 wt.%), and chlorite (7 £ 3 wt.%) (Gautschi, 2017).

The burial history of the OPA is spatially variable. In northern Switzerland, the formation reached maximum burial

225  depths of 1,650-1,700 m, whereas in the Mont Terri area, maximum depths were more modest at around 1,350 m
(Mazurek et al., 2006). This burial history is reflected in present-day porosity values, which are generally lower in
northern Switzerland (11-12 %) than at Mont Terri (12-18 %) (Gautschi, 2017). Correspondingly, estimated
overconsolidation ratios (OCR) based on burial and present-day depth are between 1.5-3 in northern Switzerland
and 2.5-5 at Mont Terri (OECD and NEA, 2022).

230 Hydraulic properties of the OPA have been thoroughly investigated through both laboratory and in situ
measurements. Reported values for hydraulic conductivity span a broad range from 10~* to 10'* m/s, depending
on location, facies, and depth of the studied rocks (Nagra, 2002; Mazurek et al., 2006; Gautschi, 2017).

In addition to Switzerland, the OPA is also being considered as a potential host rock in Germany, where it is
investigated at various locations. Hekel (1994) conducted hydraulic conductivity tests in several shallow wells,
235 demonstrating a clear depth-dependent trend in permeability and influence of local topography. There, the OPA is
present a few meters below the surface, representing strongly uplifted rock sections, influenced by decompaction

and weathering.

2.6 Boda Claystone Formation (BCF)

The Boda Claystone Formation is the proposed host rock for long-term high-level radioactive waste (HLW)
240 disposal in Hungary (Németh et al., 2016). This Upper Permian unit reaches a thickness of approximately 800—
1,000 m and forms part of a much larger, 2,000-4,000 m thick siliciclastic continental sedimentary sequence
(Fedor et al., 2008, 2019; Konrad et al., 2010; Németh et al., 2016). Investigations of the BCF began in the 1990s,

7
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focusing primarily on several deep boreholes and an underground research laboratory in the Western Mecsek
Mountains region. Structurally, the formation is divided into two main blocks: the Boda and Gorica blocks, with
245 most research activities concentrated in the Boda block (OECD and NEA, 2022).

The BCF consists of relatively homogeneous lacustrine sediments deposited in a playa-basin environment,
arranged in monotonous sedimentary cycles (Fedor et al., 2008). Lithologically, it can be subdivided into three
main units: a lower transitional unit (100-150 m) of fine-grained sandstones, a middle unit (350-450 m) of albite-
rich claystones and siltstones, and an upper unit (400-500 m) of interbedded claystone, albite-rich clayey siltstone,
250 and silty claystone, locally containing dolomite and siltstone beds with desiccation cracks and septarian dolomite

concretions (Konrad et al., 2010).

Mineralogically, the BCF is dominated by clay minerals (up to 55 wt.%), primarily illite and chlorite, with minor
smectite, kaolinite, and vermiculite. Other significant components include authigenic albite, detrital quartz,
carbonate minerals (calcite and dolomite), and hematite (Méthé, 1998; Arkai et al., 2000; Németh et al., 2016).

255 The BCF experienced substantial burial, reaching maximum depths of approximately 3,500—4,500 m. This led to
extreme consolidation, resulting in highly indurated, brittle rock characterized by very low porosity (mostly <3%)
and high bulk densities (~2.6 g/cm3). Publicly available hydrogeological data for the formation are limited.
However, the few available in situ hydraulic test results indicate a wide range of hydraulic conductivities, spanning
from 103 to 108 m/s. In contrast, laboratory-based water permeability measurements show a much narrower range

260 of K values, consistently between 10** and 10-** m/s. This large variability suggests a reduced self-sealing
effectiveness of fractures, likely related to the high degree of induration and brittle behaviour of the rock (Kovécs,
2001).

Table 1 Overview of investigated formations and selected properties. The given data ranges for Boom, To-Do, Cox, and OPA
originate from the data compiled in the Clay Club Catalogue of Characteristics of Argillaceous Rocks (CCC) (OECD & NEA,

265 2022). Data for the AMA originates from Burchartz et al. (2025). Given present day depths refer to the formation top. Porosity
ranges are calculated from water content at 105 °C-110 °C. AMA=Amaltheenton Fm, To-Do=Toarcian-Domerian Argillite,
COx=Callovo-Oxfordian Argillite, OPA=Opalinus Clay Fm, OCR=overconsolidation ratio, K=hydraulic conductivity,
mbgs=meters below ground surface.

Formation ;I'r::)lckness [(DH?E;:) c'\j/é?));hb(ﬂ:)lal Kinsitu (M/S)  Kian (mM/s) D (%)
1.6x10% 4.6x102%

Boom 102 50-270 205-225 e e 210447
1.2x107- 1.2x10%4-

AMA >90 2.75 13003300 520 N 45-15.9
1.0x10°%5- 4%

To-Do 200-260  400-560 13001700 100 LOX10#  7.0-14.0
12x10%  2.Ix10°5-

COx 130-160  400-600 8504200 o0 L 2.6-19.5
1.2x10°%4- 6.0x10°15-

OPA 90-160 300-950 13501700 320, s 5.5-16.2

BCF 210-1,000  0-600 3500-4500 LOX107°- - 0.5-6.0

: ,500-4, 8.0x10°® 5-6.

*3hest estimate perpendicular to bedding
*D hest estimate parallel to bedding
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3 Methods
270 3.1 Dataset compilation and consolidation

The dataset compiled for this study consists of hydraulic conductivity (K, in m/s) entries, obtained through both
laboratory-based and in situ testing across six argillaceous formations in Europe (Fig. 1). Primary data sources
include peer-reviewed publications, technical reports, and theses, and were supplemented with data ranges from
the Clay Club Catalogue (OECD and NEA, 2022). A complete reference list is given in Table Al.

275 Most data were collected from vertical boreholes, either drilled from the surface or accessed via underground
research laboratories (URL). In a few cases, in situ data were derived from horizontal boreholes. Where reported,
borehole and sample orientation relative to bedding or stratification was considered, allowing for an assessment

of hydraulic anisotropy.

To ensure the comparability and consistency of the dataset, a set of inclusion criteria was applied during data
280 selection. These include:
i.  Acredible and well-documented testing methodology (laboratory or in situ).
ii. A clearly defined spatial location and depth, allowing for stratigraphic correlation.
iii.  Overlap or close proximity between lab and in situ data, minimizing the risk of significant
sedimentological or diagenetic variability.
285 iv. Availability of information on the maximum depth experienced during burial diagenesis.
V. Presence of mineralogical data, either for tested samples, borehole sections, or nearby stratigraphic
equivalents.
In addition to hydraulic conductivity data, petrophysical parameters such as porosity, grain density, and bulk
density were included to support interpretation of burial- and diagenesis-related trends.

290 3.2 Test methods to evaluate hydraulic conductivity

The hydraulic conductivities compiled for this study were based on various test methods and types. The abundance
of each test method across the dataset and individual formations is shown in Fig. 2. It is recognizable that the vast
majority of laboratory-based hydraulic conductivities is derived by permeameter tests (i.e. flow-through tests),
while in situ methods are dominated by packer tests. Here, only a concise overview is given of the different testing
295 methods in Tables 2 and 3. For detailed information, the reader is referred to the references given in the tables.
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Figure 2 Distribution of hydraulic conductivity test methods used across all investigated formations. Bars show the total
number of laboratory (left of dashed line) and in-situ (right of dashed line) measurements, subdivided by formation. Numbers
above the bars indicate the total count per method. OED=0edometric tests, AD=Advective displacement tests, Packer=Packer

tests, EPG=Electromagnetic pressure gauge.

Table 2 Overview of laboratory-based methods for the estimation of hydraulic conductivity (K).

