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New coalification profiles in the Molasse Basin of Western
Switzerland: Implications for the thermal and geodynamic evolution
of the Alpine Foreland
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ABSTRACT RESUME

The coalification profiles of five oil wells (Chapelle. Eclépens. Essertines.
Savigny and Treycovagnes) in the Western Swiss Molasse basin were determined

using measurements of vitrinite reflectance VR). The analysed sections cover
essentially the Tertiary for the Chapelle and Savigny wells and the Mesozoic
sediments for the other wells. VR values range from about 0.4 %Rr to
0.9 %Rr. In all wells an overall linear increase in thermal maturity was
observed. Coalification gradients range from 0.17 to 0.21 % Rr/km in the Plateau

Molasse. In the Subalpine Molasse, a gradient of 0.07 %Rr/km was
determined for the autochthonous part of the Savigny well. The isorefiectance lines
in a NW-SE profile are discordant with respect to the stratigraphy. The thermal

maturity of any given formation increases towards the Alpine front. The

present-day VR values represent the "frozen" maturity level prior to Miocene-
Pleistocene uplift and erosion. Thermal modelling results suggest that "normal"

conditions prevailed in the area of the Plateau Molasse during the
Tertiary. Average paleogeothermal gradients vary between 29 and 31 °C/km and

the computed paleoheat flow values range from 60 to 70 mW/m2. Lower values

were reconstructed in Ihe Subalpine Molasse (20 °C/km and 50 mW/m2).
Modelling results demand erosion of some 2000-2600 m in the Plateau Molasse
and 4300 m in the Subalpine Molasse. The level of heat flow (Tertiary and

present-day) decreases towards the German Molasse Basin. This trend correlates

with an increase in flexural rigidity in the same direction. The thermal
activity and/or lithospheric thinning during the evolution of the Cenozoic rift
system in Europe could explain to some extent these observations. However.
Ihe western Molasse Basin may have already inherited a weaker lithosphère
due to greater Mesozoic extension and higher density of preexisting mechanical

heterogenities (e.g. Permo-Carboniferous grabens) when compared to the

German Molasse Basin.

L'évolution verticale du pouvoir réflecteur de la vitrinite (PRV) a été

déterminée dans cinq forages pétroliers du bassin molassique de Suisse
occidentale (Chapelle. Eclépens. Essertines. Savigny et Treycovagnes). Les forages

Chapelle et Savigny ont traversé essentiellement la Molasse tertiaire, alors

que les autres sondages ont traversé surtout des séries mésozoïques. Les
valeurs du PRV varient de 0.4 %Rr à 0.9 %Rr. L'évolution du PRV avec la
profondeur est linéaire dans les forages analysés. Les gradients PRV obtenus ne

varient guère (0.17-0.21 %Rr/km) dans la Molasse du Plateau. Une valeur de

0.07 % Rr/km a été déterminée dans la partie autochtone du forage de Savigny.

implanté sur la Molasse subalpine. Dans un profil NW-SE. les courbes
d'isoréflectance sont discordantes par rapport à la stratigraphie, la maturité
thermique de chaque formation augmente en s'approchant du front alpin.
L'étal de maturité observée correspond à l'enfouissement maximal qui a

précédé les soulèvements et érosions du Mio-Pleistocène. La modélisation
thermique montre que le régime paléogéothermique du Plateau Suisse
pendant le Tertiaire peut être considéré comme "normal". Les gradients
paléogéothermiques moyens varient entre 29 et 31 °C/km et le flux de chaleur
entre 60 et 70 mW/m2. Pour la Molasse subalpine, les valeurs obtenues soni
plus basses (20 °C/km et 50 mW/m2). Nos simulations et modélisations
suggèrent l'érosion d'une couche épaisse de 2000-2600 m environ dans la
Molasse du Plateau et de 4300 m dans la Molasse subalpine. La diminution du flux
de chaleur (actuel et tertiaire) depuis la Suisse occidentale en allant vers le

bassin molassique allemand peut être corrélée avec l'augmentation de l'épaisseur

élastique de la lithosphère. L'activité thermique et/ou l'amincissement
lithosphérique associés à l'évolution des "rifts" cénozoïques européens
pourraient expliquer, au moins en partie, cette variation géographique. Mais on

pourrait aussi postuler que la lithosphère de Suisse occidentale était à l'origine
plus faible à cause d'une extension lithosphérique plus importante pendant le

Mésozoïque. ainsi que de la présence accentuée d'hétérogénéités mécaniques
fréquentes (p. ex. graben permo-carbonifère).

