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c Nagra, Wettingen, Switzerland   

A R T I C L E  I N F O   

Keywords: 
Shale 
Pore water composition 
Oxidation 
Redox buffering 
Diffusion 
Fracture flow 

A B S T R A C T   

The effects of weathering and decompaction on the Opalinus Clay in northern Switzerland were studied on the 
basis of a 146 m long drillcore profile. Below 6 m of Quaternary sediments, the rock down to 16 m depth is 
affected by partial or complete dissolution of siderite, calcite, pyrite and organic matter, with goethite as the only 
identified product. The reduction level of Fe (Fe2+/Fetot) in the rock increases with depth from <20% to >80% in 
unweathered rock below 24 m. Porosity reaches 0.39 in the shallowest samples before dropping to normal values 
of around 0.13 below 30 m. Pore-water composition obtained by rock squeezing evolves with depth from fresh 
water of the Ca-SO4-HCO3 type to a 10–12 g/L Na-SO4-Cl type in unweathered rock below 40 m. Ground-water 
samples taken in the weathered zone indicate reducing conditions at present and therefore reflect a remaining 
redox buffering capacity even in the strongly oxidised rock. The interpretation of the rock properties, in 
conjunction with the chemical and isotopic signatures of ground and pore waters, suggests that substantial 
weathering occurred primarily during stages with a lower ground-water table in the Pleistocene, providing access 
to oxygen via gas diffusion across the partially unsaturated zone. Three evolutionary stages can be distinguished: 
1) Long-term pyrite oxidation during Pleistocene surface exposure under dry climate and diffusive transport of 
SO4

2− into the formation. This explains the higher SO4
2− pore-water concentrations even in the unweathered rock 

at depth when compared to regional data from deep boreholes. 2) Build-up of the curved Cl− and water-isotope 
diffusion profiles since ~50–60 ka with a depth penetration of 40–80 m. 3) Holocene rise of the water table, 
leading to self sealing of fractures and the establishment of a diffusive regime in the weathered zone. Under 
saturated conditions, the depth penetration of rock oxidation is quite limited, which illustrates the substantial 
buffering capacity of the Opalinus Clay against external geochemical disturbances.   

1. Introduction 

Clays and mudstones are known to have extremely low hydraulic 
conductivity, and solute transport at depth is dominated by diffusion 
(Neuzil, 1994, 2019; Mazurek et al., 2011). However, the mechanical 
and transport properties may change substantially when, after basin 
inversion, a clay-rich formation is uplifted. Fracture networks may 
develop in over-consolidated mudstones due to decompaction and 
desaturation close to the surface (e.g. Wetzel and Einsele, 1991; Mertens 
et al., 2003), with potentially drastic effects on transport properties. 
Fracture flow may trigger the infiltration of oxygenated meteoric water 
and lead to various types of wallrock alteration (Wetzel and Einsele, 

1991; Mazurek et al., 1996; Mäder and Mazurek, 1998; Bao et al., 2017; 
Lerouge et al., 2018; Le Meur et al., 2021). 

In a study targeted at tunnels across the Opalinus Clay in the Swiss 
Jura Fold-and-Thrust Belt, Gautschi (2001) concluded that, in spite of a 
high degree of deformation, no water inflows or moisture zones exist at 
depths exceeding 200 m below surface, whereas at shallower levels, 
fractures may be water-conducting. Hekel (1994) investigated a number 
of boreholes into the outcropping Opalinus Clay in southern Germany 
and identified hydraulic conductivities of 1 × 10− 6 m/s or higher in the 
uppermost 10–30 m, whereas the values dropped by several orders of 
magnitude below this level. In the same boreholes, the Cl− content of the 
pore water of the Opalinus Clay was also reduced in the uppermost 
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20–50 m due to advective and/or diffusive exchange with meteoric 
water. 

In this study, we investigate the physical, geochemical and miner
alogical effects of decompaction on the Opalinus Clay in northern 
Switzerland. The main objectives of the study include the characteri
sation of the formation in a near-surface position regarding rock/water 
interactions (such as oxidation), pore-water composition and the effects 
of decompaction (such as rock deformation, changes of permeability and 
matrix porosity). Particular attention is given to the characterisation of 
Fe-bearing minerals in the surficial oxidation zone and the investigation 
of pore-water composition as a function of depth. Profiles of conserva
tive pore-water tracers, such as Cl− and stable water isotopes, are 
modelled, in order to quantify the time scales necessary to establish the 

currently observed compositions. 
The applied aspects of the study pertain to deep geological disposal 

of radioactive waste, where time scales of 1 Myr or more into the future 
are considered in safety assessments (NEA, 2009). Over such long pe
riods, a repository may be exhumed due to uplift and erosion. While 
most of the activity related to fission and activation products has long 
decayed by then, some long-lived nuclides will still be present, in 
particular 235U and 238U. Given the fact that U is mobile under oxidising 
conditions, the extent and the characteristics of the weathered Opalinus 
Clay (the host rock selected in Switzerland) are of interest. 

Fig. 1. Geological setting of the Lausen KB borehole. 
a. Tectonic map and geographic localisation 
b. Schematic drillcore profile 
c. Geological profile, modified after Vogt et al. (2017). Green line in a. shows the profile trace 
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2. Geological setting 

Borehole Lausen KB (Swiss coord. 2′624’157/1′257’719/345) was 
drilled as a geothermal probe in October 2015 to a depth of 146.53 m in 
the Tabular Jura (autochthonous Mesozoic cover rocks) of northwestern 
Switzerland. It is located in a topographic low (Ergolz Valley) where the 
Opalinus Clay crops out at the surface (Fig. 1a, c). Details about on-site 
operations and field results are documented in Vogt et al. (2016, 2017). 
A simplified profile of the fully cored borehole is shown in Fig. 1b, and a 
basic characterisation is provided in Mazurek et al. (2017a). 

The Opalinus Clay is an Aalenian (170–174 Ma) formation that oc
curs throughout northern Switzerland and southern Germany with a 
thickness in the range 80–120 m (Wetzel and Allia, 2003). Its litholog
ical heterogeneity is remarkably limited over the region. On average, it 
consists of 60 ± 12 wt% clay minerals (illite, illite/smectite mixed 
layers, kaolinite, chlorite), 22 ± 6 wt% quartz and feldspars, 13 ± 10 wt 
% calcite and minor contributions of siderite, pyrite and organic matter 
(Mazurek, 2011). In the vertical dimension, lithological sub-units, 
reflecting slight variations in sedimentary facies, were defined by 
Lauper et al. (2021). Owing to maximum burial in the Cretaceous and 
subsequent basin inversion (Mazurek et al., 2006; Giger et al., 2015), the 
Opalinus Clay is an indurated and over-consolidated shale. 