Method Basic Principle

References

Axially loaded specimen in a rigid ring; infers K from extended
Oedometer  consolidation theory during loading by relating it to the coefficient
(OED) of volume change and compressibility at each state of consolidation
(indirect measurement of K)

Aertsens et al., (2004, 2008,
2013); Batlle-Aguilar et al.,
(2016); Ferrari et al., (2016);
Favero, (2017); Crisci et al.,
(2019); Ferris et al., (2020)

Constant or pulsed fluid flow through saturated core sample; K is

Permeameter derived from Darcy’s law

Fedor et al., (2008);
Wemaere et al., (2008); L.
Yuetal., (2013); C. Yuet al.,
(2017); Favero et al., (2018);
Giger et al., (2018)

Advective  Advective displacement of in situ pore water with artificial pore
displacement fluid under large hydraulic gradients; K inferred from sample
(AD) dimensions and average volumetric flow rate over time

Méader, (2018); Nagra,
(2020); Kiczka et al., (2023)

Table 3 Overview of in situ methods for the estimation of hydraulic conductivity (K).

Method Basic Principle

References

Isolates borehole section; injects/extracts water; measures
Packer Test  pressure/flow over time to infer K, applied tests comprise pulse,
slug or constant rate tests

Boisson et al., (2001);
Bredehoeft & Papadopulos,
(1980); Distinguin &
Lavanchy, (2007); Nagra
work reports Dossier VII
(e.g. Wersin et al., 2022)
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Monitors hydraulic head at discrete depths; K from recovery or Bastiaens et al., (2007); L.

Piezometer | Yuetal., (2013) and
ong-term pressure response .
references therein
Electro-
magnetic Long-term, isolated pressure monitoring; K inferred from pressure Distinguin & Lavanchy,
Pressure over time recovery trends (2007)
Gauge (EPG)

305 3.3 Data discretisation and analysis
3.3.1 Natural variability of hydraulic conductivity

The compiled dataset originates from a range of laboratory and in situ techniques and various investigation sites.
This inherently introduces biases into the results, arising from methodological factors (e.g., scale effects, effective
stress conditions during laboratory tests) and natural factors due to intrinsic heterogeneity (e.g., compositional
310 variability among stratigraphic subunits or sampling sites, bedding anisotropy), all of which contribute to natural
scatter in the hydraulic data (Neuzil, 1994), even within the same formation. Available information on both
methodological and geological controls was systematically assessed, with particular focus on parameters that could

be consistently quantified across data sources. For methodological aspects, this included:

1. The distinction between field and laboratory datasets,
315 2. The interval length of in situ tests, and

3. The applied effective confining stress during laboratory experiments.

Where reported, sample orientation with respect to the bedding was accounted to assess the anisotropy across the
laboratory-derived data.

The resulting scatter in the hydraulic conductivity data, for tests conducted under comparable boundary conditions,

320 s here referred to as natural variability. This baseline serves as a reference framework for subsequent analyses.
Observations that fall within the observed variability envelope are interpreted as expected scatter related to
geological heterogeneity and methodological factors. In contrast, values that deviate substantially from this
baseline are considered to reflect geological or mechanical processes beyond natural variability, such as fracture-
dominated flow.

325 In order to observe formation specific scale contrasts between laboratory- and field-derived hydraulic
conductivities, the data was discretized in 10 m depth bins. For each bin, the geometric mean and median were

calculated. Subsequently, the offset (Alog10K) between in situ and laboratory K was computed as:

Alogyo(K) = log1oKin situ - 10g10Kian 1)

This approach quantifies systematic shifts between the sub-datasets and allows investigation of how these shifts
330 vary with depth. The BCF is excluded as no discrete in situ data is accessible for this formation from literature.
3.3.2 Burial estimates

The evolution of hydraulic conductivity along the formations’ burial history is a central part of the present study.

The compiled dataset contains data from six formations, sampled across various investigation sites, and a present-
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day depth range of a few metres to approximately 1,100 m below ground level. This strong variability promotes
335 the fact, that detailed data for burial reconstruction are not available for each test site and depth. However, general
burial trends can be found for all formations. Hence, the analysis of burial history-related alterations of hydraulic
conductivity is limited to data ranges. The burial parameters and respective references considered here are
summarized in Table 4. The Opalinus Clay burial reconstruction is based on 1D basin modelling carried out by
Mazurek et al. (2006). The given burial depths and peak burial temperatures (Tpeax) refer to the locations of
340 Dboreholes Rinken, Weiach, and Benken, and the Mont Terri URL. The hydraulic conductivity data derived from
other locations of OPA were assigned to these sites and burial characteristics with respect to their affiliation with
the siting regions in northern Switzerland: Jura Ost (JO), Nérdlich Lagern (NL), and Zirich Nordost (ZNO).
Shallow OPA data from boreholes in the Swabian Alb (Germany) and the Lausen borehole (Switzerland) lack
detailed burial estimates Detailed and recent burial reconstruction is available for the AMA from five borehole
345 locations (BO1 — BO5) in the SE margin of the Lower Saxony Basin

Table 4 Summary of estimated maximum burial depths for the investigated argillaceous formations, including site-specific
information where available. Burial depth estimates are based on regional burial history reconstructions and borehole-specific
studies. References indicate the primary sources for each estimate. Tpeak=maximum temperature reached along burial history.

Formation  Sub region/borehole Max. burial depth (m)  Tpeak (°C)  Reference
Mont Terri URL (MT) 1,350 85 Mazurek et al
OPA Rinken (Jura Ost) 1,550 - (2006): Nagra.’
Weiach (Nordlich Lagern) 1,700 84 (2002)’ '
Benken (Zirich Nordost) 1,650 85
COx Meuse-Haute-Marne URL and g5, 50 Blaise et al., (2014)
adjacent boreholes
Barbarand et al.,
. (2001); Peyaud et
To-Do Tournemire 2,000 110 al., (2005); Mazurek
etal.,, (2008, 2011)
BO1 1,550 93
BO2 1,400 83 Castro-Vera et al.,
AMA BO3 2,100 116 (2024); Burchartz et
BO4 2,440 127 al., (2025)
BO5 3,300 163
Doel-2b 58
Zoersel 89*b Mertens et al.,
Boom*? Essen-1 159*0 (2003); Wemaere et
Mol-1 191* al., (2008)
Weelde-1 260*°
BCF Western Mecsek Mountains 3,500-4,500 200-250 (C;%gg & NEA,

*3given depths refer to formation top
*btop of transition zone

4 Results

350 The compiled dataset consists of 782 entries for hydraulic conductivity, of which 370 entries stem from in situ
measurements. 412 values were derived from different laboratory methods. Additionally, petrophysical and
mineralogical data were gathered for all investigated formations and are represented by 292 entries of porosity,
141 entries of grain density, 115 entries of bulk density, and data for bulk mineralogical composition, summarizing

clay mineral content, carbonate content, and amount of quartz + feldspars + accessories.
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355 4.1 Hydraulic conductivity distribution

The compiled dataset of 782 hydraulic conductivity (K) measurements span twelve orders of magnitude, from 10
16 t0 10 m/s (Fig. 3) and covers a depth range of few meters below surface and approximately 1,100 m (Fig. 4).
In situ test results (n = 370) display substantially greater scatter in hydraulic conductivity than laboratory data, and
range between 10> to 10*m/s as opposed to laboratory data which range between 1076 to 10°° m/s).