Introduction

The present-day structure of the Swiss Molasse basin is the
result of a geological evolution initiated in the Paleozoic. The

important tectonic events which have marked this evolution
are the following: i) Variscan orogeny and the subsequent
formation of deep Permo-Carboniferous grabens (Thury et al.

1994), ii) Extension related to sag-basin development and thermal

subsidence during the Mesozoic (Loup 1992a. b), iii) Closure

of infra-Helvetic flysch basins and development of the

North Alpine Foreland Basin (NAFB) as a flexural depression
during the end Cretaceous-Miocene (Lihou & Allen 1996),
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Fig. 1. Tectonic map of the western Swiss Molasse basin showing location of
studied wells (modified after Jordi 1990 and Gorin et al. 1993). A-A': cross
section line of Fig. 7.

and iv) Detachment of the basin, deformation of the Jura
mountains and the uplift/inversion of the NAFB during the
Miocene-Pliocene (Pfiffner & Erard in press).

These tectonic processes have directly influenced the thermal

boundary conditions (paleoheat flow) and the basin
dynamics (subsidence versus uplift/erosion). The geothermal
regime in the NAFB during the Tertiary is generally characterized

as hypothermal (Teichmüller & Teichmüller 1986. Sach-

senhofer 1992. Schegg & Leu in press), whereas the conditions
during the late Paleozoic are inferred to be hyperthermal
(Kempter 1987, Diebold et al. 1991. Schegg & Leu in press).
Major phases of erosion are represented by three interregional
unconformities separating the sedimentary succession beneath
the Molasse Basin: the late Paleozoic, the base Tertiary and
the base Quaternary unconformity (see Schegg & Leu in press
for a review).

Knowledge of the paleogeothermal conditions in the Swiss

Molasse Basin is still rather patchy. It is mainly based on the

analysis of vitrinite reflectance measurements of surface samples

(Kübler et al. 1979, Schegg 1992a. 1992b. 1993, Todorov et
al. 1993) and on the coalification profiles of seven wells in the
eastern part: Beznau (Nagra 1984). Böttstein (Peters et al.

1986), Küsnacht (Rybach & Bodmer 1980). Riniken (Matter et
al. 1987), Schafisheim (Matter et al. 1988a), Weggis (Schegg
1994), Weiach (Matter et al. 1988b) and one geothermal exploration

well in the western part of the basin: Thônex (Jenny et
al. 1995). Additional constraints on the thermal history come
from fluid incusion data (Mullis 1987) and from clay
mineralogical studies (Monnier 1982, Schegg & Leu 1996).

In this study we present five new coalification profiles from

the Western Swiss Molasse Basin: Chapelle, Eclépens. Essertines.

Savigny. and Treycovagnes (Fig. 1). Our purpose is to
reconstruct the paleogeothermal regime in terms of the heat
flow history together with estimates of the missing overburden.

These results have important implications for the geodynamic

evolution of the region.

Geological setting

The Tertiary North Alpine Foreland Basin is a peripheral lore-
deep which formed by flexural bending of the European
lithosphère in response to crustal thickening in the Alpine orogen
(Homewood et al. 1986: Pfiffner 1986; Allen et al. 1991). The
so-called Molasse Basin is the younger, continental and shallow

marine component of this foreland basin. It comprises two
large coarsening and shallowing upward cycles spanning the

Oligo-Miocene separated by the sub-Burdigalian
unconformity (Matter et al. 1980). In Switzerland, the Molasse
succession is divided into four lithostratigraphic groups (see Beiger

1992 for details on the biostratigraphy). i) Lower Marine
Molasse (UMM, Rupelian-Chattian): ii) Lower Freshwater
Molasse (USM, Rupelian-'.'Burdigalian). iii) Upper Marine
Molasse (OMM, Burdigalian-'?Langhian). and iv) Upper
Freshwater Molasse (OSM, Langhian-Serravalian).

In most places the sedimentary fill of the NAFB rests un

conformably on truncated Mesozoic continental margin
sediments. Within the foreland basin, the stratigraphie gap
represented by the base Tertiary unconformit) increases from internal

to external positions (Herb 1988: Crampton & Allen 1995).

