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Abstract

The Opalinus Clay is an argillaceous to silty mudstone formation, notable in
Switzerland as the selected host rock for deep geological disposal of radioactive
waste. Its upper bounding unit (Passwang Formation and eastern equivalents) is
composed of successions of mudstone, sandy bioclastic marl and limestone sepa-
rated by ooidal ironstone beds. The lithostratigraphic transition is diachronous across
northern Switzerland and shows high vertical and lateral lithological variability.
To constrain this variability into predictive models, and to identify horizons with
properties that could potentially influence radionuclide mobility, the sedimentologi-
cal and diagenetic processes involved in the genesis of this transition have to be
investigated. The present study aims at testing the applicability of X-ray fluores-
cence chemostratigraphy to characterise the mixed carbonate—siliciclastic units and
understand the complex genesis of the lithostratigraphic transition from the Opalinus
Clay towards its upper bounding unit. Sediment drill cores from four locations
across northern Switzerland (Mont Terri, Riniken, Weiach and Benken) are analysed
using high-resolution X-ray fluorescence core scanning. Data are compared to pet-
rographic and additional geochemical data sets (inductively coupled plasma mass
spectrometry, scanning electron microscopy with energy dispersive X-ray analysis,
micro-X-ray fluorescence mapping) obtained from powdered samples, thin section
analyses and drill core slabs. The results demonstrate that the combination of these
rapid and non-destructive measurements along with multivariate data analysis al-
lows the fast and objective classification of lithofacies along complex sedimentary
successions. Moreover, it provides quantitative means for differentiating between
prominent depositional and post-depositional processes. The lithostratigraphic tran-
sition has been traced by the use of specific elemental proxies as a discontinuity, and
its genesis linked to sediment bypassing.
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1 | INTRODUCTION

The Opalinus Clay is a mudstone succession with very low
permeability (Nagra, 2002). This formation has been pro-
posed as the potential host rock for radioactive waste dis-
posal in Switzerland (Nagra, 2014). Since 1996, it has been
intensively studied in the Mont Terri rock laboratory, an un-
derground research facility situated in the Jura Mountains,
in north-western Switzerland (Bossart et al., 2017; Thury
and Bossart, 1999). The Passwang Formation and the
'Murchisonae-Oolith Formation' are lithostratigraphic units
overlying the Opalinus Clay and are composed of succes-
sions of mudstone, sandy bioclastic marl and limestone, sep-
arated by Fe-ooidal intervals (Blisi ef al., 2013; Burkhalter,
1996; Hostettler et al., 2017; Wohlwend et al., 2019). This
lithostratigraphic transition is diachronous across northern
Switzerland and displays high vertical and lateral facies vari-
ability. In order to constrain this lithological variability into
predictive models, and to identify horizons with properties
that could potentially influence radionuclide mobility, it is
essential to understand the different sedimentological and di-
agenetic processes involved in the formation of this transition.

X-ray fluorescence (XRF) core scanning, a non-destructive
logging technique, provides continuous information on relative
changes in elemental concentration at very high spatial resolution
(down to 200 pum). Downcore variability in elemental data sets
has successfully been applied to decipher variations in environ-
mental, sedimentological and diagenetic processes (Bloemsma
et al., 2012; Croudace and Rothwell, 2015; Cuven et al., 2010;
Deplazes et al., 2019; Jaccard et al., 2005; Vogel et al., 2010;
among many others), and assist in correlation studies (Chatellier
et al., 2018; Kaboth-Bahr et al., 2019; Thole et al., 2020).

The aim of the present study is: (a) to explore the applicabil-
ity of XRF core scanning to differentiate between lithologies;
(b) to characterise the depositional and post-depositional pro-
cesses along a complex, mixed carbonate—siliciclastic lithostrati-
graphic transition; and (c) to understand better the sedimentary
and geochemical processes that shaped the vertical and lateral
variability at the lithostratigraphic boundary of the Opalinus
Clay with its overlying units in four drill cores across northern
Switzerland (Mont Terri, Riniken, Weiach and Benken).