At the Lausen site, the Opalinus Clay is covered by 6.22 m soft 
Quaternary sediment, consisting of brownish loam with limestone 
fragments from overlying strata, as well as sandy or mica-rich sections 
(Vogt et al., 2017). The total thickness of the underlying Opalinus Clay is 
65 m, which means that the uppermost 35–55 m have been eroded. The 
upper- and lowermost, clay-rich parts of the formation are separated by 
a more silty sub-unit between 31 and 62 m. The Opalinus Clay is un
derlain by the lithologically more heterogeneous Staffelegg Fm. (Liassic; 
marls, siltstones, limestones) and the Klettgau Fm. (Keuper; dolomitic 
mudstones to dolostones). 

While the site has never been glaciated during the last glacial period, 
the most extensive glaciation (Möhlin phase, 500 ± 100 ka; Dieleman 
et al., 2022) covered the site, even though the ice front reached only a 
few km beyond the site and was likely thin (Kelly et al., 2004; Keller and 
Krayss, 2010; Preusser et al., 2011). 

3. Results and discussion of rock studies 

Descriptions of methodology are documented in the Supplementary 
materials. 

3.1. Macroscopic characteristics and porosity of the weathered zone 

Below the Quaternary cover, in the interval 6.22–12.03 m, the 
Opalinus Clay is strongly altered, soft, fractured and has a brownish 
colour. Bedding is obliterated to a substantial degree. In the underlying 
section 12.03–16.37 m, a moderate degree of alteration is found. Here, 
the core is still soft and fractured but the colour is darker and more 
greyish. Bedding and rock texture are recognisable, often well pre
served. Below 15.39 m, the whole rock matrix is grey, while localised 
oxidation still occurs along fractures (Fig. 2a). The interval 16.37–23.65 
m is termed “decompaction zone” and is devoid of macroscopically 
visible rock alteration, but the degree of fracturing remains high 
(Fig. 2b). Below 23.65 m, the rock shows no evident effects of weath
ering, except for a fracture density that is enhanced to a depth of ca. 40 
m when compared to the underlying part of the profile. 

The thickness of the strongly weathered zone in Lausen is 6 m, which 
is on the upper end of the range of 1.5–6 m observed by Hekel (1994) on 
the basis of 18 borehole profiles in southern Germany. There, a Qua
ternary cover consisting of transported sediment is mostly missing, in 
contrast to the 6 m observed at Lausen. 

Porosity data were obtained from density measurements, from water 

Fig. 2. Core photographs of fractures in the weathered zone. Width of core is 10 cm. 
a. Discordant fracture at 15.76–15.94 m depth with brownish alteration rims due to the presence of goethite 
b. Discordant, potentially water-conducting fracture at 19.70–19.92 m depth 
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loss at 105 ◦C and from mass balance based on water-isotope data using 
the diffusive exchange method (Rübel et al., 2002). The results of all 
methods are listed in Table 1. As illustrated in Fig. 3, results from all 
methods are consistent. At depth, porosity lies around 0.13, a typical 
value for the Opalinus Clay from deep boreholes (Nagra, 2014). In the 
uppermost 30–40 m, it increases substantially towards the surface and 
reaches almost 0.4 in the shallowest sample. Such an impressive increase 
is also facilitated by the fact that the Opalinus Clay is only poorly 
cemented and contains swelling clay minerals. It is also worth noting 
that the zone with increased porosity reaches well below the weathered 
zone. This means that the mechanical effect of decompaction reaches 
deeper than the geochemical effects of weathering. 

3.2. Mineralogical composition 

Results of mineralogical analyses are listed in Table 2, and depth 
trends for selected minerals are shown graphically in Fig. S1 (Supple
mentary materials) for the weathered zone and the upper clay-rich sub- 
unit (the underlying silty sub-unit [see Fig. 1b] has a somewhat different 
primary mineralogy and so is not directly comparable). The following 
observations can be made: 

• Only the uppermost 2 samples (down to 8.23 m) show reduced 
contents of organic carbon. In the case of pyrite, the uppermost 3 sam
ples (down to 8.58 m) are strongly depleted. 

• As the oxidation of pyrite or organic matter produces H+, some 
carbonate dissolution would be expected. Indeed, calcite and dolomite 
show decreasing trends towards the surface but are not completely 
dissolved (except for dolomite in some samples from the strongly altered 
zone). On the other hand, siderite is quantitatively removed in the 
strongly altered zone. 

• Thus, mineral dissolution affects mainly carbonate phases, pyrite 
and organic matter, whereas silicate minerals are not affected (apart 
from the oxidation of chlorite). 

• Goethite is the only identified solid product of weathering. It is 
present in the strongly weathered zone and, in reduced quantity, also in 
the moderately altered zone. 

• The variability of total clay minerals and quartz in the weathered 
zone is considered to be a primary feature, augmented to some degree by 
passive enrichment due to the dissolution of carbonates. 

• Clay minerals include illite, illite/smectite mixed-layers, 
kaolinite and chlorite. The only difference between the XRD patterns 
of unweathered and altered rocks is identified in the uppermost two 
samples (7.83 and 8.58 m). Here, the higher ratio of the 001 to 003 
peaks is taken as evidence of partial oxidation (see Borggaard et al., 

1982). Further, the 001 peak shifts to a slightly higher d value upon 
glycolation, indicative of a swelling smectitic component. 

It is observed that mineral reactions were extensive in the strongly 
altered zone but are much less developed in the moderately altered zone. 
The depth to which individual phases are affected by weathering is 
mineral-dependent. While pyrite and, even more so, organic matter are 
markedly affected only in the uppermost ca. 2 m of the Opalinus Clay, 
quantitative siderite dissolution reaches to a depth of 12 m (base of the 

Table 1 
Results of density and porosity determinations.  

Depth 
[m] 

Unit Grain density [g/ 
cm3] 

Bulk wet density [g/ 
cm3] 

Porosity from densities 
[− ] 

Water-content porosity 
[− ] 

Porosity from diff. exch. 
[− ] 

7.83 

Strongly altered Opalinus Clay 

2.702 2.019 0.388 0.374 0.377 
8.23 2.694 2.100 0.342 0.333 0.362 
8.58 2.682 2.042 0.357 0.331 0.347 
10.73 2.691 2.083 0.335 0.307 0.298 
11.30 2.689 2.063 0.339 0.302 0.319 
12.10 Moderately altered Opalinus 

Clay 

2.680 2.074 0.322 0.274 0.287 
15.28 2.683 2.258 0.245 0.236 0.253 
15.94 2.692 2.315 0.222 0.222 0.223 
16.75 

Decompacted Opalinus Clay 
2.702 2.355 0.204 0.205 0.224 

19.62 2.705 2.325 0.206 0.183 0.215 
20.09 2.689 2.364 0.187 0.181 0.195 
24.52 

Unweathered Opalinus Clay 

2.719 2.412 0.174 0.168 0.175 
29.02 2.701 2.436 0.154 0.152 0.166 
33.65 2.715 2.445 0.152 0.145 0.153 
42.88 2.697 2.484 0.128 0.130 0.136 
47.58 2.710 2.462 0.141 0.135 0.151 
50.13 2.711 2.490 0.132 0.135 0.139 
54.98 2.726 2.507 0.127 0.128 0.144 
60.78 2.692 2.424 0.150 0.138 0.146  

Fig. 3. Porosity profile based on 3 different methods. Background colours 
correspond to those of Fig. 1b. 
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Table 2 
Mineralogical composition of whole rocks based on X-ray diffraction and CNS analysis.  