The maximum gap (Oxfordian-Eocene) is reached over paleo-
topographic culminations such as the "Zurich High" (Büchi et
al. 1965, Bachmann & Müller 1991). The Triassic-Early Cretaceous

subsidence history of the Swiss Plateau was governed by
lithospheric extension and thermal relaxation (Loup 1992a. b;

Loup & Wildi 1994: cum biblio) related to the break-up of
Pangaea (Ziegler 1987). A detailed summary of the basin
evolution during the Mesozoic is given in Bachmann et al. (1987)
and Bachmann & Müller (1991). Underlying the megasequence

boundary defining the base of the foreland basin.
Mesozoic carbonates, shales and clastic rocks are superimposed on
a Hercynian basement complex with locally, deep Permo-Carboniferous

grabens (Müller et al. 1984. Laubscher 1987. Die-
bold et al. 1991. Gorin et al. 1993).

The study area (Fig. 1 situated in the western part of the
Molasse Basin, covers the region between the Lake of
Neuchâtel in the north and the Lake of Geneva in the south
For a detailed introduction to the regional geology see Jordi
(1955. 1990. 1993). Matter et al. (1980). Weidmann (1982).
Berger (1985), Fasel (1986) and Gorin et al. (1993).

The Plateau Molasse of the study area is composed of sub-
horizontal USM and OMM deposits which are gently folded
and locally affected by significant wrench fault zones (Fig. 1:

Jordi 1990. Gorin et al. 1993). The Tertiary sediments onlap
the Mesozoic floor and thin towards the external parts in the
NW (Homewood et al. 1986). The Subalpine Molasse consists
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of a series of closely imbricated thrust slices adjacent to the
Helvetic Zone and tectonically overlain, in part, by the
Penninic nappes of the Prealps (Homewood et al. 1986). The
Mesozoic sediments underlying the Molasse Basin have a thickness
of about 2 km in the study area and are known essentially from
well data (Cuarny: Althaus 1947; Eclépens: Vollmayr 1983;

Essertines: Büchi et al. 1965). Additional information comes
from published seismic sections (Jordi 1990, Gorin et al. 1993).
The Mesozoic sequence comprises Triassic to Lower Cretaceous

strata. Paleozoic sediments (Permian red-beds) have

only been penetrated in the Treycovagnes well. A partially
inverted Permo-Carboniferous trough has. however, been
interpreted by Gorin et al. (1993) below the Subalpine Molasse.

Methods

Sampling

Cuttings from the wells Chapelle, Eclépens, Essertines, Savigny

and Treycovagnes were sampled for the measurement of
vitrinite reflectance. Both Tertiary and Mesozoic formations
have been included in order to obtain top-to-bottom coalification

profiles. Chapelle and Savigny. situated in the southern

part of the study area, mainly penetrated Tertiary rocks; wells
in the distal part of the Molasse Basin (Eclépens, Essertines,
Treycovagnes) penetrated essentially Mesozoic sediments. In
the Tertiary elastics, sampling was concentrated on macroscopic

coaly particles which were picked by hand. Mesozoic samples

comprise dark shales and marlstones with a relatively high
content of dispersed organic matter (OM). In order to obtain a

suitable sample size, cuttings were collected generally over a

depth interval of 20-30 m. The indicated sample depth (represented

by the sample number) is, therefore, an average value.

Vitrinite reflectance (VR) measurements

Dried cuttings were mounted in epoxy resin, then ground and

polished with a sequence of diamond abrasives. Random vitrinite

reflectance was determined in unpolarized light at a wave-
lengh of 546 nm and a measuring aperture size of 5 mm using a

Leitz MPV Compact microscope with an immersion objective
50*/0.85. The measurements followed the procedure described
by Stach et al. (1982). The results are expressed in terms of an
arithmetic mean and a standard deviation of all measurements
made on each sample. Data are also presented in the form of
frequency histograms, divided into 0.05% reflectance steps.

Guidelines for the interpretation of VR results

Although it is considered by many scientists as the most
universally applicable tool in assessing the thermal maturity of a

sample, the vitrinite reflectance technique has several limitations.