2 | GEOLOGICAL SETTING

The Opalinus Clay and its upper bounding unit (Passwang
Formation and eastern equivalents) were deposited during

late Toarcian to early Bajocian times in a shallow-marine
epicontinental sea covering central Europe (Ziegler, 1990).
At that time, central Europe was situated about 30° north of
the equator (Irving, 1977). Considering that no major glacia-
tion is known from the Jurassic, one can infer a subtropical
to tropical climate (cf. Etter, 1990) with dense vegetation and
lateritic soil formation on the continent (Burkhalter, 1995;
Siehl and Thein, 1989; Young, 1989). While sediment prov-
enance and palacogeography remain unclear, it is suggested
that the closest landmasses were situated at least tens to hun-
dreds of kilometres away from the investigated sites (Etter,
1990; Wetzel and Allia, 2003). Situated at the southern end
of the South German Basin, the Swiss northern basin was
bordered by the Rhenish Massif to the north-west, by the
Bohemian Massif to the east, by the Alemannic Islands to the
south and by the Burgundy High to the west.

Although the Opalinus Clay has not yet been offi-
cially delineated by the Swiss Committee for Stratigraphy
(Burkhalter and Heckendorn, 2009; Remane et al., 2005),
this informal lithostratigraphic unit has a long history in
northern Switzerland (Quenstedt, 1843; 1858; Schmidt
et al.,1924). In Germany, on the other hand, the term
Opalinuston Formation (Franz and Nitsch, 2009) is used
and its upper limit is set within the Comptum Subzone
(Opalinum Zone), at the base of the Comptumbank. A
similar definition was used in northern Switzerland by
Burkhalter (1996) to distinguish the Opalinus Clay from
the overlying Passwang Formation. However, biostrati-
graphic studies have demonstrated that this lithological
transition is diachronous across northern Switzerland, ren-
dering its precise location and lateral correlation difficult.
While the transition is attributed to the upper Opalinum
Subzone (lower Opalinum Zone) in the Mont Terri area
(north-western Switzerland; see Figure 1; Hostettler ez al.,
2020), it is sometimes younger towards the east, typically
formed during the Comptum Subzone to the Murchisonae
Zone (Blasi et al., 2013; Feist-Burkhardt, 2012; Wohlwend
et al., 2019). The lithostratigraphic boundary between the
Opalinus Clay and its upper bounding unit (henceforth
abbreviated to OPA/UBU) is consequently not always
straightforward to delineate. While in most locations the
OPA/UBU boundary is marked by a conspicuous calcar-
eous horizon (Blasi, 1987; Burkhalter, 1996; Burkhalter
et al., 1997; Hostettler et al., 2017; Matter et al., 1987;
1988; Wohlwend et al., 2019), some successions display
gradual lithological changes with successive calcare-
ous horizons (Frickberg; Wohlwend et al., 2019). Hence,
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(A) Map of Switzerland and location of the studied drill cores. Source: Federal Office of Topography swisstopo. (B) Synthesis

of the Aalenian stratigraphy in northern Switzerland (modified after Blési er al., 2013; Wohlwend et al., 2019). The boundary delineating the

Opalinus Clay from its upper bounding unit fluctuates between the Opalinum and Murchisonae zones (see text for details). The Comptum Subzone

constitutes the upper part of the Opalinum Zone, while its lower part is referred to as the Opalinum Subzone. Further subzones are not indicated.
The Hauenstein Member (Burkhalter, 1996) is undifferentiated at Mont Terri (Hostettler et al., 2017). 'Brauner Dogger' refers to Blési et al. (2013).

Fm = Formation; Mb = Member

within the Benken drill core, the position of the OPA/UBU
boundary was reallocated after new biostratigraphic data
were acquired (Blési ef al., 2013; Feist-Burkhardt, 2012).