360 Formation-specific K distributions and selected summary statistics are given in Table 5.

The Opalinus Clay Formation exhibits the broadest variability in hydraulic conductivity and depth range, with in
situ values extending from 1014 to 10* m/s (n=284), depending on test depth that covers tests from a shallow
zone (0 - 65 m) and an intermediate to deep zone (250 — 1,065 m). Laboratory results show a significantly lower
spread and cluster between 104 and 10> m/s. Effective stress conditions applied during test performance lie
365 between 5—50 MPa. The Boom Clay dataset includes 269 laboratory measurements, primarily from permeameter
and migration experiments, giving K values from 102 to 10-1° m/s. The lab ssamples stem from five boreholes in
northern Belgium and cover a depth range between 59 and 366 m. In situ data from piezometer pressure-recovery
tests (n=30) fall within a narrower range between 1012 and 10 m/s, derived from boreholes drilled from the
HADES URL in Mol with test depths between 223 — 258 m. The Callovo—-Oxfordian argillite, represented by 81
370 hydraulic conductivity entries from the Bure URL and boreholes in close proximity, shows close agreement
between laboratory measurements (102¢ to 102 m/s) and in situ tests (10> to 1012 m/s). Sample depths for
laboratory tests range between 353 - 543 m, while in situ tests were carried out between 355 — 630 m depth. The
Toarcian—-Domerian argillite (To-Do) is represented by a modest dataset derived from the Tournemire URL, with
laboratory K values between 104 and 10"® m/s (n=8; sample depths between 230 - 339 m) and in situ results
375 spanning from 10 to 10! m/s (n = 6; test depths between 275 - 380 m). The Amaltheenton Formation displays
a pronounced lab—field contrast, with laboratory values of 10" to 10" m/s and in situ results several orders of
magnitude higher, ranging from 10** to 10 m/s. This formation was investigated based on several shallow
boreholes (<100 m depth) in the eastern margin area of the Lower Saxony Basin, Germany (Gaus et al., 2022;
Castro-Vera et al., 2024; Burchartz et al., 2025). The Boda Claystone Formation is represented by a small number
380 of water permeability measurement results that lie between 1.1x104 and 1.3x10*® m/s. Samples originate from
depths around 1,000 m, taken from boreholes drilled from the Alpha shaft URL (Fedor et al., 2008). In situ data
of the BCF is sparse. For this study the data range given in the CCC (OECD and NEA, 2022) was adapted. It
shows hydraulic conductivities in a wide scatter between 1022 and 10 m/s. A given best estimate is at 1.0x10
2 m/s. The meaning of “best estimate” for the BCF is not further differentiated in the CCC. However, it generally
385 serves reference value selected or calculated based on expertise from the available data (OECD and NEA, 2022).

Table 5 Selected hydraulic conductivity (K) summary statistics by formation and method, reporting sample size (n), min, max,
geometric mean, and standard deviation. OPA=0Opalinus clay, Cox=Callovo-Oxfordian argillite, To-Do=Domerian-Toarcian
argillite, AMA=Amaltheenton Fm.

Depth range

Formation Method n Kwin (mM/s) Kwmax(m/s)  Geom. Mean (m/s) Std. Dev. (log1oK)

(mbgs)
Lab 65 464-987 1.00x10 1.20x10%? 1.18x10%° 0.45
oA In Situ 284 4-908 1.00x10% 8.00x10* 2.29x10° 2.75
Lab 47 353-542 8.27x10% 1.05x1012 6.31x10° 0.65
cox InSitu 30 355-630 9.00x10% 1.10x10? 1.59x10% 0.56
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Depth range

Formation Method n Kwmin (mM/s) Kmax (m/s)  Geom. Mean (m/s) Std. Dev. (logio0K)

(mbgs)

Lab 8 230-339 1.00x10 1.20x10°%® 3.80x10°% 0.44
To-bo InSitu 6 276- 1.40x10 2.30x10! 3.92x10%8 1.16

Lab 269 59-365 2.10x10%® 3.51x100 4.65x101? 0.43
Boom InSitu 30 223-256 2.60x102 1.70x10t 4.53x101? 0.16

Lab 20 58-98 1.47x10 2.15x10%2 1.99x10°%° 0.58
AMA InSitu 20 54-95 7.62x101 3.43x10° 4.58x10°® 1.68

Lab 3 ~1,000 1.1x104 1.3x10%8 4.50x10% 0.40
BeF In Situ*® 330-830 2.0x10°% 8.0x10°® 1.0x10?

*3data range taken from the CCC OECD & NEA, (2022)

| g | | | |
| W | | | 1
10° ! S 1 : :
| ° ' | | [
6 1 ;| 1 1 1
10~ | | | | I
| | | | ;
| | | | ;
- 1 e 1 1 g
. 10 ] ) ! ' g | i g
@ ¥R i ! | | i s
E s s : : : : 3
- ] | | | | ; 2
“ 1071 8 | : | g | H
o 1§ I C : )
£ L A S o0 : B
-12 | 9 | 5 | | ; £
10 B 8 2 ot s T8
: | N : -
) | | B | . B
. | | | | ;
10 : : : : :
| i i | i
lab  in situ i lab _in situ E lab _in situ i lab _in situ i lab _in situ i lab _ in situ
390 Boom AMA COx To-Do OPA BCF

Figure 3 Hydraulic conductivity boxplots from laboratory and in situ measurements by formation. Boxes represent interquartile
range (25th—75th percentile), horizontal lines indicate the median, and the x-marker the geometric mean. Whiskers span the
10th-90th percentile. Individual points represent outliers. CCC=Clay Club Catalogue OECD & NEA, (2022).

4.2 Present-day depth trend

395 The compiled hydraulic conductivities span a depth range from near-surface (a few meters below ground) to
~1,100 m true vertical depth. Most in situ tests (n=242) are concentrated at depths shallower than 100 m, while
laboratory samples predominantly originate from deeper intervals (Fig. 4). Overall, the in situ data shows a
pronounced decrease in hydraulic conductivity within the upper 200 m of nine orders of magnitude (103 to 10
4 m/s), while laboratory data from the AMA and OPA lie in a distinctively narrower range between 10 to 10°

400 2 m/s. Tests on AMA samples were conducted at effective stresses between 1 and 20 MPa, whereas OPA samples
from Lausen were tested under effective stress conditions ranging from 0to 50 MPa. Between ~200 m and
~1,100 m, laboratory and field-derived K of overconsolidated, lithified formations (OPA, COx, To-Do) converge
and predominantly show clustering within a range of 102 to 10"** m/s. An exception to this is the BCF, where in
situ values show a significantly wider scatter with hydraulic conductivities up to 10 m/s, while lab values fall
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405 between 10° and 10 m/s. The less consolidated Boom Clay shows a minor monotonic depth trend and a
generally low scatter over a depth range of 59 to 366 m. Field and laboratory data between 223 and 260 m overlap

closely, spanning from 102 to 107! m/s.
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Figure 4 Log hydraulic conductivity (K) over depth plot of a) laboratory derived K, b) in situ experiment derived K, divided by

410 formation. The plotted interquartile ratios represent the data of moderately to strongly overconsolidated argillaceous rock
formations (OPA, COx, To-Do, BCF) filtered for depths >100 m. The in situ data of the BCF represents the data range given
by the CCC (OECD and NEA, 2022).

4.3 Factors controlling natural variability of hydraulic conductivity

4.3.1 Measurement scale

415 The compiled in situ dataset spans a broad range of packer test interval lengths, from <1 m to over 120 m (Fig. 5).
Most tests were performed over intervals shorter than 40 m, while only a few exceed 100 m. For the OPA, COX,
and To-Do formations, hydraulic conductivities derived from packer tests fall consistently within a narrow range
of 1072 to 107'* m/s, regardless of interval length. Notably, 50 % of these data at present-day depths >100 m cluster
even more tightly, between 3.9x10* and 2.4x10°*® m/s (interquartile range, Fig. 5). Within this depth range, no

420 systematic effect of interval length is apparent.

In contrast, packer tests performed at depths <100 m provide a more complex picture. These data originate
exclusively from the OPA and AMA. For the OPA, interval lengths are reported in detail for tests from the Lausen
borehole, ranging from ~4 m to ~23 m (Vogt et al., 2017). Interestingly, hydraulic conductivities derived from the
longer intervals (14 m and ~23 m) are several orders of magnitude lower than those from shorter intervals (4 —
425 9 m), with values around 10°** m/s compared to 108 to 10-> m/s, respectively. This difference, however, coincides
with depth: the longer intervals are located exclusively below ~30 m, outside the decompaction-influenced zone
identified by Vogt et al. (2017). OPA data from shallow boreholes in the Swabian Alb (Germany) do not include

continuous reports of interval lengths (Hekel, 1994).
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The AMA was investigated in four boreholes, with most packer tests performed on short intervals <10 m, and
430 some longer ones up to 84 m (BO4.0). No systematic scale-dependence is observed in the shorter intervals.
However, two clear interval length-related trends appear in BO2.0 and BO4.0: in the latter, K decreases by three