Depth 
[m] 

Unit Calcite 
[wt%] 

Dolomite / 
Ankerite [wt 
%] 

Siderite 
[wt%] 

Quartz 
[wt%] 

Albite 
[wt%] 

K-feldspar 
[wt%] 

Pyrite 
[wt%] 

C(org) 
[wt%] 

Total clay 
minerals incl. 
goethite [wt%] 

Goethite 
[wt%] 

Illite 
[wt%] 

I-Sm mixed 
layers [wt 
%] 

Chlorite 
[wt%] 

Kaolinite 
[wt%] 

7.83 

Strongly altered 
Opalinus Clay 

4 b.d. b.d. 21 0.5 3 0.1 0.7 71 4 21 16 9 20 
8.23 4 0.5 b.d. 24 0.5 2.5 0.2 0.8 68      
8.58 3 b.d. b.d. 22 0.5 2 b.d. 0.9 71 3 21 17 8 22 
10.73 4 0.2 b.d. 24 0.5 2 0.5 1.0 68 4 20 14 11 19 
11.30 6 0.5 b.d. 25 0.5 1.5 1.1 0.9 65      
12.10 

Moderately altered 
Opalinus Clay 

5 1.0 b.d. 22 0.5 1 0.3 1.0 70  22 15 11 22 
14.33 8 1.5 2 19 b.d. 2 1.0 1.0 65      
15.28 5 1.0 2.5 23 0.5 2 0.4 1.0 65 2 19 12 10 22 
15.94 7 1.5 1.5 25 0.5 3 0.5 1.0 60      
16.75 

Decompacted 
Opalinus Clay 

9 1.0 1.5 28 0.5 3 0.8 0.9 56      
18.16 8 1.5 1 21 1 2.5 1.1 1.0 63      
19.62 9 0.5 4.5 23 0.5 2 1.6 0.9 58      
20.09 7 1.5 1 26 0.5 3 0.6 1.0 60      
22.61 8 1.5 2.5 22 1 3 b.d. 1.1 61      
24.52 

Unweathered 
Opalinus Clay 

8 0.5 3.5 22 1 2 2.7 1.0 59 b.d. 17 12 8 23 
29.02 9 1.5 1 28 0.5 4 1.1 0.9 54      
33.15 9 1.5 3 24 1 1 b.d. 0.9 59      
33.65 8 b.d. 5.5 30 1.5 2.5 0.3 0.8 51      
38.20 11 1.5 0.5 33 1 5 0.8 0.6 46      
42.88 8 1.0 0.5 40 1 5 0.3 0.7 44      
47.58 9 1.5 1 37 b.d. 3 0.6 0.7 47      
50.13 7 b.d. 3.5 35 1.5 2.5 0.7 0.8 49      
54.98 12 1.5 1.5 42 0.5 3.5 b.d. 0.6 39      
58.33 6 1.5 1 32 1.5 4 0.3 0.7 53      
60.78 6 0.5 1 31 1.5 2 0.5 0.9 56 b.d.     
61.67 7 1.5 0.5 27 1 3.5 0.5 0.9 58      
61.82 5 2.5 5.5 20 b.d. 2.5 1.4 0.9 63      
70.43 3 1.0 b.d. 13 b.d. 2 1.6 1.0 78      

Dolomite/ankerite, siderite, albite and K-feldspars are rounded to 0.5 wt%. b.d. = below detection; empty field = no data. Goethite contents are based on 57Mössbauer spectrometry and the Fe contents of the total rock 
(see below). 
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strongly altered zone). Reduced calcite and dolomite contents are also 
limited to this zone. It is thus evident that there is no single reaction 
front as considered by Bao et al. (2017) for a reactive-transport model 
for weathering of the Opalinus Clay in southern Germany. In the 
moderately altered zone, the effects of weathering reactions on miner
alogy are subordinate in quantitative terms. 

3.3. Fe-bearing phases identified by X-ray diffraction 

Apart from the phases documented above, a broad, small XRD peak 
at d = 4.18 Å can be identified in the clay-mineral fraction (but not in the 
bulk-rock powders) of the uppermost 4 studied samples (7.83, 8.58, 
10.73, 12.10 m) and represents goethite. Given the brown colour of 
these samples, a substantial amount of Fe-hydroxides would be ex
pected. The fact that the peak is so small is likely due to a limited grain 
size and crystallinity. Therefore, a proper quantification cannot be 
performed on the basis of X-ray diffraction alone. 

Total iron contents in the rock were quantified by X-ray fluorescence 
and are listed in Table 3. No systematic differences can be identified 
between altered and unweathered Opalinus Clay, suggesting that the 
mobility of Fe in the weathered zone is limited. Table 3 also lists the Fe 
inventories in Fe-bearing minerals that were quantified by XRD. Siderite 
and pyrite were assumed to have stoichiometric compositions, whereas 
dolomite/ankerite was assumed to have a composition Ca0.59Mg0.34

Fe0.07(CO3), based on chemical data compiled in Pekala et al. (2018). In 
the unaltered Opalinus Clay, about 35–78% of total Fe is hosted in 
minerals other than siderite, dolomite/ankerite and pyrite. The addi
tional Fe carriers are clay minerals, in particular chlorite. In the strongly 
altered zone, the fraction of Fe hosted by siderite, dolomite/ankerite and 
pyrite amounts to <5%, reflecting the fact that these minerals were 
dissolved to a large degree in this zone. 

3.4. Fe-bearing phases identified by 57Fe Mössbauer spectrometry 

57Fe Mössbauer spectrometry can be a useful tool for the identifi
cation and quantification of Fe-bearing minerals, even though there are 
limitations related to the chemical and mineralogical complexity of 
rocks. The combination with other data, such as mineralogical and 
chemical rock composition, leads to a better constrained quantification 
of Fe minerals by fitting the acquired spectra, as well as the estimation of 
Fe2+/Fe3+ ratios. The attribution of components of the acquired spectra 
to mineral phases is given in Table S1. The Mössbauer spectra at room 
temperature and at 77 K are documented in Fig. S2. The resulting con
tents of Fe2+ and Fe3+ phases are listed in Table 4 and shown graphically 
as a function of depth in Fig. 4. The following observations can be made: 

• The spectra of samples at 10.73 m and deeper present two distinct 
contributions attributed to Fe2+-bearing species. The contribution with 
a smaller quadrupolar splitting has parameters consistent with those of 
siderite (Stevens et al., 2005). However, it cannot be excluded that it 
partially originates from structural Fe2+ in clay minerals. In Table 4, the 
whole signal is attributed to siderite, i.e. the listed data represent 
maximum values. 