The 80-130 m thick Opalinus Clay is present in the
Swiss Jura and Molasse Basin, as well as in Germany. It
is an argillaceous to silty mudstone, which is composed of
clay minerals (kaolinite, illite-smectite mixed layers, illite
and chlorite), quartz (mainly coarse silt to fine sand) and
carbonates (mostly calcite, some siderite, dolomite and an-
kerite) in varying concentrations. Some minor and accessory
components include pyrite, K-feldspar, plagioclase, biotite,
muscovite, rutile, zircon, apatite, monazite, glauconite and
organic matter (Peters, 1962; Pearson et al., 2003; Lerouge
et al., 2014; see Mazurek, 2011 for an overview of the ex-
isting mineralogical database). The Opalinus Clay lithology
varies regionally. In the Mont Terri area, the formation is
divided into five lithostratigraphic sub-units, characterised
by three lithofacies: the shaly facies, the carbonate-rich
sandy facies and the sandy facies (Bossart and Thury, 2008;
Hostettler er al., 2017; Lauper et al., 2018). Further east,
the Opalinus Clay is typically divided into five to six sub-
units, tentatively correlatable across the area (Bldsi, 1987;
Matter et al., 1987; 1988; Nagra, 2001). A lithostratigraphic
overview of the Opalinus Clay across northern Switzerland
is provided by Nagra (2002) and Mazurek and Aschwanden
(2020). Detailed lithofacies and subfacies descriptions and
interpretations are provided by Wetzel and Allia (2003) and
Lauper et al. (2018).

In the northern Swiss Jura, the Opalinus Clay is over-
lain by the Passwang Formation. Originally defined as an
alloformation, it is characterised by parasequences of mud-
stone, sandy bioclastic marl and limestone, separated by
ooidal ironstone beds (Burkhalter, 1996). Strong regional
variations in lithology and facies distribution occur. East of
the Jura (eastwards from the Aare River), the '"Murchisonae-
Oolith Formation', the Wedelsandstein Formation and the
'Humphriesioolith Formation' (as defined by Blési et al.,
2013 and references therein) are time-equivalents of the
Passwang Formation. In the Mont Terri area, the basal
Passwang Formation, the so-called Sissach Member, shows
a thin intraclastic, Fe-ooidal horizon followed by sandy
marl and bioclastic limestone (Hostettler et al., 2017). In
the eastern Jura, the basal Passwang Formation forms four
different lithofacies, varying mainly between spathic, sandy
marl and limestone, and Fe-ooidal ironstone (Wohlwend
et al., 2019). Further east, the 'Murchisonae-Oolith
Formation' shows a Fe-ooidal horizon followed by sandy
marl with bioclastic limestone intervals (Blisi et al., 2013;
Burkhalter et al., 1997).

The complex lithostratigraphic and biostratigraphic
framework of the OPA/UBU transition is typically attributed
to differential subsidence (Blisi et al., 2013; Wohlwend et al.,
2019). During the Lower Jurassic, an extensive stress field
caused by the opening of the Tethys and the Atlantic Ocean
induced the reactivation of pre-existing basement structures
(Permo-Carboniferous troughs; Reisdorf and Wetzel, 2018;



+

LAUPER ET AL.

Wetzel et al., 2003; Wildi et al., 1989). The rifting was as-
sociated with the formation of fault bounded tilted blocks,
which led to a series of local basins by differential subsid-
ence. The resulting depositional area was morphologically
differentiated into swells and depressions, contributing sig-
nificantly to the lateral facies variability (Burkhalter, 1996;
Lauper et al., 2018; Wetzel and Allia, 2000; 2003; Wetzel and
Meyer, 2006).

3 | MATERIALS AND METHODS
Drill core sections crossing the OPA/UBU lithostrati-
graphic transition at four different locations were inves-
tigated: (a) 2.90 m from the Mont Terri rock laboratory
(BPE-3 core; depth interval 11.45 to 14.35 drilling m;
see Gygax et al., 2017); (b) 5.09 m from Riniken (Nagra
well; depth interval 330.06-335.15 m; see Matter et al.,
1987); (c) 2.64 m from Weiach (Nagra well; depth inter-
val 553.16-555.80 m; see Matter et al., 1988); and (d)
1.42 m from Benken (Nagra well; depth interval 539.00—
540.42 m; see Nagra, 2001; see Blisi er al., 2013 for up-
dated lithostratigraphy). Table 1 provides an overview of
the investigated material and analyses. Core locations are
indicated on Figure 1.

