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Abstract 14 

Helium concentrations and 3He/4He isotope ratios of porewater, groundwater and rock 15 

were measured on samples collected from a Jurassic sediment sequence at the Mont Terri 16 

underground rock laboratory (Northern Switzerland). Porewater He data of rock samples 17 

collected from borehole BDB-1 at high spatial resolution across a karstic limestone unit 18 

(Passwang Formation) into the underlying claystone sequence (Opalinus Clay, Staffelegg 19 

Formation) describe a continuous profile from the water-conducting zone in the limestone 20 

into the clay-rich rocks of low permeability. Concentrations of 4He, 3He and their parent 21 

nuclides in the rock allow calculating in-situ production and accumulation terms. Since the 22 

time of sedimentation, 90% - 97% of the in-situ produced 4He has been released to the 23 

porewater. Today only 2.5% of the maximum possible accumulated 4He is still retained in 24 

the porewater while the major part of in-situ produced 4He was removed from the system 25 

presumably by porewater–groundwater exchange. The porewater 4He concentrations show 26 

a diffusion profile from the aquitard towards the aquifer, reflecting a) a transient state 27 
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between 4He in-situ production and porewater–groundwater exchange, b) a transient state 1 

from previously higher 4He concentrations in the porewater, and c) a spatially variable 2 

boundary in the karstic limestone unit. Evolutionary models of porewater 4He concentration 3 

profiles in combination with constraints from independent chemical and isotopic tracers 4 

allow deciphering a complex palaeo-hydrogeological history of the system over about the 5 

last 30 ka. A local excursion from the general profile towards higher 4He concentrations and 6 

3He/4He ratio in a limestone layer in the Opalinus Clay cannot be further constrained in time 7 

based on the present sample frequency, but appears to represent a hydrogeological signal. 8 

Keywords: Helium, dissolved noble gas, porewater chemistry, groundwater, diffusion, 9 

modelling 10 

1. Introduction 11 

Clay-rich sedimentary rock sequences are characterised by low hydraulic conductivity and 12 

solute transport dominated by diffusion (Falck et al., 1990; Gimmi and Waber, 2004; Gimmi 13 

et al., 2007; Mazurek et al., 2009, 2011; Pearson et al., 2003; Rübel et al., 2002; Savoye et 14 

al., 2008). As such, they are natural archives of groundwater evolution in their bounding 15 

aquifers. The variable shapes of concentration profiles developed for different tracers from 16 

the bounding aquifer into the aquitard allows constraining transport conditions in such 17 

systems over a wide range of spatial and temporal scales (e.g. Gimmi and Waber, 2004; 18 

Gimmi et al., 2007; Mazurek et al, 2009, 2011). Acting as natural barriers in hydraulic 19 

systems, clay sequences of low permeability are investigated for their potential as host 20 

rocks for radioactive waste repositories and as caprocks for hydrocarbon reservoirs or CO2 21 

sequestration. 22 
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In Switzerland, the Opalinus Clay is investigated as a potential host rock for radioactive 1 

waste (Nagra 2002). As an analogue, this clay formation has also been investigated at the 2 

Mont Terri underground rock laboratory (URL) in the Jura mountains of northern 3 

Switzerland since 1996 (e.g. Bossart et al., 2017). In 2013/14 a deep borehole (Borehole 4 

BDB-1) was core drilled for the first time across the entire Opalinus Clay including its 5 

hanging wall and footwall whereas previous studies had to rely on short boreholes drilled at 6 

various locations along the URL. Borehole BDB-1 aimed at long-term hydraulic monitoring 7 

(Jaeggi et al., 2016; Yu et al., 2017), porewater geochemistry and aquifer-aquitard interface 8 

studies (Waber and Rufer, 2017; Yu, 2017), method comparison of porewater extraction 9 

techniques (Mazurek et al., 2017) as well as detailed stratigraphic studies (Hostettler et al., 10 

2017). The design of the drilling and core sampling allowed, for the first time, collecting 11 

samples for porewater chemical, isotope and noble gas tracers on the dm- to m scale along 12 

a borehole profile across the entire sedimentary sequence. 13 

Helium is a powerful tracer to investigate hydrogeological systems due to its chemical 14 

inertness, low abundance in air and air-saturated water, and high diffusivity in porewater. 15 

Its distinctive property of geogenic in-situ production makes it an ideal complement to 16 

conservative chemical and isotope tracers for temporally constraining hydrogeological 17 

processes. Porewater He concentrations in clay-rich sequences have been investigated in 18 

different hydrogeological settings such as the Triassic sedimentary sequence in Morsleben, 19 