orders of magnitude (down to 3x10-1° m/s) in the deeper borehole sections between 45 — 95 m.
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Figure 5 Relationship between packer interval length and hydraulic conductivity from in situ packer tests. The dashed vertical
435  lines represent the IQR of data from depth >100 m. Arrows indicate the pronounced decrease of K with decreasing interval
length observed in the AMA boreholes BO2.0 and BO4.0. The BCF is excluded as no discrete in situ data is accessible for this
formation from literature.
A direct comparison between laboratory and in situ results was made using the computed offset AlogioK between
median and geometric mean values (Fig. 6). In the AMA, this offset is large, with AlogioK values exceeding 6,
440 highlighting a strong lab—field contrast at shallow depths. Similarly, data from the Lausen borehole at depths
<30 m indicate a similar divergence. These results are not included in Fig. 6, as only the range of laboratory-
derived hydraulic conductivities is publicly available (Crisci et al., 2019). For laboratory permeameter experiments
conducted between ~20 and ~70 m depth, hydraulic conductivities consistently fall within 10 to 102 m/s,
depending on the applied effective confining stress. In contrast, in situ measurements from <30 m depth yield
445  much higher values, between 10 and 10 my/s. This discrepancy corresponds to hypothetical AlogioK values of 4
to 8, similar to those observed for the AMA. However, this contrast disappears in the Lausen borehole at depths
>30 m, where hydraulic conductivities from in situ and laboratory experiments converge and overlap (Crisci et al.,
2019). In contrast, for the AMA, laboratory-derived K values consistently remain below the corresponding in situ

measurements.

450 By comparison, for Boom, OPA, COx, and To-Do (all sampled at depths >200 m), the offset is much smaller,
within 1 — 2 orders of magnitude. This indicates close agreement between laboratory- and field-derived
conductivities at greater depths and across different investigation scales. For indurated, lithified formations (OPA,
COx, To-Do), the interquartile ratios below 200 m depth further indicate very little scatter between the lab and
field scale (Fig. 6). Moreover, the interquartile ratios of laboratory and in situ data from the indurated,

16



https://doi.org/10.5194/egusphere-2026-964
Preprint. Discussion started: 17 March 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

455 overconsolidated formations at depths below 200 m (grey numbers in Fig. 4) are in close agreement. For the BCF,
a direct calculation of AlogioK could not be performed, as only data ranges for in situ measurements are available,
and there is no depth overlap between laboratory and field hydraulic conductivities. However, a clear contrast
emerges from the available data (see Fig. 4): field-based measurements at depths between 400 and 800 m report
hydraulic conductivity values as high as 10-® m/s, whereas laboratory experiments consistently yield much lower

460 values, in the range of 10" to 103 m/s.
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Figure 6 Depth-binned (10 m bins) comparison of laboratory and in situ hydraulic conductivity measurements for individual
formations. The BCF is excluded as no discrete in situ data is accessible for this formation from literature.

4.3.2 Hydraulic anisotropy

465 Laboratory measurements for which the flow direction with respect to bedding orientation was reported (n=367)
were separated into tests performed parallel (Kp; n=135) and perpendicular (Ks; n=232) to bedding. Hydraulic
conductivities for both orientations span over four orders of magnitude, but distributions show a slight systematic
shift towards higher values in the parallel direction (Fig. 7). Parallel tests yield a geometric mean of 2.4x1012 m/s,
approximately three times higher than in the perpendicular direction (8.3x10°*3 m/s). Median values show a similar

470 relationship with 5.2x10"> m/s versus 1.6x102 m/s, respectively. The observed Kp-Ks contrast in the global

datasets can be attributed to the intrinsic anisotropy of the argillaceous nature of investigated formations.
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Figure 7 Logio hydraulic conductivity perpendicular to bedding (K,) versus parallel to bedding (K,) for the investigated
formations. Symbols show geometric mean values. The solid line marks isotropic conditions (K/K, = 1). Numbers denote
475  anisotropy ratios (K/K,), showing slightly lower hydraulic conductivity perpendicular to bedding in all cases.

4.3.3 Stress dependency of laboratory data

Where available, effective confining stresses applied during permeameter experiments were incorporated into the
compiled dataset. Figure 8 shows hydraulic conductivity plotted against the respective effective confining stress.
For OPA, samples from different locations cover a stress range of 5 — 15 MPa, with all data points clustering
480  within two orders of magnitude (10%* to 102 m/s). Within this range, no clear stress-dependent trend is evident.
However, the comparison is limited because only a few data points originate from the same sampling location and
depth. Additional results from the Lausen borehole confirm a similar hydraulic conductivity range, despite
spanning a broader stress interval of 0 — 50 MPa (Crisci et al., 2019). In that case, the hydraulic conductivity
decreased systematically with increasing effective stress, reflecting compaction-related reduction in void ratio.
485 The AMA data also show an initial decline in K with increasing stress, but this trend vanishes at confining stresses
above ~5 MPa (10 — 20 MPa range). Overall, AMA hydraulic conductivities fall within the same two-order
magnitude window (102 to 1014 m/s) as the OPA data. Taken together, the compiled data suggest that, across all
studied formations, hydraulic conductivity consistently falls within a range of two orders of magnitude, despite

applied effective stresses varying between 1 and 50 MPa.
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Figure 8 Log hydraulic conductivity versus the applied effective confinement stress during permeameter experiments.
Formations are color-coded, while distinct marker symbols are used to differentiate individual sample locations for OPA and
AMA. OPA locations: BOZ=B06zberg, Mar=Marthalen, Sta=Stadel, Tri=Trillikon. For AMA data the sample orientation with
respect to bedding is indicated, where samples of both orientations (vertical and horizontal to bedding) were tested.

495 4.3.4 Summary and baseline definition

The compiled dataset was evaluated with respect to potential factors influencing hydraulic conductivity in order
to establish a baseline definition of its naturally occurring variability. This is particularly important because the
data covers six formations, each with intrinsic internal heterogeneity (e.g., due to lateral facies changes or vertical
lithological variation), which introduces natural bias. The analysis, therefore focused on parameters that could be
500 quantitatively assessed from the available data, namely: (a) the measurement scale (centimetres in the laboratory
versus few metres to several decametres in field investigations), (b) bedding-related hydraulic anisotropy, and (c)
the applied stress conditions during laboratory permeameter tests, all of which are known to exert variable

influence on measured hydraulic conductivity.

The natural hydraulic anisotropy with respect to bedding results from the preferential orientation of clay platelets
505 parallel to stratification, typically yielding ratios of horizontal (Kp) to vertical (Ks) conductivity between 1.5 and
5 (Clennell et al., 1999; Bastiaens et al., 2007; Neuzil, 2019). The compiled data shows a median Kp/Ks ratio of
approximately 3, in good agreement with this range, indicating that anisotropy introduces only a minor influence
on the overall comparability of hydraulic conductivity values. Hydraulic conductivity from in situ tests, such as
packer experiments, mostly conducted in vertical boreholes, predominantly reflect Kp (or a mixed response where
510 bedding orientations fall between the two end members), and can therefore be expected to yield slightly higher

conductivities than laboratory-derived Ks values.

The influence of measurement scale, however, proved to be more complex. Within the shallow, stress-relieved
interval affected by decompaction (up to 100 m below surface), a strong dependence of hydraulic conductivity on
the scale of investigation was evident, both between laboratory and field measurements and among field intervals
515 of varying length. Below this zone, scale effects essentially vanish: across all formations, laboratory and in situ
conductivities converge and fall predominantly within a range between 10°* and 102 m/s. A similar range
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emerges when considering the influence of effective confining stress during permeameter testing. Despite

variations from 1 to 50 MPa, matrix conductivities consistently remain within this same range.

Therefore, we define a natural variability envelope for the undisturbed matrix hydraulic conductivity of

520 argillaceous formations between 10-** and 1012 m/s. This range represents the baseline against which deviations
caused by near-surface decompaction, fracture development, or deep-burial alteration will be evaluated in the
discussion.