3.1 | Sedimentary petrography

The petrography and mineralogy of the Opalinus Clay and
its upper bounding unit is documented in several reports
and publications (Blasi, 1987; Burkhalter, 1995; 1996;
Franz and Nitsch, 2009; Kneuker et al., 2020; Lauper

TABLE 1

Borehole BPE-3 (Mont Terri)

Location (WGS84) Mont Terri rock laboratory;
47°22'41.7750"'N

7°10'1.531"E*

Riniken (Nagra)

47°30'16.225"N
8°11'23.770"E

etal.,2018; Lerouge et al., 2014; Matter et al., 1987; 1988;
Mazurek, 2011; Mazurek and Aschwanden, 2020; Nagra,
2001; 2002; Wetzel and Allia, 2003; Wohlwend et al.,
2019). Additionally, new petrographic analyses of selected
drill core sections were performed at macro-scale and
micro-scale. For drill cores acquired more than 30 years
ago (Riniken and Weiach), pictures taken shortly after cor-
ing were compared to new facies observations to evalu-
ate post-drilling alteration. Existing thin sections from the
Riniken, Weiach and Benken drill cores (Nagra internal
collection; respectively Matter et al., 1987; 1988; Nagra,
2001), as well as thin sections from a drill core crossing
the Mont Terri rock laboratory (BDB-1; Reisdorf et al.,
2016) were used for microfacies descriptions. Most of the
thin sections were stained with potassium ferricyanide and
alkaline red S in acid solution (Dickson, 1965). Additional
polished thin sections were retrieved from the BPE-2 core
(Mont Terri, drill core close to BPE-3; Gygax et al., 2017)
and from the Riniken core. Thin sections were studied
by classical petrographic microscopy (Leica DM4500 P;
Leica). Additional observations, analyses and elemental
mapping of selected samples from the Riniken core were
performed with a FEI XL30 Sirion FEG (Thermo Fisher
Scientific) scanning electron microscope (SEM) coupled
with an Energy Dispersive Spectrometer (EDX; X-Max
150 Silicon Drift Detector; Oxford Instruments) at 20 kV
(Department of Geosciences, University of Fribourg).
Prior to analyses, a thin carbon layer was sputter-coated
on the samples.

Siliciclastic-dominated lithologies are described fol-
lowing Lazar et al. (2015), while bedding structures (len-
ticular and flaser) refer to Reineck and Wunderlich (1968).
Carbonate-dominated lithologies are described using the

Overview of investigated material, respectively borehole information, references and applied analyses

Weiach-1 (Nagra)

47°33'49.636"N
8°27'30.267"E

Benken (Nagra)

47°38'41.695"N
8°38'58.371"E

Borehole orientation About 57° towards bedding  Perpendicular to bedding Perpendicular to bedding ~ Perpendicular to
bedding

Borehole total length (m) 26.70 1,800.50 m 2,482.00 m 1,007.00 m
Original report references Gygax et al. (2017) Matter et al. (1987) Matter et al. (1988) Nagra (2001)
Studied depth interval (m) 11.45-14.35 330.06-335.15 553.16-555.80 539.00-540.42
Available material Stained TS from BDB-1 Stained TS; 1 cm thick slab Stained TS Stained TS

of OPA/UBU transition
New material Polished TS from BPE-2 Polished TS — .
Analyses Petr.; XRF-CS Petr.; XRF-CS; p-XRF; Petr.; XRF-CS Petr.; XRF-CS

ICP-MS; SEM-EDX

Abbreviations: Petr., petrography; TS, thin sections.

*Coordinates from BPE-3 borehole are approximate.
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FIGURE 2 Representative sections of the key lithologies. KL 1: argillaceous to argillaceous—siliceous mudstone (Opalinus Clay interval at

Riniken). KL2: siliceous—calcareous sandstone to sandy bioclastic packstone/grainstone (basal Passwang Formation at Mont Terri; cross-bedding
drilled at 57° angle). KL3: bioclastic sandy wackestone to packstone (lower part of the Weiach OPA/UBU-delineating horizon). KL4 ooidal

ironstone (basal Passwang Formation at Riniken). Scale bar is 1 cm

Dunham (1962) classification. Iron-rich rocks are described
as ironstones (abnormally high iron content), following the
terms and glossary summarised by Young (1989).