In the following we list a number of limitations which
are relevant to this study and present our interpretation criteria:

Properly identified vitrinites: Identification of reliable vitrinite

particles is perhaps the major problem for the operator. In
coal samples, readings are made on wide monomaceralic bands

(ulminite B / telocollinite. see Stach et al. 1982 for details). In
sedimentary rocks other than coal, vitrinite macérais are

present as either autochthonous or allochthonous grains
(Robert 1985). The recognition of fresh (first-cycle) humodet-
rinite (vitrodetrinite for higher ranks) and reworked (second-
cycle) and generally more mature material is the major problem

for rank determination. Problems of diagnosis may also

occur for the distinction between vitrodetrinite and inertodetrinite

because of the frequent lack of morphological criteria in

dispersed OM (Durand et al. 1986). At elevated maturities
(Rr > 0.8% inertinite can be distinguished from vitrinite by the

optical anisotropy of the latter (Stach et al. 1982). Our
approach was to measure all the "vitrinite-like" particles in a

sample with dispersed OM. Clearly identifiable autochthonous
vitrinite particles are marked as reliable values already at the

microscope. Autochthonous vitrodetrinites can be recognized
by their elongate form, occasionally also by their telinite cell
structure (Stach et al. 1982). Rounded particles should be

suspected as being reworked. The measurements often result in

multi-peak reflectance histograms. When no indication of bitumen

impregnation or caving (see below) is present, the lowest
peak is generally interpreted as the autochthonous population,
but only when the maturity values of the reliable vitrinite
particles are in accordance with such an interpretation. A similar
approach has been taken by Nagra (1984) and Peters et al.

(1986) for the Beznau and Böttstein wells respectively.
Solid bitumen: Apart from the variation of primary vitrinite

populations, secondary macérais such as morphologically similar
solid bitumen can cause problems in identifying an autochthonous

vitrinite population. Solid bitumen can, however, be identified

relatively easily when it occurs as a pore filling. Solid bitumen

reflectance values (Rb) were transformed into Rr values

according to the formula of Jacob (1989): Rr 0.618*Rb + 0.4.

Number of readings: The number of reflectance measurements

(n) required for an adequate characterization of the

mean random VR is a major concern in the pétrographie analysis

of dispersed OM. Barker & Pawlewicz (1992) stated that
reflectance values calculated on less than 20 readings of vitrinite

are potentially unreliable. However, according to the same
authors, it is still a better strategy to concentrate on selecting a

few high-quality characteristic vitrinite grains for analysis rather

than seeking a quantity of inconsistent vitrinite grains in
order to make results statistically reliable. We differentiated
between reliable (n > 20) values and uncertain (n < 20) values.
But the interpretation of a reliable value is not only based on
the number of readings, but also on pétrographie arguments
(see above).

Quality of the polished surface: Inadequate polishing results
in a considerable decrease of mean reflectance (Buiskool Tox-

opeus 1983). Samples showing bad polishing were excluded
from this study. Results from inadequately polished sections

were marked as questionable values (see legend in Fig. 2).
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Caving: The problems associated with the identification of
vitrinites in cuttings recovered from boreholes and which are
contaminated by caving during drilling have been previously
documented by Dow (1977). It may be difficult to detect in a

single sample, but it can become quite obvious in the context
of a coalification profile (e.g. low reflectance outlier).

Saturai variation of VR: Buiskool Toxopeus (1983) has

shown the existence of different populations of vitrinite in
coals, even in the absence of reworked material. Similar
observations have been made by Fang & Jianyu (1992) who stated
that the initial hydrogen content of telocollinite may vary from
one coal to another. For oilprone source rocks, within the oil
window, vitrinite staining can produce "fluorescent" vitrinite
with anomalously low reflectance.

Another interpretation criterion was the relationship of a

single value with the general coalification trend. VR peaks
which are clearly outside the general trend were interpreted as

suspicous values. It is recognized that there is an element of
circularity in this argument tending to confirm a pre-deter-
mined "trend".

Thermal modelling

The quantitative modelling of a sedimentary basin using a heat

flow algorithm allows the determination of an accurate
temperature history by incorporating geological factors that control

temperatures and calibrating against measured thermal
indicators. In this study, a one-dimensional burial history model
is used to provide a framework for simulating the thermal
history. The modelling was carried out using the BasinMod®l-D
program (Platte River Associates 1995).

The following processes and properties are taken into
account: i) subsidence history, including erosional breaks: ii)
thermal boundary conditions (heat flow history at the base,

variation of the sediment/water interface temperatures at the

top), and iii) petrophysical properties of each lithology (thermal

conductivity, heat capacity, compaction parameters).
Starting with a set of primary input values, parameters which
have the most direct effect on the thermal history (heat flow at
the base, amount of missing section) are modified until a good
fit between measured and calculated vitrinite reflectance is

obtained. The relative importance of changing geodynamic
scenarios is adressed during the sensitivity analysis.