4.4 Mineralogical formation characteristics

Bulk mineralogical data provide quantitative information on clay minerals, carbonates, and framework silicates

525 (quartz + feldspar + accessories). Overall, the dataset captures a wide range of mineralogical compositions (Fig.
9), with Boom Clay and To-Do representing the extremes of carbonate-poor and carbonate-rich endmembers,
respectively. Clay mineral content is highest in OPA and AMA, lowest in To-Do, while quartz + feldspar +
accessory contents are generally inversely related to carbonate abundance. Generally, the mineralogical ranges of
the present dataset align with those reported in the Clay Club Catalogue (OECD and NEA, 2022).
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Figure 9 Bulk mineralogical composition of the studied argillaceous formations based on the compiled dataset. Boxplots show
the distribution of a) total clay minerals, b) carbonates, and c) quartz + feldspar + accessory minerals (all in wt%). Boxes
represent the interquartile range (IQR) with the median as a horizontal line and bold number in or next to the boxes, whiskers
indicate 1.5 IQR, and circles denote outliers. The data population (n) and mean (M) are given on to of the individual boxplots.

535 4.5 Petrophysical formation characteristics

The petrophysical properties of the investigated formations show pronounced inter-formational variability (Table
6 and Fig. 10). Mean porosity values in indurated and overconsolidated formations range from below 2 % in the
BCF over ~8 % in To-Do, 11 % in AMA, 12 % in OPA, and 15 % in COx. The Boom Clay displays distinctly
higher porosities of up to 40 %, reflecting its relatively shallow burial and limited diagenetic overprint. Grain
540 densities show little variability across formations, with means clustering around 2.66 — 2.72 g/cms3, consistent with
typical argillaceous mineral assemblages (Totten et al., 2002). Bulk densities generally follow porosity trends.
High-porosity formations such as the Boom Clay exhibit markedly lower bulk densities (~1.66 g/cm3), whereas
the more compacted and diagenetically altered units (BCF, COx, To-Do, OPA, AMA) show bulk densities in the

range of 2.42 — 2.46 g/cm3. Again, the BCF represents a lower-end member with a bulk density around 2.65 g/cm?.
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545 Table 6 Selected petrophysical characteristics of the investigated formations. The values represent the mean of the sampled

550

555

data range as well as their standard deviation: porosity (@), grain density (pgrain), and dry bulk density (poui). The data
population (n) is additionally given for each parameter and formation.

Formation D (%) n pgrain (9/cmM3) N pouik (@/cm3)  n
OPA 11.58 +1.47 36 2.72 +0.03 48 2.45+0.03 28
COx 14.72 £2.98 51 2.66 £ 0.06 29 2.23+0.03 7
To-Do 7.71+£1.99 138 2.70+0.01 12 246 +0.04 22
Boom 36.36 £10.31 15 2.71+0.03 7 1.66 £ 0.04 12
AMA 10.83 + 2.56 46 2.72 +£0.04 42 242+0.08 43
BCF 1.90+0.69 6 2.77£0.01 3 2.65 £ 0.05 3
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Figure 10 Selected petrophysical characteristics of the compiled data for all investigated formations: a) porosity, b) grain
density, c) bulk density.

Across the investigated formations, mean porosity values show a positive correlation with laboratory-measured
hydraulic conductivity (Fig. 11a), as expected while hydraulic conductivity exhibits a negative correlation with
bulk density (Fig. 11b). However, if porosity alone would determine hydraulic conductivity, COx would be
expected to show higher K values than the OPA and AMA, both of which have porosity values approximately 3 —
4 % lower than COx. Instead, COXx generally exhibits lower hydraulic conductivity. Similarly, data from the BCF
show slightly higher hydraulic conductivity than the Toarcian-Domerian formation, despite the BCF's distinctly
lower porosity and higher bulk density.
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560 Figure 11 Comparison of petrophysical properties versus the mean logioK measured in laboratory conditions across the
investigated formations: a) porosity versus hydraulic conductivity; b) bulk density versus hydraulic conductivity. Markers
represent mean values while whiskers indicate the minimum and maximum range observed. Depth filtering was applied to the
OPA dataset to exclude data shallower than 50 m in order to avoid effects of weathering.

4.6 Hydraulic conductivity and porosity with respect to maximum burial

565 The formations considered in this study experienced markedly different burial and uplift histories, with maximum
burial depths ranging from only several decametres below ground (Boom Clay) to several kilometres (Fig. 12).
Four formations (OPA, To-Do, AMA, BCF) reached depths exceeding 1,000 m during their geological evolution,
followed by partial to significant uplift, resulting in pronounced overconsolidation. Among these, the AMA shows
the largest internal burial depth variability, with reconstructed maximum burial depths between 1,400 m and

570 3,300 m (Castro-Vera et al., 2024; Burchartz et al., 2025), while the OPA reached depths of 1,350 — 1,700 m
(Mazurek et al., 2006). The BCF represents the deepest end-member, with burial depths of up to 4,500 m.

The porosity distribution follows a clear burial-related trend with a strong exponential fit (R?=0.83; Fig. 12b),
representing systematic pore-space reduction as a response to compaction and cementation processes along gradual
burial (Addis and Jones, 1985; Jones and Addis, 1985). A slight deviation from this trend is observed within the

575 AMA dataset, where porosity increases slightly between burial depths of 2,440 m (BO4.0) and 3,300 m (BO5.0).
Castro-Vera et al. (2024)attributed this to local overpressure development at the BO5 site, which likely reduced
effective stress during burial. Porosities in AMA and OPA agree closely for sites that experienced similar burial
depths (e.g., BO1 = Jura Ost; BO2 ~ Mont Terri).

Hydraulic conductivity exhibits a less pronounced, more complex relationship with maximum burial depth (Fig.
580 12a). A substantial decrease in laboratory-derived hydraulic conductivity is evident between the shallowly buried
Boom Clay and the more deeply buried Callovo-Oxfordian argillite, which faced a maximum burial depth of
approximately 850 m. This pronounced decline vanishes from burial depths beyond ~1,000 m. Instead, subtle
intra-formational trends can be identified. In the OPA, hydraulic conductivity decreases progressively from the

Mont Terri URL to the deeper Jura Ost, Zurich Nordost, and Nordlich Légern sites. A similar, though gentler,
22



https://doi.org/10.5194/egusphere-2026-964
Preprint. Discussion started: 17 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

585 decrease is observed in the AMA data, with a slight rise in hydraulic conductivity at the site which experienced
the deepest maximum burial (BO5.0, 3,300 m), mirroring the porosity pattern and suggesting the same influence
of local overpressure (Gaus et al., 2022; Castro-Vera et al., 2024; Burchartz et al., 2025).

For formations that experienced maximum burial depths <2,000 m, laboratory-derived and in situ hydraulic
conductivity show a close agreement, indicating consistent matrix and bulk hydraulic properties at depth. In
590 contrast, a divergence between laboratory- and field-scale hydraulic conductivity values emerges in formations
with burial depths >2,000 m, notably in the To-Do and BCF. The latter shows differences of several orders of
magnitude between laboratory and field measurements. In situ AMA data were excluded here, as near-surface

processes, particularly decompaction, produced elevated hydraulic conductivity.
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595 Figure 12 Relationships of log hydraulic conductivity and total porosity with maximum burial depth estimations: a) log
hydraulic conductivity versus maximum burial depth for laboratory (coloured markers) and in situ measurements (grey filled
markers). Given temperatures represent estimates on maximum temperatures reached during burial. Data of the OPA is given
in four groups: MT represents data from the Mont Terri URL, JO, ZNO, and NL is data derived from boreholes drilled in the
siting regions Jura Ost, Zurich Nordost, and Nordlich L&gern, respectively; b) total porosity versus estimated maximum burial

600 depth. Data from present day depth <100 m was excluded to avoid decompaction and weathering effect. Horizontal error bars
represent the full range of compiled data (min, max), and vertical error bars indicate uncertainty in maximum burial depth
estimates.

5 Discussion

Collectively, the investigated formations represent a continuum of diagenetic maturity, from the unlithified, stiff,

605 slightly overconsolidated Boom Clay Formation to slightly or moderately indurated claystones (e.g. COx and
OPA, respectively), to very highly indurated claystones such as the Boda Claystone Formation, which experienced
burial to ~4.5 km before exhumation.