• Magnetic species are only identified in samples from the strongly 
and moderately altered zones at 77 K and are attributed to mid-sized 
goethite (5–25 nm). Goethite is the dominating Fe carrier in these 
samples but drops below detection in the unweathered rock. Combining 
the Mössbauer data (Table 4) and the total Fe contents in the rock 
(Table 3) yields goethite contents of 3–4 wt% in the strongly altered and 
about 1–2 wt% in the moderately altered zone. 

• In the unweathered rock, paramagnetic high-spin Fe3+ species, 
most probably clay minerals, are the main carriers of Fe3+. In the up
permost part of the strongly altered zone, the contents in paramagnetic 
high-spin Fe3+ increase. This Fe3+ is most likely attributed to oxidised 
chlorite, as suggested by X-ray diffraction data, with possible contribu
tions of nano-goethite (~ < 5 nm). 

• Clay minerals are the main carriers of Fe2+ in the unweathered 
rock. In the strongly altered zone, Fe2+ related to clay minerals de
creases substantially, likely due to the oxidation of chlorite. 

• The contents of Fe2+ related to carbonates (mostly siderite) and 
pyrite are substantially lower in the strongly altered zone, which is due 
to the observed mineral dissolution. 

• Fe2+ contents in pyrite and in carbonates obtained from X-ray 
diffraction and assumed phase compositions on the one hand and from 
57Fe Mössbauer spectrometry on the other hand yield similar trends and, 
given the methodological differences, can be considered to be 
consistent. 

The reduction level (Fe2+/Fetot) was derived from the Mössbauer 
data and, independently, by a wet-chemistry approach (phenanthroline 
method, see Supplementary materials; both data sets are listed in Table 4 
and shown in Fig. 4). Both methods agree within 10% and indicate a 
high reduction level of 83–95% in the unweathered rock, whereas a 
progressive decrease to 18% in the shallowest sample is identified 
within the altered zone. Note that no ferrihydrite has been identified, 
whereas Bao et al. (2017) selected this phase to represent the main 
carrier of Fe3+ in their model calculations. 

4. Results and discussion of pore-water studies 

The composition of pore waters was investigated by aqueous 
extraction, squeezing tests (major-ion composition) and the diffusive 
exchange method (stable water isotopes). 

4.1. Squeezing data 

Chemical compositions of squeezed waters are listed in Table 5. Total 
mineralisation is around 1 g/L in the altered and decompacted zones. 
Then it increases rapidly until reaching values of 11–13 g/L in sample 
37.30 m and deeper. The ionic strength of the Opalinus Clay samples 
below 40 m is 0.24–0.26, which is comparable with that obtained at 
other locations in the region (range 0.1–0.4, Wersin et al., 2020, 2022). 
Also, cation concentrations and ratios are within the ranges of the 
regional data. The chemical water type evolves from Ca-SO4-HCO3 in 
the strongly altered zone to Na-SO4-Cl in the decompacted zone and the 
fresh rock below. This is a remarkable contrast to regional data for the 

Table 3 
Distribution of Fe in different minerals based on chemical (X-ray fluorescence) and mineralogical (X-ray diffraction) data.  

Depth 
[m] 

Unit Fetot in rock 
based on XRF [g/ 
kg] 

Fe in pyrite 
[g/kg] 

Fe in siderite 
[g/kg] 

Fe in dolomite/ 
ankerite [g/kg] 

Fe in pyrite 
[% of Fetot] 

Fe in siderite 
[% of Fetot] 

Fe in dol/ank 
[% of Fetot] 

Fe in other 
phases [% of 
Fetot] 

7.83 Strongly 
altered 

47.70 0.6 b.d. b.d. 1.2 b.d. b.d. 98.8 
8.58 39.31 0.1 b.d. b.d. 0.3 b.d. b.d. 99.7 
10.73 47.77 2.1 b.d. 0.1 4.5 b.d. 0.2 95.3 
12.10 Moderately 

altered 
41.62 1.3 b.d. 0.3 3.1 b.d. 0.8 96.1 

15.28 39.52 1.9 12.0 0.4 4.7 30.3 1.0 64.1 
24.52 

Unweathered 
48.26 12.4 17.0 0.1 25.6 35.1 0.3 39.0 

33.65 44.20 1.2 27.4 b.d. 2.7 62.0 b.d. 35.3 
60.78 34.27 2.6 4.7 0.1 7.5 13.7 0.4 78.4  
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Opalinus Clay, according to which pore waters are mostly of the Na–Cl 
type (borehole and squeezed waters in the Opalinus Clay from the Mont 
Terri Underground Research Laboratory, 46 km WSW of Lausen, Pear
son et al., 2003; 2011; Wersin et al., 2006; 2010; Gimmi et al., 2014; 
Vinsot et al., 2008; Vinsot et al., 2014; Fernández et al., 2014; Mazurek 
et al., 2017b; Bleyen et al., 2017; squeezed waters from borehole Bülach- 
1, 58 km ENE, Mazurek et al., 2021; and squeezed waters from borehole 
Schlattingen-1, 79 km NE, Mazurek et al., 2015). 

Mineral saturation indices for squeezed waters were calculated using 
PHREEQC Version 3 (Parkhurst and Appelo, 2013) and the Thermo
chimie database (Giffaut et al., 2014). Methodological uncertainties 
exist regarding carbonate minerals (enhanced solubility at high 

pressures during squeezing, potential outgassing during the experi
ments; Mazurek et al., 2015, 2021), so data are only given for sulphate 
minerals in Table 5. In the unweathered Opalinus Clay, pore waters are 
close to saturation with respect to gypsum and celestite (except for the 
shallowest samples), whereas undersaturation with respect to all sul
phate minerals is identified in the weathered zone. According to regional 
data, deep pore waters in the Opalinus Clay are saturated with respect to 
celestite but typically undersaturated with respect to gypsum and 
anhydrite. 

As shown in Fig. 5, pore water in the unweathered Opalinus Clay at 
Lausen has distinctly high SO4

2− and low Cl− contents, whereas the 
SO4

2− /Cl− ratio in regional boreholes is close to or slightly above the 
value of modern sea water. One potential source of SO4

2− are the un
derlying Triassic rocks that contain anhydrite. However, anhydrite- 
bearing beds underlie the Jurassic at all other sites as well, yet SO4

2−

contents in the Opalinus Clay remain distinctly lower. Note that the 
regional data refer to depths >250 m, so the question arises whether the 
source of SO4

2− at Lausen could be related to the proximity of the surface, 
i.e. to surficial oxidation of pyrite. SO4

2− could have accumulated in 
gypsum, followed by dissolution during more humid periods and SO4

2−

transport to depth. 