Vitrinite reflectance profiles

Chapelle

A description of the lithologies and the stratigraphy of the well
is given in Lemcke (1959). Two samples from the OMM. five

samples from the USM and one sample from the Barremian
were analysed. Apart from two USM samples with reworked
vitrinite and an uncertain value at the bottom of the well, a

well defined and reliable coalification profile is observed

(Fig. 2). VR values range between 0.41 %Rr at the top of the

well and 0.79 %Rr at the bottom. No significant coalification
jump is observed at the base Tertiary unconformity- A linear
regression fits the coalification trend best. The coalification
gradient is 0.21 %Rr/km (0.17 log%Rr/km). The top ofthe oil
window (0.6 %Rr) is at about 950 m.

Eclépens

A summary of the uniquely Mesozoic well stratigraphy is given
by Vollmayr (1983). Three samples from the Upper Jurassic,

one sample from the Middle Jurassic and four samples from
the Lower Jurassic were analysed (Fig. 3). Only one reliable
VR value could be measured in this well (eel 2002). The rest of
the reflectance histograms show complex patterns and the
inferred VR values are uncertain. Values range between
0.49 %Rr in the Upper Jurassic to 0.76 %Rr in the Lower
Jurassic. In two samples (eel 1220. eel 1908) solid bitumen reflectance

could be measured. The equivalent VR values of these

samples are slightly higher than those from the interpreted
autochthonous vitrodetrinite population. The coalification gradient

is 0.18 %Rr/km (0.13 log%Rr/km). The top of the oil
window is situated at a depth of about 1300 m.

Essertines

A description of the lithologies and the stratigraphy of this
well is given by Büchi et al. (1965). Two samples from the
USM. two samples from the Lower Cretaceous, two samples
from the Upper Jurassic, one from the Middle Jurassic and
three samples from the Lower Jurassic were analysed. Only
one reliable value (ess 315) at the top of the well was measured

(Fig. 4). The thermal maturity of the sediments varies between
0.49 %Rr in a USM sample and 0.89 %Rr in sample from the
Lower Jurassic. The coalification gradient is 0.19%Rr/km
(0.13 log%Rr/km). The top of the oil window is at a depth of
about 900 m.

Savigny

The initial description of the lithologies and the well stratigraphy

has been presented by Lemcke (1963) and a revised
interpretation (used in this study) is given in Weidmann (1988. his

Fig. 3). 16 samples from the USM and one sample from the
Lower Cretaceous were analysed. The sedimentary succession
is characterized by the repetition of four USM thrust slices

overlying an autochthonous USM series (Fig. 5). A number of
samples are characterized by reworked OM and the
autochthonous vitrodetrinite population is missing. In the topmost
thrust sheet two reliable value from nearby shallow boreholes
(Schegg 1992b) are included in the coalification profile. As the

analysis of sample sav 540 yielded a questionable VR value,

no coalification trend can be defined for the upper part of the
well. The Aquitanian thrust sheet between 600 and 900 m
suggests a negative coalification trend. The thermal maturity
decreases from 0.67 %Rr at 695 m to 0.63 %Rr at 847 m depth.
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VR values in the autochthonous Molasse indicate a linear
increase of thermal maturity (from 0.63 %Rr at 1247 m to
0.75 %Rr at 2187 m). Taking only the autochthonous part of
the profile, a coalification gradient of 0.07 %Rr/km (0.05

log%Rr/km) is calculated. The top of the oil window is situated

at about 700 m.

Treycovagnes

One sample from the Lower Cretaceous, two from the Upper
Jurassic, one from the Lower Jurassic and three from the

Keuper were analysed. Again VR results are characterized by

complex reflectance histograms (occurrence of reworked OM
and solid bitumen). An overall linear increase in thermal
maturity is suggested by our results (Fig. 6). VR values vary
between 0.45 %Rr in a sample from the Lower Cretaceous and

0.89 %Rr in a sample from the Lower Keuper. The coalification

gradient is 0.17 %Rr/km (0.12 log%Rr/km). The top of
the oil window is at a depth of about 950 m.

Isorefiectance profile

A schematic NW-SE cross-section (located on Fig. 1) shows
the lateral variation of VR values across the basin (Fig. 7). The

top of the oil window (0.6 %Rr-isoline) is clearly discordant
with respect to the present-day stratigraphy. Whereas the oil
window in the Treycovagnes well is attained in the upper part
of the Middle Jurassic, the same matury level in the Chapelle
well can already be observed in the USM. The 0.6 %Rr-isoline
is subparalell to the present-day topography. The sudden

deepening of the 0.8 %Rr-isoline from Chapelle to Savigny il-
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lustrâtes the already observed important decrease in the
coalification gradients between these two wells. The level of thermal

maturity for any given stratigraphie interval increases
towards the Subalpine Molasse.

