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Among the various clay-rich formations that are considered worldwide as host rocks for the
deep disposal of radioactive waste, the Palfris formation at Wellenberg (Central Swiss Alps) is the one
that experienced the deepest burial and the highest degree of induration. While the sedimentary
thickness is ca. 200 m, the Palfris formation at Wellenberg is accumulated to a thickness of ca. 1 000
m by tectonic processes. Being an incompetent rock unit sandwiched between limestone units to the
south and north, it has been folded and thrusted intensely during the Neoalpine orogeny some 20 Ma
b.p. Thrusting occurred at a depth of ca. 10 km and burial temperatures of ca. 200 - 250°C. The
deformation was mostly ductile, with pressure solution and reprecititation in veins as one of the most
effective deformation processes. Given the substantial burial, matrix porosity of the formation is only
ca. 1 - 2 vol%.

During the late stages of the orogenic events, the formation was affected by substantial
brittle faulting. Many of the faults are currently hydraulically active, and the formation as present
today can be conceived as a fractured medium. The number of faults is ca. 5 - 15 per 100 m along a
vertical borehole, resulting in an average fault spacing in the order of 10 m. Many of the faults
reactivate pre-existing ductile thrusts and consist of a central zone made up of fault gouge/breccia,
embedded in a damage zone (containing fractures and joints). Fault thickness typically lies in the
range of centimeters to decimeters, but major faults more than 1 m thick also occur. There is no
systematic relationship between fault size or frequency as a function of depth.

On the basis of fluid logs, discrete water inflow points into boreholes could be localized
precisely, and most of them turned out to be related to faults. However, only a fraction of all faults
observed in the cores correlates with inflow points into the boreholes. The ratio of observed inflow
points to the total fault inventory in a specific borehole interval is termed the “channeling fraction”,
and it varies from close to 1 at shallow levels to almost 0 at a depth of several hundreds of meters
(Figure 1). This means that in the uppermost 100 - 200 m, the largest part of all faults present is
transmissive, while at depth levels below ca. 500 - 700 m, only a minor part of all faults have a
transmissivity in excess of the detection limit of the fluid logging technique (ca. 1E-9 m2/s). While the
fault network is very dense even at greater depth, its permeability is very low, and this is attributed to
an efficient self-sealing mechanism of the faults. The systematic increase of hydraulic conductivity
towards shallower levels, which is identifiable in all boreholes drilled to date, is attributed to the
decrease of normal stress acting on the fault planes. As the region has been (and still is) uplifting, the
progressive exhumation of originally deep-seated faults results in an increase of hydraulic
conductivity.
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Due to the small hydraulic conductivities, all hydraulic tests in the deeper parts of the
boreholes characterize only the immediate surroundings of the boreholes (radii of investigation in the
range of centimeters - decimeters). Constraints regarding the nature of the hydraulic regime on a large
scale can be derived from 1) hydrochemical evidence and 2) observed head distributions:

1) Pore fluids residing in the present-day fracture and matrix porosity at larger depth
consist of methane-saturated Na-Cl water with minute amounts of free methane gas
which occurs in druses. Their chemical and isotopic compositions are very similar to
those of metamorphic fluids observed in fluid inclusions, suggesting a common origin.
Post-metamorphic admixtures of externally derived waters cannot be identified, and it is
suggested that present-day Na-Cl groundwaters that occur in the central parts of the
marl have resided in the formation since the time of metamorphism some 20 Ma b.p.
The only major change in the fluid composition has been the outgassing of methane
from the formation, most probably by diffusion.

2) The deeper parts of the host-rock body, approximately coinciding with the region where
Na-Cl groundwaters occur, have sub-hydrostatic pressures today, as indicated by
hydraulic tests in the deep boreholes. It is unclear as yet whether the underpressures are
due to erosional or glacial unloading, but they are clear evidence of very small large-
scale hydraulic conductivities of the host rock.

In order to formalise and quantify the hydrochemical information, the flow model was run
backwards in time, and the underground pathways of groundwaters sampled down-hole were traced
back to their infiltration points (particle backtracking). The calculated times since infiltration were
compared to the age structure of the groundwater as constrained by isotopic dating techniques. While
only a limited number of test cases were quantifiable, none of them resulted in inconsistencies
between the hydraulic and hydrochemical evidence. Moreover, Sr isotopes were used to constrain the
possible fluid exchange between the Palfris formation and the embedded limestones, which places
constraints on possible flow directions and thus represents another consistency check between
hydrochemical evidence and flow modelling.

Both the closed-system behaviour derived from the chemical and isotopic characteristics of
the deep groundwaters and the (recurrent or continuous) existence of hydraulic underpressures suggest
very low permeabilities of argillaceous rocks during metamorphism and throughout subsequent uplift
and exhumation. All fluids present in the deeper parts of the formation are either connate or produced
in situ. Even though major events of brittle faulting and unloading due to uplift occurred since the
peak of metamorphism, fluid flow through the formation has been negligible, in spite of the existence
of a fault network. Only as soon as the formation is exhumed to depths of less than ca. 500 - 700 m,
faults become hydraulically active.
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Figure 1.   Distribution of faults, water inflow points and transmissivities in borehole SB4a/v. Data points in a-c refer to
vertical intervals 100 m long.
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