4.2. Data from aqueous extraction 

Selected results of aqueous-extraction tests are listed in Table 6. Cl−

concentrations in extracts were recalculated to concentrations in free 
pore water according to 

Cl−free pore water =
Cl−aq.extract

WCdry S/L α 

with WCdry = gravimetric water content relative to dry mass 
S/L = solid/liquid ratio 
α = anion-accessible porosity fraction. 
The factor α considers anion exclusion adjacent to negatively 

charged clay surfaces (see, e.g., Appelo, 1977, Israelachvili, 1991). It can 
be obtained by dividing the Cl− concentration in the total pore water 
(obtained by aqueous extraction) by that in the free pore water (ob
tained by squeezing). Further methodological details are documented in 
Mazurek et al. (2015). For the unweathered Opalinus Clay at Lausen, an 
average value of 0.58 was obtained for α and was used for the recalcu
lation of Cl− data from aqueous-extraction tests to concentrations in free 
pore water. This value is close to the value of 0.54 obtained by Pearson 
et al. (2003) for the Opalinus Clay in the Mont Terri Underground 
Research Laboratory. The calculated Cl− contents in free pore water are 
also listed in Table 6, and a depth profile is shown in Fig. 6, together 
with data from squeezing. At shallow levels to a depth of 20 m, Cl−

contents are low. This zone contains a fracture network that may have 
facilitated circulation of surface waters. Between 20 and about 40 m, a 
sharp increase of Cl− concentration is identified, followed by near- 
constant values of about 3 g/L below 40 m. The hypothesis that this 

Table 4 
Distribution of Fe for different minerals based on 57Fe Mössbauer spectrometry. Data based on spectra at 77 K, except for carbonates.  

Depth 
[m] 

Unit Fe3+ in paramag. high- 
spin-Fe3+ phases (clay 
minerals, ±nano- 
goethite) [% of Fetot] 

Fe3+ in 
goethite 5–25 
nm [% of 
Fetot] 

Fe2+ in 
pyrite [% 
of Fetot] 

Fe2+ in high-spin- Fe2+

phases (sum clay 
minerals + carbonates) 
[% of Fetot] 

Fe2+ in siderite 
(maximum) [% of 
Fetot] 

Total 
Fe2+ [% 
of Fetot] 

Total Fe2+ by 
phenanthroline 
method [% of Fetot] 

7.83 
Strongly 
altered 

25 57 <1 18 <1 18 19 
8.58 31 45 <1 24 <1 24 29 
10.73 16 54 ≤5 25 2 30 36 

15.28 Moderately 
altered 

16 25 ≤4 55 26 59 61 

24.52* Unweathered 15 <1 ≤16 69 28 85 83 
60.78 14 <1 ≤5 81 26 86 95  

* In this sample, multiple fits are possible because one of the components attributed to HS-Fe3+ has hyperfine parameters very close to those of pyrite. Therefore, the 
given contents of pyrite and paramagnetic HS-Fe3+ species are uncertain. 

Fig. 4. Depth profile of Fe-bearing minerals based on 57Fe Mössbauer spec
trometry. Black lines show the reduction level (Fe2+/Fetot) based on two 
different methods. 
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profile can be explained by out-diffusion towards the surface is explored 
below. 

Table 6 also lists the concentrations of NO3
− and NH4

+ in aqueous 
extracts. The ratio NH4

+/NO3
− evolves from 0.27 in the shallowest sample 

to 2.5–5.5 in the unweathered underlying rock. Until a depth of about 
17 m, it is clearly lower than in the unweathered rock. It is concluded 
that NH4

+ is affected by oxidation to a depth comparable to that of the 
occurrence of goethite and lower Fe2+/Fetot ratio as obtained from 
Mössbauer spectrometry. 

4.3. Stable water isotopes 

The depth profiles of δ18O and δ2H of pore water are listed in Table 6 
and shown in Fig. 7. Both profiles indicate δ values increasing with 
depth until about 60–80 m, below which depth they remain largely 
constant. However, within the uppermost 35 m, the trend is complicated 
by local disturbances of both δ18O and δ2H. Thus, the profiles of Cl− and 
water isotopes are distinctly different and will be further explored 
below. 

4.4. Ground waters, redox state and implications for the water table 

Three ground-water samples were taken in the weathered zone (Vogt 
et al., 2017). All of them are overpressured, with an equivalent head 
≥10 m above the hydrostat. This can be explained by topography, as the 
site is located in a valley position close to a hill (Fig. 1). Together with 
the consistency between porosities obtained from water content (rep
resenting the water-filled pore space) and from densities (representing 
the total pore space; Table 2), this indicates full saturation, i.e. the 
ground-water table is located in the overlying, 6 m thick Quaternary 
cover. Two of the ground-water samples, covering the depth interval 
8.3–18.4 m, are only weakly contaminated by drilling fluid (≤0.2% 
based on uranine; Vogt et al., 2017). Remarkably, O2 contents are only 
0.2–0.7 mg/L (Vogt et al., 2017), compared with about 8 mg/L in air- 
equilibrated water, and even these low contents are likely the result of 
contamination. This is also suggested by the measurable Fe2+ and Mn2+Ta
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Fig. 5. Cl− and SO4
2− contents of squeezed pore waters in the Opalinus Clay 

from Lausen (only samples from depths >40 m) in comparison with regional 
data (for references see text). Line indicates the SO4

2− /Cl− ratio in modern sea 
water (0.052). 
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contents in both waters, indicative of reducing conditions. It is 
concluded that even at the shallowest levels, redox is efficiently buffered 
by the rock, and oxygen is consumed. As shown above (e.g. Table 2), 
organic matter and pyrite have reduced contents in the uppermost 2 m of 
the Opalinus Clay but are still present and available to consume dis
solved O2. Thus, it appears unlikely that the current waters would be 
capable of producing the massive oxidation identified in the weathered 
zone. Bao et al. (2017) concluded in a modelling study that the most 
important parameter controlling the progress of reactions of chemical 
weathering is the supply of oxygen via gas diffusion in the partially 
saturated uppermost part of the formation. For an exposure time of 10 
kyr, they predicted a thickness of about 2 m for the weathered zone in 
the Opalinus Clay of southern Germany. In Lausen, the weathered zone 
is much thicker, even though oxygen transport throughout the Holocene 
is considered to have taken place via aqueous diffusion in the saturated 
pore space, a process that is much slower in comparison to gas diffusion. 
It is concluded that the weathered zone must have developed over 
longer periods of time than just the Holocene. Most probably, the water 
table was lower in the past, leading to unsaturated conditions in the 
weathered zone. This may have been the case during arid climates of the 
Pleistocene, given the fact that the Lausen site was not ice-covered since 
about 500 ka. This conclusion is relevant for the modelling calculations 
that follow in the next section. 