Germany (Osenbrück et al., 1998), the Opalinus Clay in the Swiss Molasse Basin (Mazurek et 20 

al., 2009; Nagra, 2001; Rufer and Waber, 2015) and in the folded Jura Mountains at Mont 21 

Terri (Mazurek et al. 2009, 2011; Rübel et al., 2002), the Callovo-Oxfordian shale in the Paris 22 

Basin (Battani et al., 2011; Bigler et al., 2005; Jean-Baptiste et al., 2016; Waber, 2012), the 23 

fractured Tournemire shale in Southern France (Bensenouci et al., 2011), the Boom Clay in 24 
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Belgium (Mazurek et al., 2009, 2011), and the Ordovician shale in the Michigan Basin, 1 

Canada (Clark et al., 2013). These previous studies focussed mainly on the characterisation 2 

of solute transport over large spatial and temporal scales, with sample spacings on the 3 

scales of decametres or more. Consequentially, model fits are characterised by large 4 

degrees of freedom due to the rather isolated, punctual data base and the resolution in 5 

time for the evolution of observed concentration profiles is limited. In addition, most of 6 

these model scenarios are based on the implicit premise of mostly invariant boundary 7 

conditions and stable geological settings over the (long) model durations in the order of 8 

millions of years. 9 

The present study explores the porewater – groundwater exchange between the Opalinus 10 

Clay and the overlying karstic limestone sequence on time scales of <1 Ma. This was 11 

attempted by producing He concentration profiles (4He, 3He/4He) in porewater at high 12 

spatial resolution. Special emphasis was given to possible effects of spatially moving 13 

boundary conditions during the past palaeo-hydrogeological evolution. The interpretation 14 

and quantitative description of obtained He tracer profiles take advantage of other chemical 15 

(Cl, Br) and isotope (δ18O, δ2H, δ37Cl) tracer profiles produced at the same spatial resolution 16 

and described in Waber and Rufer (2017). 17 

2. Geological setting 18 

The Mont Terri URL is located in the southern limb of the Mont Terri anticline, which 19 

consists of Triassic evaporites, marls and dolomite in the core, clay-rich sequences of Lower 20 

Jurassic age in the centre and Malm limestones at the top (Bossart et al., 2017; Nussbaum et 21 

al., 2011). In this anticline, the Opalinus Clay (OPA), an over-consolidated claystone of 22 

Aalenian / Toarcian age, is intercalated between the 229 m thick sequence of variable 23 
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oolithic carbonates, limestones and marlstones of the Hauptrogenstein (HRST) and 1 

Passwang Formation (PAF) of Bajocian age on top and the marlstones and bituminous 2 

claystones of the Staffelegg Formation (STF) of Toarcian age at the bottom (Fig. 1; Hostettler 3 

et al., 2017; Reisdorf et al., 2014). The sedimentary sequence experienced its maximum 4 

burial of about 1350 m with a maximum temperature of 85°C during the Cretaceous 5 

(Mazurek et al., 2006) and was exhumed and partially eroded during the late Cretaceous 6 

and Paleogene. The Jura folding between about 12-3 Ma led to the development of the 7 

Mont Terri anticline at the junction of the frontal part of the Jura fold-belt and the Rhine-8 

Bresse transfer zone (Nussbaum et al., 2011, 2017). Subsequently, erosive exposure of the 9 

top of the Middle Jurassic limestones overlying the Opalinus Clay occurred some 2.5 Ma ago 10 

and that of the underlying Early Jurassic strata about 350 ka ago (Bossart and Wermeille, 11 

2003). Since then, freshwater infiltration into these bounding formations has been possible, 12 

as evidenced by karstic water-conducting features in the Passwang Formation and the Late 13 

Triassic Gryphaea limestones. 14 

Along borehole BDB-1, the Opalinus Clay has a thickness of 130 m and the strata dips 15 

towards SSE with dip angles ranging from 65° in the Hauptrogenstein to 45° in the Opalinus 16 

Clay (Hostettler et al., 2017). A major thrust fault zone, the so-called "Main Fault", is 17 

encountered in the borehole at 226 – 227 m BHL (Jaeggi et al., 2017; Nussbaum et al., 18 

2017). 19 

Drilled in 2013/14, the inclined, 247.5 m long borehole BDB-1 has a mean azimuth and dip 20 

of 330°/44°, which is roughly perpendicular to the local bedding. The borehole cuts across 21 

the lower Hauptrogenstein-Formation (0 – 37.07 m BHL), the Passwang-Formation (37.07 –22 

 106.15 m BHL) and the Opalinus Clay (106.15 – 238.08 m BHL) into the Staffelegg-23 
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