Thermal modelling

Calibration data

Three different types of calibration data (porosity, present-day
temperature and vitrinite reflectance) were used to constrain
the models.

Apart from its role as an indicator of the state of compaction,

porosity is an important factor controlling the thermal
properties (e.g. thermal conductivity) of sediments. No
published porosity values for the studied wells were available. For
this reason averaged porosity data from the eastern part of the
basin (Kälin et al. 1992. Voborny et al. 1993) were used. The
fluid flow/compaction module of BasinMod was utilized to
calculate porosity as a function of depth and pressure (see Platte
River Associates 1995 for more details). Measured temperatures

are only sensitive to thermal perturbations in the
relatively recent geological past, and can therefore only be used to
calibrate the modern heat flow values. The corrected bottom
hole temperature (BHT) data of Vollmayr (1983) formed the
basis of the heat flow derivation (heat flow geothermal
gradient * thermal conductivity). Vitrinite reflectance is regarded
as one of the most reliable thermal indicators for the calibration

of paleo-heat flow history (e.g. Bustin et al. 1985). Modelled

thermal maturity was calculated by Platte Rivers's Basin-
Mod® program using kinetically-based equations to calculate
maturation with time and temperature, as developed by Sweeney

& Burnham (1990).

Initial model

One of the most important unknowns for the reconstruction of
the burial history is the estimation of the amounts of erosion at

base-Tertiary and base-Quaternary unconformities. A missing
section of 2000 m for the post-Molasse erosion is assumed (see

Schegg & Leu in press for a discussion) composed of USM,
OMM and OSM deposits for the first simulation runs. In
accordance with the results of Crampton & Allen (1995) and
regional observations of preserved Cretaceous thicknesses in the
western part of the Molasse Basin (Schegg & Leu in press), a

thickness of 400 m is taken to be a maximum value for the
missing Cretaceous strata at the base-Tertiary unconformity.
Modelling results (Crampton & Allen 1995) and regional
observations suggest that the depth of erosion at this
unconformity is relatively constant beneath the Molasse Basin.

In the initial model of the Savigny well (Subalpine
Molasse), allochthonous formations have been simulated by
expansion of the formation thickness during the time of thrusting.

According to Burkhard (1990), the precise time of thrusting

and folding within the Subalpine Molasse is difficult to
determine. The most external structures appear to be formed

simultaneously with folding of the Jura (Serravalian/Torton-
ian). We assumed that thrusting may have started at 15 Ma.
Our approach, however, has its limits, as allochthonous units,
with a geological and thermal history different from the
autochthonous units are piled up on top of each other. Such

processes cannot be handled properly by the programme. For
modelling purposes, only the autochthonous part of the
Savigny well is used for calibration.

Typical heat flow values for peripheral foreland basins

range from 60 to 80 m W/m2 (Allen & Allen 1990). The heat
flow history for modelling was kept as simple as possible as no
firm geological arguments currently exist for any major deviations

from normal values during the foreland basin evolution
(Beaumont et al. 1985). Therefore, the heat flow was held
constant (70 mW/m2) during the Tertiary, and was increased linearly

from 5 Ma to the high present-day values (80-HK) mW/m2
in the western Molasse Basin, Bodmer & Rybach 1984).

Loup (1992a. b) analysed the tectonic subsidence of the
northern Helvetic realm during the Mesozoic. The subsidence

history is characterized by a long term (> 150 My) decelerating
phase which started in Middle to Late Triassic times. Shorter
term phases (50-60 My) are superimposed on this general
trend. According to Loup (ibid.), a 2-layer stretching model
(Hellinger & Sclater 1983) fits the tectonic subsidence curves
best. The stretching factors in the Plateau vary between 1.03

and 1.2 for the crust and 1 and 1.35 for the subcrustal
lithosphère. The mainly thermally controlled subsidence, low
subsidence rates and stretching factors suggest an intracratonic rim
basin rather than a classic passive margin evolution for the

area of the NAFB. We used Loup's (ibid.) range of stretching
factor for the Essertines well (1.2 crustal, 1.35 subcrustal) to
calculate the additional heat supply due to lithospheric stretching

(see Hellinger & Sclater 1983 for details). The resulting
heat flow anomaly due to extension is rather modest (maximum

value of 9 mW/m2 during Late Triassic times). We added
this calculated exponentially-decreasing anomaly to the
assumed constant Tertiary heat flow level in order to define the
Mesozoic heat flow history.