5. Modelling of pore-water tracers 

5.1. Modelling strategy 

Calculations considering transport of the conservative tracers Cl− , 
δ18O and δ2H across the water-saturated pore space were performed 
using FLOTRAN (Lichtner, 2004; see Supplementary materials S2 for 
details). Diffusion and, in some cases, advection were considered as 
transport processes. Given the fact that diffusion coefficients were not 
measured for the Lausen core, they were estimated from the free-water 
coefficients of Li and Gregory (1974) and measured porosities, using the 
modified Archie’s law of Van Loon and Mibus (2015). In the present 
case, the modification is of minor relevance (it becomes important for 

Table 6 
Cl− , NH4

+ and NO3
− concentrations in aqueous extracts and isotopic composition of pore water obtained by the diffusive exchange technique. Further, calculated Cl−

contents in free pore water are given. n.q. = not quantified.  

Depth 
[m b. 
g.] 

Formation S/L Cl− in 
aqueous 
extract 
[mg/L] 

Cl− in 
free pore 
water 
[mg/L] 

NH4
+ in 

aqueous 
extract 
[mg/L] 

NO3
− in 

aqueous 
extract 
[mg/L] 

NH4
+/ 

NO3
−

(mass 
units) 

δ18O [‰ 
V- 
SMOW] 

δ18O 
error [‰ 
V- 
SMOW] 

δ2H [‰ 
V- 
SMOW] 

δ2H error 
[‰ V- 
SMOW] 

Deuterium 
excess [‰] 

7.83 

Strongly altered 
Opalinus Clay 

0.699 1.45 16.2 0.15 0.56 0.27 − 8.58 0.13 − 63.6 1.3 5.0 
8.23 0.726 1.88 24.1 0.13 0.43 0.30 − 8.54 0.13 − 63.6 1.3 4.7 
8.58 0.758 2.15 26.5 0.13 0.27 0.48 − 8.52 0.13 − 64.0 1.3 4.2 
10.73 0.746 2.44 34.3 0.19 0.23 0.80 − 8.37 0.13 − 63.8 1.3 3.2 
11.30 0.750 2.22 31.8 0.15 0.31 0.49 − 8.35 0.14 − 63.6 1.3 3.2 
12.10 Moderately 

altered Opalinus 
Clay 

0.782 2.03 31.8 0.31 0.21 1.49 − 8.21 0.14 − 63.2 1.3 2.5 
15.28 0.815 1.62 29.8 0.60 0.39 1.56 − 8.07 0.15 − 61.3 1.4 3.3 
15.94 0.824 1.42 28.1 0.38 0.41 0.94 − 7.88 0.15 − 60.4 1.4 2.6 
16.75 Decompacted 

Opalinus Clay 

0.837 1.03 22.3 0.50 0.64 0.78 − 7.78 0.14 − 59.8 1.4 2.4 
19.62 0.857 1.92 46.5 <1 0.05  − 7.80 0.15 − 59.7 1.5 2.7 
20.09 0.861 1.94 47.1 <1 0.54  − 7.64 0.16 − 59.8 1.5 1.3 
24.52 

Unweathered 
Opalinus Clay 

0.906 19.9 510 1.50 0.61 2.46 − 8.35 0.16 − 63.2 1.5 3.6 
29.02 0.883 36.4 1067 1.54 0.60 2.57 − 8.74 0.16 − 65.2 1.5 4.7 
33.65 0.916 56.1 1686 n.q. 0.30  − 8.67 0.17 − 63.2 1.6 6.2 
42.88 0.914 81.6 2771 <1 0.58  − 7.89 0.19 − 56.2 1.8 6.9 
47.58 0.896 85.3 2847 1.70 0.65 2.62 − 7.80 0.17 − 54.1 1.7 8.3 
50.13 0.891 85.7 2873 n.q. 0.24  − 7.56 0.18 − 52.2 1.8 8.3 
54.98 0.905 86.5 3071 <1 0.56  − 7.79 0.18 − 52.9 1.8 9.4 
60.78 0.888 88.7 2895 n.q. 0.32  − 7.47 0.18 − 49.4 1.9 10.4 
77.81 

Staffelegg Fm. 
0.923 73.1 3183 2.05 0.37 5.54 − 6.53 0.22 − 45.7 2.2 6.5 

82.87 0.908 87.1 3023 n.q. 0.61  − 7.33 0.17 − 47.2 1.8 11.4 
96.98 0.909 83.0 3057 2.09 0.68 3.07 − 7.32 0.18 − 46.3 1.9 12.3 
113.55 Klettgau Fm. 0.889 103 2909 n.q. 0.37  − 7.63 0.17 − 46.2 1.7 14.8 
132.12 0.914 85.7 3452 <1 0.54  − 7.08 0.21 − 43.9 2.2 12.7  

Fig. 6. Depth profile of Cl− in free pore water, and model calculations repro
ducing the observed Cl− profile by pure diffusion (solid lines, process starting at 
50 ka) or combined upward advection and diffusion (stippled line shows the 
steady-state situation). Numbers indicate geological ages in ka. 
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small porosities) and is close to a simple Archie’s equation with an 
exponent of 2.4. Due to the wide range of porosities encountered in the 
Lausen profile (Table 1, Fig. 3), a number of layers were defined, and the 
pertinent data are listed in Table 7. Diffusion coefficients obtained for 
the deeper parts of the profile (unaffected by weathering and decom
paction) compare favourably with experimental data obtained for the 
Opalinus Clay at the Mont Terri Underground Laboratory by Van Loon 

and Soler (2003) and Van Loon et al. (2005a, 2005b), as shown in 
Table 7. 

The current temperature in the Lausen borehole is around 13 ◦C. 
Diffusion coefficients were corrected for the temperature effect using the 
experimental approach of Van Loon et al. (2005a) for the Opalinus Clay. 
Given the fact that the modelled periods extend back into the Pleisto
cene, time-dependent diffusion coefficients were used, and assumptions 

Fig. 7. Depth profile of δ18O, δ2H and deuterium excess in pore water based on diffusive-exchange experiments, and modelled distributions of δ18O and δ2H ac
cording to the scenario described in Table 8. Numbers indicate geological ages in ka. 

Table 7 
Averages of measured porosities and calculated effective and pore-diffusion coefficients for the Lausen core. Experimental Mont Terri data from Van Loon and Soler 
(2003) and Van Loon et al. (2005a, 2005b) are shown for comparison. All data refer to the direction normal to bedding and a temperature of 25 ◦C.  