The compiled porosity data clearly follows the expected burial trend, with progressive pore space reduction
accompanying mechanical compaction and cementation. The hydraulic conductivity shows a broadly similar
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610 pattern, with a marked decrease between the Boom Clay and COx that faced maximum burial of around 850 m
depth. However, beyond this depth, the trend flattens. For mechanically compacted and lithified formations (e.g.,
COx, OPA), the vast majority of matrix hydraulic conductivity determined from laboratory tests fall within a range
of 10" to 1012 m/s, independent of site, formation, or test conditions. This range, previously defined as the natural
variability envelope, likewise characterizes the hydraulic behavior at the rock mass scale in the absence of near-

615 surface perturbations such as weathering or decompaction.

At greater burial depths (> 2,000 m; To-Do, BCF), a second systematic divergence emerges between matrix and
field-scale hydraulic conductivity. While laboratory-derived matrix hydraulic conductivity remains within the
natural variability range, in situ data indicate values partly several orders of magnitude higher. This shift was
already highlighted by Mazurek et al., (2009), who described a two-stage evolution of hydraulic conductivity in
620 argillaceous formations: (i) a continuous decrease with burial, porosity loss, and cementation up to depths of
~2,000 m, and (ii) a subsequent increase at greater burial depths, reflecting the growing hydraulic role of open
fractures as matrix permeability becomes negligible and self-sealing capacity diminishes due to a lower amount
or absence of swellable clay minerals. Their synthesis further highlighted that the discrepancy between laboratory
and in situ measurements is small or absent in less indurated formations (e.g., Boom Clay, OPA), whereas in
625 deeply buried, strongly overconsolidated formations (e.g., BCF), fracture flow increasingly governs bulk hydraulic

behavior.

The observations from this study align closely with those outlined by Mazurek et al. (2009). Below the shallow
decompaction zone, matrix and field-scale hydraulic conductivity converges, indicating diffusion-dominated
conditions and efficient self-sealing. In contrast, at high degrees of induration, fractures can become the dominant
630 fluid pathways, and the ability of the matrix to re-establish sealing after stress release or deformation is strongly

reduced.

Potential causes and the principal processes controlling these past and present depth-dependent trends, including
the mechanisms of self-sealing, the development of the decompaction zone, and the transition from matrix- to
fracture-dominated flow, are discussed in the following sections with respect to the individual formation

635 characteristics.

5.1 Self-sealing characteristics of investigated formations

The development of discontinuities such as fractures, joints, and bedding planes enhances secondary permeability
and can significantly increase fluid flow through the rock mass (Neuzil, 1994; Ishii et al., 2011; Neuzil, 2015,
2019). Argillaceous formations, however, possess a remarkable capacity to self-seal such dilatant features over
640 time, a key property that underpins their consideration as potential host rock for radioactive waste disposal (Bock
et al., 2010). This self-sealing capacity arises from several mechanisms, including stress-state-dependent
mechanical fracture closure (increased effective normal stress), swelling of clay minerals, mineral precipitation,
creep deformation, and shearing or slaking processes (Bock et al., 2010; Di Donna et al., 2022; Berry et al., 2025).
Bock et al., (2010) synthesized numerous studies on the self-sealing behaviour of most of the formations
645 investigated here (excluding the AMA), showing that self-sealing occurs across all formations, but varies on both

spatial and temporal scales. Differences in sealing effectiveness are strongly controlled by clay mineralogy, degree
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of induration, and porewater chemistry (Bock et al., 2010). A detailed and very recent overview of self-sealing

processes in argillaceous media is provided by Berry et al., (2025).

In the soft Boom Clay, self-sealing is primarily governed by clay mineral swelling and occurs over short time
650 periods, leading to a near-complete recovery of the initial matrix hydraulic properties. Within the SELFRAC
project, this process was shown to be efficient across multiple scales, although complete mechanical healing
remains limited (Bastiaens et al., 2007; Van Geet et al., 2008; Gonzalez-Blanco et al., 2024). The close agreement
between laboratory and in situ hydraulic conductivity measurements further underlines the strong self-sealing
capacity of Boom Clay, indicating effective closure of potential fractures at the rock-mass scale. For the
655 moderately indurated COx and OPA formations, numerous studies have examined self-sealing behaviour with a
focus on swelling and mechanical consolidation processes (Van Geet et al., 2008; Zhang, 2010, 2011; Di Donna
et al., 2022; H. Wang et al., 2024; C. Wang et al., 2025). Swelling-induced sealing is efficient in both formations,
and depending on mineralogical composition and confinement, hydraulic conductivity can be restored to values
close to the initial matrix level (Voltolini & Ajo-Franklin, 2020; Wang et al., 2022; 2025; Zhang & Talandier,
660 2023).

In the moderately indurated formations (Clay, COx, OPA), self-sealing typically occurs over time spans of months
to a few years (Bock et al., 2010) and is dominated by swelling, consolidation, and creep mechanisms (Bastiaens
et al., 2007). This is reflected in the presented dataset, which shows close agreement between laboratory and field-
scale hydraulic conductivity values, indicating efficient sealing of natural or excavation-induced discontinuities

665 below approximately 250 m depth. This interpretation is further corroborated by the findings of Gautschi, (2001),
who, based on observations from more than 6.6 km of tunnel sections excavated through the Opalinus Clay in
northern Switzerland, reported that even in faulted and folded domains only negligible water inflows occurred.
Notably, all recorded inflows were restricted to sections with an overburden of less than approximately 200 m. In
contrast, self-sealing appears to be diminished in the shallow OPA zone, as evidenced by elevated and variable

670 hydraulic conductivity values in shallow boreholes in the Swabian Alb (Hekel, 1994) and the Lausen borehole
(Vogtetal., 2017; Crisci et al., 2019). This depth contrast highlights the role of confinement, which in combination
with clay mineral swelling, results in effective self-sealing processes (Voltolini and Ajo-Franklin, 2020).

Toarcian-Domerian argillites exhibit generally overlapping in situ and laboratory hydraulic conductivity, mostly
within the natural variability range. However, localized zones of higher conductivity (10-1* m/s) identified in field
675 experiments suggest the presence of unsealed, hydraulically active fractures (Boisson et al., 2001). Additional
evidence of water inflow zones in boreholes (Beaucaire et al., 2008) and minor moist areas in the Tournemire URL
(Mazurek et al., 2009) supports this interpretation. These observations indicate a lower self-sealing efficiency
compared to the less indurated formations (Boom Clay, COx, and OPA). According to Bock et al. (2010), a
conservative threshold of approximately 40 wt.% clay mineral content marks a threshold below which self-sealing
680 becomes ineffective. The mineralogical composition of To-Do lies near this threshold, suggesting that swelling-
driven sealing is less pronounced. Geng et al., (2021) observed substantial sealing during compaction-creep
deformation in To-Do samples, but primarily under coupled THCM conditions corresponding to simulated depths

around 3.8 km, i.e., conditions not relevant for repository environments.

25



https://doi.org/10.5194/egusphere-2026-964
Preprint. Discussion started: 17 March 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

In the case of the BCF, the highly indurated nature and general depletion of swellable clay minerals do not favour

685 rapid self-sealing (Kovécs, 2001). The pronounced discrepancy between small-scale (laboratory) and large-scale
(rock mass) hydraulic conductivity is evident in the compiled dataset and likely reflects insufficient sealing
capacity. However, Kovacs (2001) reported partial sealing due to degradation of non-swelling clay minerals and
mineral precipitation within joints. Such processes may contribute to very long-term sealing and should be
considered in detailed repository performance assessments. However, their timescales likely exceed the

690 operational period of a repository (Bock et al., 2010). The transition from sedimentary to metamorphic rock marks
the ultimate threshold beyond which self-sealing becomes ineffective, as swelling clay minerals are largely absent
(Bock et al., 2010).

The self-sealing behaviour of the Amaltheenton Fm has not yet been characterized but is currently being
investigated within the framework of the MATURITY project (Burchartz et al., 2025).