The variation of the sediment-water and sediment-air
interface temperatures during the Tertiary is based on studies

by Hochuli (1978) and Bodmer and Rybach (1984). Paleosur-
face temperatures during the Mesozoic were chosen on the
basis of the global time/latitude/temperature relation of Wy-
grala (1989).

Thermal modelling results

The resulting final models for the burial and thermal history of
the five studied wells are in good aggreement with the available

calibration data. Figure 8 shows the input data and results
for the Chapelle and Essertines wells. The key factors for the
calibration were the level of the Tertiary heat flow and the
amount of post-Molasse erosion. Changes of the heat flow during

the Mesozoic have hardly any effect on the calculated

present-day VR values. The calibrated values for the key pa-
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rameters are summarized in Table 1. The Tertiary heat flow
level for the 4 wells situated in the Plateau Molasse varies only
a little (60-72 mW/m2), but it is clearly lower in the Subalpine
Molasse (Savigny well: 50 mW/m2). In all wells the modest

Tertiary heat flow had to be increased to the present-day high
values (82-95 mW/m2) in order to satisfy the measured borehole

temperatures. We calculated also the average geothermal

gradients at the time of maximum burial (Tab. 1). In the
Plateau Molasse "normal" paleogeothermal gradients
(29-32 °C/km) are obtained. In the Subalpine Molasse, a low
gradient of 20 °C/km was computed. The calibrated post-Molasse

erosion is moderate in the Plateau Molasse

(2000-2600 m), compared with a much higher value in the
Savigny well (4300 m).
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Discussion of results

Vitrinite reflectance data

VR data are of quite uneven quality. The most reliable values

were observed in the Tertiary samples characterized by coaly
phytoclasts. The results from the dispersed OM in Mesozoic

samples are generally more complex. The interpretation of the

multi-peak reflectance histograms (due to reworked OM. caving,

solid bitumen) is not always straightforward. This problem

is well known among organic petrographers (see Robert
19S5 and Mukhopadhyay 1994. and references therein).
Results from this study show that a simple mean VR value with a

standard deviation is often not sufficient for the correct
appraisal of thermal maturity. It is helpful to base the interpretation

on the evolution of reflectance histograms with depth. In

other words, a single sample may often only be interpreted in
the context of a top-to-bottom profile. Due to these uncertainties

calculated coalification gradients should also be treated
with care. This is especially the case when only few and/or
unreliable data are used or when the depth range for the determination

of the gradient is only a couple of hundred meters.

Despite the aforementioned limitations, results from the
studied wells show a good internal consistency. Most wells

(with the exception of the Savigny well) are characterized by a

linear increase in thermal maturity with depth. No well defined
coalification jump was observed at the base Tertiary
unconformity in the Essertines well. However, given the poor quality
of Cretaceous VR values in this well, this interpretation should
be treated with care. The Mesozoic and Tertiary coalification
gradients of wells situated in the Plateau Molasse vary only little

(0.17-0.21 %Rr/km. Tab. 1). These observations suggest
that both gradients have been attained during the same
maturation phase.

The coalification profile of the Savigny well (Fig. 5) may be

interpreted in different ways. The coalification profile could
be fitted with a top-to-bottom linear trend implying a post-
thrust maturation. Our description (see above) treated each

tectonic unit separately, suggesting a pre- to syn-thrust maturation.

Given the moderate quality of the coalification profile, it
is difficult to decide between these two hypothesis. However,
observations from the Subalpine Molasse of Central Switzerland

(Schegg 1994) and Germany (see review in Sachsenhofer
1992) indicate that coalification jumps at the base, within and

at the top of allochthonous Molasse units are a common
feature. A pre- to synthrust maturation is therefore favoured in

this study. The negative coalification trend in the lower hanging

wall of the Savigny well (Fig. 5) could result from steady-
state fluid flow where multiple aquifers are involved (Duddy et

al. 1994. their Fig. 7). Potential fluid conduits might have been

the thrust planes between these tectonic units.
Isorefiectance lines climb stratigraphically from external to

internal (i.e. towards the Alpine front) basin positions, the
thermal maturity level of any given stratigraphie interval
increasing in the same direction. Results from this study strongly
suggest that the main maturation phase is of Tertiary age. The