Depth [m] Total porosity [− ] Cl− -accessible porosity [− ] De (HTO) [m2/s] De (Cl− ) [m2/s] Dp (HTO) [m2/s] Dp (Cl− ) [m2/s] 

6.2–7.5 0.390 0.226 2.3E-10 5.9E-11 5.9E-10 2.6E-10 
7.5–9.0 0.359 0.208 1.9E-10 4.8E-11 5.2E-10 2.3E-10 
9.0–10.3 0.330 0.192 1.5E-10 4.0E-11 4.7E-10 2.1E-10 
10.3–11.7 0.305 0.177 1.3E-10 3.3E-11 4.2E-10 1.9E-10 
11.7–13.3 0.280 0.163 1.0E-10 2.7E-11 3.7E-10 1.7E-10 
13.3–15.0 0.257 0.149 8.5E-11 2.2E-11 3.3E-10 1.5E-10 
15.0–16.5 0.237 0.137 7.0E-11 1.8E-11 3.0E-10 1.3E-10 
16.5–18.3 0.218 0.127 5.8E-11 1.5E-11 2.7E-10 1.2E-10 
18.3–20.0 0.201 0.116 4.8E-11 1.3E-11 2.4E-10 1.1E-10 
20.0–22.5 0.184 0.107 3.9E-11 1.0E-11 2.1E-10 9.8E-11 
22.5–25.0 0.170 0.099 3.2E-11 8.7E-12 1.9E-10 8.8E-11 
25.0–28.5 0.156 0.091 2.7E-11 7.2E-12 1.7E-10 7.9E-11 
28.5–42.0 0.140 0.081 2.1E-11 5.6E-12 1.5E-10 6.9E-11 
42.0– 0.135 0.078 1.9E-11 5.2E-12 1.4E-10 6.7E-11 
Mont Terri 0.10–0.17 0.058–0.077 1.2–1.5E-11 4.1–5.5E-12 0.8–1.6E-10 5.5–9.7E-11  
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had to be made regarding the evolution of temperature over the period 
of interest. According to Fauquette et al. (1999) and Delisle et al. (2003), 
mean ground temperatures in the period 10–50 ka were about 10 ◦C 
below current temperature. For the correction of the diffusion co
efficients, the ground temperatures were assumed to be identical to 
surface temperatures, which is not strictly the case but of limited 
quantitative importance. 

5.2. Cl− profile 

The curved shape of the Cl− profile suggests a diffusion-dominated 
system below a depth of 20 m, and this scenario was quantified by 
model calculations. Assuming an initial Cl− concentration of 3.2 g/L (the 
mean concentration observed below 40 m depth), the data can be 
reproduced quite well, and an evolution since about 50 ka can be ob
tained (Fig. 6). However, the assumption of a constant initial Cl− con
centration at 20 m depth and deeper cannot be justified independently 
and so remains uncertain. 

In an alternative model scenario, the Cl− profile was considered to 
represent a steady-state situation with out-diffusion towards the surface 
and an upward-directed advective component. A good fit to the data can 
be obtained for a Darcy velocity of 1 × 10− 5 m/yr (=3.2 × 10− 13 m/s), 
and steady state is closely approached after an evolution time of about 
300 kyr (also shown in Fig. 6). Considering a hydraulic conductivity of 3 
× 10− 13 to 5 × 10− 13 m/s parallel to bedding (measured value for the 
lower part of the Opalinus Clay, Vogt et al., 2017) and an anisotropy 
factor of 5 (Yu et al., 2017), such a Darcy velocity requires an upward- 
directed hydraulic gradient of about 3–5 over the whole model period, 
which is considered to be unlikely because natural gradients are typi
cally much smaller (Neuzil, 2019). Therefore, the steady-state model 
scenario is considered less realistic, leading to the conclusion that the 
Cl− profile is transient and evolved over the last few tens of thousands of 
years. 

5.3. Profiles of water isotopes 

The deeper penetration of the surficial signal to about 60–80 m in 
comparison with Cl− (Fig. 6, Fig. 7) is consistent with the higher diffu
sion coefficient for H2O. Within the uppermost 35 m, the trend is 
complicated by local disturbances of both δ18O and δ2H, a feature not 
seen for Cl− . A local maximum is identified at about 20 m, close to the 
base of the weathered zone, and a minimum at 30 m. Both are 
remarkably sharp and so cannot be explained by a temporally variable 
upper boundary condition. In particular, the trends from both sides to
wards the maximum at 20 m are near-linear, best explained by steady- 
state diffusion. Given the steep gradients of both isotope ratios in this 
zone, the disturbance must be young because otherwise diffusion would 
have obliterated it. Further, deuterium excess decreases with depth in 
the weathered zone and reaches a distinct minimum at 20 m (Table 6, 
Fig. 7), with a position markedly below the local meteoric water line in a 
plot of δ18O vs. δ2H. Thus, the shapes of the δ18O and δ2H profiles as well 
as the deviation of the data from the meteoric water line (i.e. deuterium 
excess) suggest the presence of a hydraulic boundary at this depth, most 
likely a fracture with flowing water. This boundary also coincides with 
the base of the zone of low water salinity (Fig. 6). Indeed, a prominent 
fracture steeply dipping to NNE was identified in the core and is illus
trated in Fig. 2b. 

The δ values at 20 m depth are higher than those of recent local 
recharge. Together with the negative excursion of deuterium excess, this 
water could be explained as due to partial evaporation in the source 
region. In a study targeted at the Tégulines Clay in France, Lerouge et al. 
(2018) also suggested evaporation as a potential process to explain 18O- 
and 2H-enriched pore waters in the studied weathering profile. In 
contrast, water-rock interactions within the weathered zone cannot 
explain the observed deviation from the meteoric water line. Carbonate 
dissolution is quantitatively insufficient to account for the shift, and 

precipitation of goethite would shift the coexisting water above the 
meteoric water line (using the fractionation factors of Yapp et al. 1987). 

The interpretation of the near-linear trends of both isotope ratios in 
the weathered zone down to 20 m as diffusion profiles is in apparent 
contradiction to the fact that fractures were observed in this zone and 
some of them show oxidised rims in an otherwise reduced matrix, which 
clearly indicates that fracture flow occurred (example in Fig. 2a). A 
solution to this conundrum is offered by the variation of the water table 
as postulated above based on independent arguments. Partial saturation 
during arid periods in the Pleistocene resulted in shrinkage of the clay, 
leading to enhanced apertures and flow of oxidising waters in fractures. 
Duprat-Oualid (2019) characterised climate conditions based on pollen 
studies from a local lake sediment profile and concluded that steppe 
vegetation dominated in the studied period (45–15 ka). Further, the 
linkage of biological and climate data yielded estimates of precipitation 
rates, which were indeed well below current values. With the onset of 
the Holocene, climate became more humid and lifted the water table to 
the current level. The consequence of full resaturation within the up
permost 20 m is fracture self-sealing by swelling. The fact that a fracture 
at 20 m depth remained open might be explained by the more consoli
dated nature of the rock at this depth when compared to the highly 
porous, plastic clay at shallower levels (Fig. 3). 

In order to estimate the time scales related to the evolution of the 
observed profiles of δ18O and δ2H, model calculations were performed in 
a similar way as for Cl− . The main parameters are summarised in 
Table 8. The modelling period was divided into a Pleistocene and a 
Holocene scenario. For the Pleistocene, spatially constant initial δ values 
corresponding to those measured for the deeper parts of the profile were 
considered. The top of the Pleistocene model was the fracture at 20 m. At 
the time of activation of this fracture, cold-climate δ values were 
assumed as upper boundary condition, estimated from regional water- 
isotope data for ground waters attributed to cold-climate infiltration 
(Pearson et al., 1991; Waber et al., 2014). The uppermost 20 m were 
assumed to represent a well-mixed system with constant cold-climate 
isotopic composition. At the onset of the Holocene at 10 ka, the water- 
isotopic composition at the boundary at 20 m was shifted to the cur
rent value measured in the pore water at 20 m depth, i.e. at the apex of 
the excursions of δ18O, δ2H and deuterium excess. In addition, the Ho
locene evolution of the isotope ratios in the weathered zone above 20 m 
depth was also tentatively quantified by assuming the present-day 
values in the uppermost sample at 7.8 m as upper boundary condition. 