695 5.2 The role of maximum burial depth

The general diagenetic changes occurring during progressive burial were outlined in the introductory chapter. The
compiled data clearly demonstrate that maximum burial exerts a lasting influence on both the hydraulic and
petrophysical characteristics of the investigated formations. This influence is particularly evident in the strong
relationship between porosity (or inversely, bulk density) and maximum burial depth observed across the dataset.
700 An initial porosity loss exceeding 20 % is observed between the Boom Clay and the COx, corresponding to a
differential burial of approximately 600 m. This highlights the pronounced porosity reduction caused by
mechanical compaction during early burial diagenesis (Athy, 1930; Addis and Jones, 1985; Cripps and Czerewko,
2017; Ewy et al., 2020). At this stage, the most substantial reduction in hydraulic conductivity is also observed,
while both the porosity-depth and hydraulic conductivity-depth trends flatten with further burial. The initial pore
705 closure associated with mechanical compaction thus represents a first-order control on the low hydraulic
conductivity characteristic of argillaceous formations. Neuzil, (1994) demonstrated the existence of a log-linear
relationship between porosity and hydraulic conductivity across a broad range of argillaceous formations, a trend
also reflected in the data compiled for this study. Accordingly, hydraulic conductivity would be expected to
decrease further with continued pore-space reduction beyond approximately 850 m burial. This is generally
710 consistent across the investigated formations and observational scales (laboratory versus in situ) up to maximum
burial depths of around 2,000 m, although the trend becomes less pronounced with depth. Beyond this threshold,
no further systematic decrease in hydraulic conductivity is apparent. It can therefore be concluded that hydraulic
conductivity remains positively correlated with porosity down to porosity values of roughly 10 %, or better burial

depth <2,000 m, which is in in agreement with previous findings by Mazurek et al. (2011).

715 At maximum burial depths exceeding 2,000 m, a divergence emerges between laboratory-derived matrix hydraulic
conductivity and field-derived rock mass values, with the latter increasing up to several orders of magnitude. This
divergence likely reflects the growing hydraulic influence of fractures superimposed on an otherwise low-
conductivity matrix (Laubach et al., 2009; Gale et al., 2014). As discussed in Chapter 5.1, burial depth also exerts
a strong control on the self-sealing efficiency of argillaceous formations, which progressively lose their swelling

720 capacity with increasing induration. This loss is closely linked to the time- and temperature-dependent
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transformation of smectite to the thermally more stable illite via an intermediate mixed-layer (1/S) phase (Pollastro,
1993; Peltonen et al., 2009), described by the reaction:

time&temperature

smectite + Kt ————— jllite + quartz + nH,0 )

This reaction results in the release of interlayer water, the crystallization of authigenic quartz, the formation of
725 smaller and stiffer crystal structures (Carcione et al., 2022), and consequently, further porosity loss, increased
brittleness, reduced ductility (Berthonneau et al., 2017), and diminished swelling potential. In contrast to
moderately indurated formations such as the COx and OPA, where effective self-sealing can counteract long-term
fracture permeability, highly indurated formations such as the BCF exhibit the combined effects of increased
brittleness and strongly reduced swelling potential, preventing efficient fracture sealing. As noted by Mazurek et
730 al., (2009), the To-Do formation represents a transitional case, where the indurated matrix allows for fracturing

while retaining a limited, though not entirely lost, self-sealing capacity.

5.3 The role of present-day depth

A pronounced present-day depth trend of hydraulic conductivity is apparent from the indurated and
overconsolidated formations, which is in agreement with global datasets published earlier (see i.e Appel & Habler,
735 2001; Batlle-Aguilar et al., 2016; Asem & Gardoni, 2022). No pronounced depth trend could be observed on the
soft Boom Clay. In the (moderately) indurated and overconsolidated formations OPA and AMA, elevated and
variable in situ hydraulic conductivity is observed in the upper metres to decametres of depths. This trend
diminishes with depth. At depths >250 m in situ and laboratory derived hydraulic conductivity overlaps in all
formations that faced maximum burial <2,000 m. Stronger indurated formations (To-Do and BCF) showed scale
740  dependency of the hydraulic conductivity with small scale (laboratory) values fitting the natural variability (10
to 102 m/s), while large scale (in situ) hydraulic conductivity can be substantially higher. Based on these

observations two distinct domains can be differentiated:

5.3.1 Decompaction and weathering zone

The first 30 — 100 m are characterized by in situ hydraulic conductivity values derived from packer tests that span
745 up to ten orders of magnitude. In the shallow Opalinus Clay (OPA) of northern Switzerland, penetrated by the
Lausen borehole, hydraulic conductivity decreases sharply within the upper 30 m, and beyond this depth the values
become similar to those obtained from laboratory measurements (Vogt et al., 2017; Crisci et al., 2019). In contrast,
in the Swabian Alb (Germany), elevated hydraulic conductivity values are observed at depths of around 40 — 60 m
(Hekel, 1994; Vogt et al., 2017). In both cases, the enhanced hydraulic conductivity is linked to the degree of
750 fracturing, which decreases with depth (Hekel, 1994; Vogt et al., 2017; Mazurek et al., 2023). For the Lausen
borehole, the high degree of fracturing in the upper 30 m has been attributed to extensional fractures formed as a
result of reduced vertical effective stress during uplift (Vogt et al., 2017). Mazurek et al. (2023) demonstrated that,
aside from hydraulically active fractures, diffusion remains the dominant transport mechanism even in the

weathered Opalinus Clay encountered in the Lausen borehole.

755 The Amaltheenton Fm shows similarly high hydraulic conductivity values from field measurements, but extending

to greater depths than reported for the OPA, with values up to 10 m/s at approximately 95 m depth. In contrast,
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laboratory measurements for both formations consistently fall below 102 m/s, aligning with the previously
defined range of natural hydraulic conductivity variability for the intact rock matrix. However, in situ data from
AMA borehole BO4 reveal a depth-dependent trend in hydraulic conductivity comparable to that observed in the
760 OPA. In both formations, it is evident that the burial-induced matrix properties, reflected in small-scale hydraulic
behavior, are superimposed by fracture-dominated advective flow at the field scale. However, the depth to which
these matrix characteristics are overprinted by fracture-related permeability appears to differ substantially between

formations.

Fracture formation in claystone at shallow depths is associated with various weathering and mechanical
765 decompaction processes (Einsele et al., 1985; Hekel, 1994), including: (a) uplift and exhumation, which decrease
vertical effective stress and promote volumetric expansion and fracturing, particularly along bedding planes; (b)
thermal expansion and contraction due to seasonal temperature fluctuations, typically affecting depths of up to
~30 m; and (c) de- and re-saturation cycles that increase suction and capillary pressures, leading to volumetric
changes, fracturing, and disintegration. According to Hekel (1994), the depth variability of hydraulically
770 conductive zones in the shallow Opalinus Clay of southern Germany is closely linked to topographic and
geomorphological evolution. Elevated hydraulic conductivities in deeper borehole sections were mainly observed
beneath older valleys (pre-Wirm glaciation) and hill ridges, whereas the decompaction zone was less pronounced
beneath younger valleys. The difference in the depth of the decompacted zone between northern Switzerland and
southern Germany may reflect contrasting uplift and decompaction histories at both sites (Vogt et al., 2017). This
775 could likewise explain the greater depth of hydraulically active fractures observed in the AMA. Additionally, the
local tectonic framework must be considered as a potential source of fracturing (e.g., due to nearby fault systems).
Moreover, the swelling of clay minerals contributes to volumetric expansion by drawing in free water into the
material. The magnitude of this volume increase depends on the degree of confinement, being substantially greater
under unconfined than in confined conditions (Bock et al., 2010). Zhang (2010) demonstrated that unconfined
780 swelling can result in volume expansions of up to 8 — 12 %, significantly contributing to decompaction. Under
confined conditions, swelling leads instead to the buildup of swelling pressures acting against the surrounding
material (Bock et al., 2010). Although most studies report swelling pressures <1 MPa, several have shown that
moderately indurated claystone can develop pressures of 3 — 10 MPa, depending on clay mineral composition and
effective confinement (Zhang, 2010; Wang et al., 2022). The reduction of vertical confinement due to uplift and
785 exhumation can cause the dissipation of excess swelling pressure through vertical expansion and associated loss
of cohesion, ultimately enhancing decompaction. Indeed, Mazurek et al. (2023) demonstrated that in the shallow
OPA, significant porosity increases (up to nearly 40 %) occur as a result of the formations poor cementation and

high content of swellable clay minerals.