3.2 | X-ray fluorescence core scanning
Elemental intensities were measured using an ITRAX XRF
core scanner (Cox Analytical Systems) at the University of
Bern (see Croudace ef al., 2006 for details on the ITRAX core
scanner). Different measurement settings (current and voltage)
were applied, while exposure time was constantly set at 50 s.

Measurements were performed at 10 mm intervals in rel-
atively homogeneous sediments and at 5 mm in more het-
erogeneous material (mostly carbonate) for all cores, except
the Benken sections, which were measured at 5 mm intervals
throughout all lithologies.

The BPE-3 whole-round core sections from Mont Terri
were measured with a Mo-tube at 30 kV and 40 mA. The
Riniken archive split-core sections were measured with a
Mo-tube set to 30 kV and 50 mA, and with a Cr-tube set to
30 kV and 50 mA. The Weiach archive split-core sections
were measured with a Mo-tube set to 30 kV and 40 mA. The
Benken whole-round core sections (except the OPA/UBU in-
terval that was split; 539.72-539.52 m) were measured with
a Cr-tube set to 30 kV and 50 mA.

Raw X-ray fluorescence core scanning (XRF-CS) spec-
tra were processed in the software Q-spec (version 8.6.0).
Standard adjustment and refinement of the peak-fitting pa-
rameters using representative parts of the core sections was

performed. Outliers corresponding to structural defaults were
subsequently removed.

3.3 | XRF-CS data analysis

Resulting downcore variations of selected elements are pre-
sented as ratios of element-intensity counts normalised to Al.
Aluminium is assumed to be exclusively of detrital origin,
a good representative of the clay fraction, and shows a con-
servative behaviour throughout changing redox conditions
(Calvert and Pedersen, 2007; Lowenmark et al., 2011).

To investigate the relationship between elemental content
across the different lithologies, principle component analysis
(PCA) was performed on each data set using the freely available
PAST software (Hammer et al., 2001). Detailed information on
PCA is provided by Wold et al. (1987). Considering the compo-
sitional nature of elemental data, a centred log-ratio (clr) trans-
formation was applied to the whole XRF-CS data sets prior to
element selection and PCA (Aitchison, 1986; Bloemsma et al.,
2012). Biplots were used to determine the type of relationship
between selected elements and to visualise their differing trends
among distinct lithostratigraphic/lithological units.

3.4 | Micro X-ray fluorescence mapping

In order to characterise chemical diversity among the mineral-
ogical, textural and structural phases, three representative areas
(different sizes, a few tens of cm?) were mapped along a I cm
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FIGURE 3 Lithological logs of the studied drill core sections. Dashline indicates the defined OPA/UBU lithostratigraphic boundary
based on Matter et al. (1987; 1988), Blisi et al. (2013) and Hostettler ez al. (2017). The green brackets indicate the areas illustrated in Figure 4.
Fm = Formation; 'Mur.-Oo. Fm' = '"Murchisonae-Oolith Formation'. Ooidal ironstone (basal Passwang Formation at Riniken). Scale bar is 1 cm

thick slab representing the OPA/UBU transition in the Riniken 3.5 | Inductively coupled plasma mass

core sections. Micro-XRF mapping was performed at ultra-high spectrometry

resolution (detector spot size = 50 um) with the Eagle III micro

X-ray fluorescence (U-XRF) spectrometer (Rontgenanalytik Two vertically adjacent sub-samples of 8 cm® of bulk rock
Messtechnik GmbH) at the University of Geneva. Current set- were taken from 10 spots along the Riniken core sections
tings were set at 40 kV and 400 mA, and integration time at 10 ps. (see Figure S1) and ground in an agate mortar. Major and

FIGURE 4 Lithological detail of the OPA/UBU transitional intervals. The studied Mont Terri drill core has a smaller diameter than the Nagra
drill cores, and was not drilled perpendicular to bedding. The light blue brackets identify the OPA/UBU-delineating horizons. The dark blue arrow

points to the illustrated part of the Transition Zone (T.Z.; Riniken). The green brackets indicate the areas illustrated in Figures 5A, 6A, 7 and 9A,C.
Fm = Formation
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