Model results are illustrated in Fig. 7. The best fit for the evolution of 

Table 8 
Initial and boundary conditions used for the modelling of the δ18O and δ2H 
profiles.   

Time period 60–10 ka 
(Pleistocene) 

Time period 10–0 ka (Holocene) 

Depth 
interval 
6.2–20 m 

Well-mixed system, flow in 
fracture network, possibly at 
partial saturation, cold-climate 
isotope values:  
δ18O = − 12.2 ‰, δ2H = − 86 ‰ 

Diffusion-dominated, saturated 
system. Top and bottom 
boundaries approximated by 
current pore-water values in 
upper- and lowermost pore- 
water samples: 
δ18O = − 8.58 ‰, δ2H = − 63.6 
‰ 
δ18O = − 7.64 ‰, δ2H = − 59.8 
‰ 

Fracture at 
20 m 

Fracture = upper model 
boundary with cold-climate 
isotope signature:  
δ18O = − 12.2 ‰, δ2H = − 86 ‰ 

Current values at the apex of the 
excursion of isotope values: 
δ18O = − 7.64 ‰, δ2H = − 59.8 
‰ 

Depth 
interval >
20 m 

Diffusion-dominated system; 
initial condition = current δ 
values at depth: 
δ18O = − 7.3 ‰, δ2H = − 47 ‰ 

Diffusion-dominated system; 
initial condition = curved 
profile resulting from diffusive 
exchange with the upper 
boundary over the period 60–10 
ka  
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the deeper part of the profile was obtained for an activation time at 60 
ka, which is remarkably similar to the 50 ka obtained for the Cl− profile. 
Pleistocene erosion history offers a potential explanation for the 
modelled evolution times. The regional base level is determined by the 
Rhine River 8 km to the north (Fig. 1a). Based on studies of regional 
speleothems, Becker et al. (2020) noted a phase of incision starting in 
the last interglacial (~110 ka). A minimum base level may have been 
reached at ~70 ka, at the onset of a cold period with growth of glaciers 
(marine isotope stage MIS4, Lisiecki and Raymo, 2005). The lower base 
level may then have propagated towards the Lausen site, explaining the 
postulated low ground-water level. 

Holocene warming and the related shift of the values at the boundary 
at 20 m at 10 ka also yields good fits to the trends observed at 20–30 m. 
In the zone above 20 m, steady-state diffusion profiles developed. Note 
that the slight curvature in the model curves of this interval is due to the 
depth-dependent porosities and diffusion coefficients used in the model 
(see Table 7) and not to a transient state. 

Thus, the presented scenario reproduces the observations well and is 
also consistent with the model results obtained for Cl− . It is concluded 
that, with the exception of a flowing fracture at 20 m, diffusion is the 
currently dominating transport mechanism even in the weathered zone 
of the Opalinus Clay. Geological evidence, such as the presence of oxi
dised rims along fractures (Fig. 2a) indicates that advection played a role 
at least during some periods in the past, likely during arid periods in the 
Pleistocene. 

6. Conclusions 

Due to long-term surface exposure, the Opalinus Clay at Lausen has 

experienced significant geochemical, mineralogical and hydraulic 
changes in the uppermost tens of metres. The main effects are sum
marised in Fig. 8. It becomes evident that the penetration depth of the 
different effects varies substantially. Structural changes in the rock 
following decompaction include a high degree of fracturing and a 
massive increase of porosity in the uppermost ~30 m. In this interval, 
hydraulic conductivity is also increased. 

From a mineralogical perspective, the complete dissolution of 
siderite in the strongly altered Opalinus Clay (i.e. to a depth of 12 m 
below surface) and the precipitation of goethite are the most relevant 
effects in quantitative terms. In contrast, calcite and dolomite/ankerite 
are only partially dissolved in this zone. Reduced contents of pyrite and 
organic matter are only seen in the uppermost 2 m of the Opalinus Clay, 
but the dissolution remains incomplete even there. Siderite and, to a 
more limited degree, pyrite are the main sources of Fe for the precipi
tation of goethite. Alteration becomes weaker in the underlying 
moderately altered zone (12–16.4 m), below which goethite content 
becomes negligible and the colour of the rocks turns grey. At all depths, 
silicate minerals are not affected by weathering, except for some 
oxidation of chlorite. The reduction level of Fe (Fe2+/Fetot) in the rock 
drops from 83-95% in the unweathered rock to <20% at the top of the 
Opalinus Clay. The reducing conditions identified in the ground waters 
of the weathered zone suggest that most of the mineralogical alterations 
did not occur by interaction with the current waters but were triggered 
by a lower water table during arid periods in the Pleistocene, when 
oxygen was able to access the formation via gas diffusion. 

Based on the profiles of pore-water chemistry and mineralogical 
data, three evolutionary stages can be distinguished: 

1) Unusually high SO4
2− contents and SO4

2− /Cl− ratios in the 

Fig. 8. Synthetic profile summarising the depth penetration of surface effects on rock and pore water. Information on fracturing and hydraulic conductivity is based 
on Vogt et al. (2017). 
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unweathered Opalinus Clay indicate input from an external SO4
2−

reservoir. This could be the underlying Triassic evaporites or, more 
likely, SO4

2− from surficial gypsum that precipitated during pyrite 
oxidation and later dissolved in stages of higher water table. Both the 
hypothetical accumulation of gypsum and downward transport involve 
substantial periods of time, so the addition of SO4

2− into the pore water of 
the unweathered Opalinus Clay is the oldest process in relative terms. 

2) Surface effects on water-isotope ratios and Cl− contents in pore 
waters reach to depths of 60–80 and 40–50 m, respectively. The 
modelled ages of the currently observed out-diffusion profiles are in the 
range 50–60 ka. 

3) The complex shapes of the water-isotope profiles at shallow 
levels are interpreted as an effect of the rise of the water table at the 
onset of the Holocene, leading to fracture self sealing by swelling and the 
establishment of a diffusive regime under saturated conditions, even in 
the strongly weathered zone. 

From an applied perspective, it is remarkable that under saturated 
conditions the depth penetration of rock oxidation is quite limited, 
which highlights the substantial buffering capacity of the Opalinus Clay 
against external geochemical disturbances. Also, self sealing of fractures 
that at earlier times experienced fracture flow (as indicated by oxidised 
rims) leads to the establishment of a diffusive system even at shallow 
depth. 
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