5.3.2 Intact rock zone

790 Beyond the decompaction zone, a consistent hydraulic regime appears to prevail in moderately indurated

formations that have experienced burial depths of less than 2,000 m. In the context of this study, this includes the

COx, the OPA, and those parts of the AMA encountered at borehole locations BO1 and BO2. Laboratory-derived

hydraulic conductivity values for these formations collectively fall within the range of 1014 to 10-*2 m/s. For both

the COx and OPA, in situ data obtained from similar depths lie within the same range. No depth-specific data are

795 yet available for the AMA beyond the decompaction zone. However, the present study has shown that, for the
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OPA and COx, laboratory measurements provide reliable representations of the rock mass hydraulic behavior
outside fault zones. This correspondence is primarily attributed to the efficient self-sealing capacity of both
formations, which results from the combined effects of their clay mineral swelling potential and the effective stress
conditions at depth (Bock et al., 2010; Di Donna et al., 2022; Voltolini and Ajo-Franklin, 2020; Berry et al., 2025).

800 5.4 Summary and Synthesis

The compiled and discussed data demonstrates that the burial history and associated stress and temperature
conditions, together with mineralogical composition, exerts a primary control on the spatial and temporal hydraulic
conductivity of argillaceous formations. Some key conclusions can be drawn or confirmed from the observations

made:

805 Fluid flow through consolidated, stiff clay formations such as Boom Clay, and slightly to moderately indurated
argillaceous rocks (COx, OPA) can be adequately described by means of classical continuum concepts,
representing the material as porous media (Bock et al., 2010). In these cases, where formations remain unaffected
by weathering and decompaction, the matrix hydraulic conductivity is representative of upscaled rock mass
properties. On hoth scales, diffusion can therefore be considered the dominant solute transport mechanism. In

810 contrast, highly and very highly indurated and brittle formations show increasing influence of fracture flow.
Consequently, matrix and rock mass hydraulic conductivity diverge as advective processes dominate the hydraulic
behaviour on a rock mass scale. In such cases, discrete fracture network approaches (such as done by Téth et al.,
(2022, 2022) for BCF) provide a more meaningful framework for understanding fluid flow and solute transport

processes within these formations (Bock et al. 2010).

815 6 Conclusion and Outlook

Predicting hydraulic conductivity and its potentially transient behaviour in argillaceous formations remains a
fundamental and challenging task in the evaluation of potential host rocks for HLW. In such formations, fluid flow
is governed by a complex interplay of compositional characteristics (mineralogy, grain size distribution,
microstructure) and diagenetic factors (stress and temperature history, present-day and palaeo-depth), which

820 together shape the hydraulic properties across spatial and temporal scales.

This study compiled and analyzed hydraulic conductivity data from laboratory and field experiments in six
argillaceous formations considered for HLW disposal in Europe. Together, the studied formations represent a
paragenetic sequence that spans from the early diagenetic, moderately compacted, stiff Boom Clay (eodiagenesis),
over mid-diagenetic claystones (mesodiagenesis) such COx, and OPA, to late-diagenetic, deeply buried, highly

825 indurated, and brittle claystones (e.g. Boda Claystone Formation). Formations of the two latter groups have
undergone (partly) significant uplift subsequent to maximum burial and thus exhibit pronounced but variable
overconsolidation. The data highlights the complex interplay between intrinsic material properties and post-
depositional geological processes that cover both, the burial up to maximum depth and the uplift to the present-
day depth.

830 The Boom Clay represents the shallow burial end-member of the compiled data. At comparably low compaction,
the hydraulic conductivity appears to be dependent on the stratigraphic zonation and associated compositional
29
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heterogeneity, rather than on present-day depth variability, as only a minor depth trend in a range between 56 m
to 365 m is apparent. However, the degree of compaction associated with variable burial still results in reduced

porosity and associated hydraulic conductivity reduction.

835 Formations that experienced deeper burial (800 — 2,000 m) display a more complex pattern. They were subject to
enhanced compaction and cementation processes and show a dependency to both present-day and maximum burial
depth. The vast majority of hydraulic conductivities obtained from laboratory experiments falls into a narrow range
between 1014 to 10°*2 m/s. This range is associated with a natural variability potentially as a result to compositional
differences between the investigated formations, sampling bias, bedding anisotropy between the tested samples,

840 or methodological factors (e.g. applied stress; cf. Crisci et al., 2019). The results indicate that lab hydraulic
conductivity is strongly linked to matrix characteristics imposed during maximum burial (e.g. porosity and void
ratio reduction) and remains largely unaffected by subsequent uplift processes, provided weathering is absent. The
bulk hydraulic behaviour as assessed based on in situ experiments shows a distinctively different behaviour. A
clear present day depth dependency is evident from the compiled in situ data, showing strongly enhanced hydraulic

845 conductivity in the upper 100 m and an exponential decay with depth. This trend is associated with the
development of a pronounced decompaction zone as consequence to unloading effects and swelling pressures
exceeding vertical effective stress conditions. However, in deeper sections in situ and laboratory data converge
indicating efficient self-sealing processes with respect to fractures. In this zone matrix K as derived from laboratory
experiments is indicative of rock mass characteristics, considering the natural variability range of 1 to 2 orders of

850 magnitude.

From burial depths >2,000 m, a divergence between laboratory and in situ derived hydraulic conductivity becomes
apparent, i.e. hydraulic conductivity on the field scale can be several orders of magnitude higher than matrix
permeability measured on smaller, fracture-free samples in the lab.

The Boda Claystone Formation represents the deep burial end-member, having reached depths of up to 4,500 m.
855  Such extreme burial has left a lasting imprint on the rock’s petrophysical, mineralogical, mechanical, and hydraulic
characteristics. The formation is highly indurated, brittle, and exhibits very low porosity. At the matrix scale,
hydraulic conductivity derived from laboratory permeameter experiments is predictably low, ranging between
10** and 10*% m/s. In contrast, at the rock-mass scale, hydraulic behaviour is dominated by open fractures, which
persist due to the brittle nature of the rock that promotes fracturing during uplift and stress release. The limited
860 presence of swellable clay minerals, likely a consequence of smectite-to-illite conversion at high burial
temperatures, further prevents effective self-sealing of these fractures. As a result, field-based measurements of
hydraulic conductivity span several orders of magnitude, reflecting the heterogeneity and dominance of unsealed

fracture networks in controlling bulk flow.

While this study highlights consistent depth-related patterns, uncertainties remain due to sampling bias, site-
865 specific differences, and methodological variability. However, the clear relationships between maximum burial,
present-day depth, and hydraulic behaviour demonstrate that the long-term performance of argillaceous host rocks
cannot be evaluated without considering geological history. Predictive models for repository safety must therefore
integrate these evolutionary controls to assess the future behaviour of both matrix and rock mass hydraulic

properties.
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870 7. Appendices

Table A 1 Summary of literature sources for the compiled dataset

Formation Data reference
Horseman et al., (1987); Bastiaens et al., (2007);
Aertsens et al., (2008); Wemaere et al., (2008); Deng
et al., (2011); Maes et al., (2011); Yu et al., (2011);
Boom Clay Honty and De Craen, (2012); Aertsens et al., (2013);
Hemes et al., (2013); Zeelmaekers et al., (2015);
Frederickx et al., (2018); Jacops et al., (2020);
Frederickx et al., (2021); Durce et al., (2024)
Amaltheenton Formation Burchartz et al., (2025)
Boisson et al., (2001); Patriarche et al., (2004b);
Humbezi Desfeux et al., (2024)
Gaucher et al., (2004); Delay et al., (2006); Distinguin
and Lavanchy, (2007); Yven et al., (2007); Wan et al.,

Toarcian-Domerian Argillite

Callovo-Oxfordian Argillite (2013); Hu et al., (2014); Jacops and Maes, (2015);
Belmokhtar et al., (2017); Song et al., (2017); Wang et
al., (2022b)

Hekel, (1994); Croisé et al., (2004); Wersin et al.,
Opalinus Clay (2013); Vogt et al., (2017); Yu et al., (2017); Mazurek

et al., (2023); Nagra work reports: accessible via

https://nagra.ch/en/downloads-2/

Fedor et al., (2008), 2019; OECD and NEA, (2022);

Lazar et al., (2024)

Boda Claystone Formation
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