Tab. 1. Summary of coalification gradients and key factors for the thermal

modelling: coalification gradients ("ARr/km, log%Rr/km), Tertiary heat flow
level (Ten. HF). calculated average geothermal gradient during maximum
burial C/km IT,,,.,., and calibrated post-Molasse erosion amounts (erosion).

well %Rr/km log%Rr/km Tert. HF °C/km (Tmax) erosion
CHA 0.21 0.17 72 32 2300
ECL 0.18 0.13 65 30 2000

2600ESS 0.19 0.13 63 29
SAV 0.07* 0.05* 50 20 4300

2600TREY 0.17 0.12 60 30

* only autochthonous part of the well

iso-reflectance lines represent probably the "frozen" and tilted
(during the Miocene-Pliocene uplift) maturity level at the end

of deposition of Molasse sediments (about 12 Ma).

Comparison of VR data with previous studies

The comparison of our results with published data from
Switzerland (see references in introduction) and Germany
(Teichmüller & Teichmüller 1975. 1986. Jacob & Kuckelkorn
1977. Kuckelkorn & Jacob 1977. Jacob et al. 1982) reveals the

following:

i) Thermal maturity of Tertiary sediments: The levels of matu¬

ration in the Chapelle and Savigny (0.41-0.75 %Rr) wells

are comparable to those from the Thônex (0.53-0.72 %Rr)
and Weggis (0.65-0.82 %Rr) wells. A similar range of values

has also been observed from surface samples in the

western Swiss Molasse Basin (Schegg 1992b). In the Subalpine

Molasse, a distinct increase inVR in surface samples
towards the Alps is observed. Our results confirm this
trend (e.g. Fig. 7). However, for the same depth level our
results show much higher thermal maturities than data
from the German Molasse Basin. In the Miesbach 1 well,
for example. VR does not exceed 0.6 %Rr at 5738 m

(Jacob & Kuckelkorn 1977). whereas the same level of
maturity is already reached at about 900-1000 m in western
Switzerland.

ii) Tertiary coalification gradients: The gradients in the western
Plateau Molasse are consistent (0.21 % Rr/km Chapelle,
0.18 % Rr/km Thônex), but clearly higher than those in

eastern Switzerland (0.08 % Rr/km Küsnacht. Rybach &
Bodmer 1980) or in the German Molasse Basin

(0.06-0.09 % Rr/km. see recent review by Sachsenhofer
1992). In the Subalpine Molasse gradients seem to be

generally lower (0.07 and 0.14 % Rr/km in Savigny and Weggis
respectively) than in the Plateau Molasse. A similar trend,
but with much lower values (0.04 %Rr, Sachsenhofer

1992). can be observed in the German foredeep.
iii) Thermal maturity of Mesozoic sediments: VR values of

Mesozoic sediments in the study area are generally higher
than those measured in eastern Switzerland. In Upper
Jurassic rocks for example, average VR values for the wells in
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Fig. 9. Sensitivity analysis for the Chapelle well. Our preferred model assumes
a Tertiary heat flow level of 72 m W/m2 and a post-Molasse erosion of 2300 m.

(A) Taking a higher Tertiary heat flow level (79 mW/m2) results in a shift of
the calculated maturity trend and a higher coalification gradient (model 1).

The shift to higher values can be compensated by a lower post-Molasse erosion

(1900 m: model 2). But the resulting maturity trend is still characterized
by a coalification gradient which is higher than the observed. (B) Higher
(2700 m: model 3) or lower (1900 m: model 4) erosion with respect to the
preferred model shifts the maturity trend parallel to best-fit trend.

our study area range between 0.54 %Rr (Eclépens) and
0.69 %Rr (Essertines). In northeastern Switzerland, average

maturity levels of 0.39-0.46 %Rr are observed for the
same stratigraphie interval in the Nagra wells Riniken,
Schafisheim and Weiach (Matter et al. 1987,1988a, 1988b).
Similar observations can be made for other Mesozoic
formations,

iv) Mesozoic coalification gradients: The increase of VR with
depth in the studied area (0.17-0.19 %Rr/km) evidences a

normal paleogeothermal regime (Robert 1985). The wide

range and the generally high values of coalification
gradients (0.1-1.0 % Rr/km) in the Nagra wells of eastern
Switzerland may be interpreted either as a statistical problem

(i.e. depth ranges of only 200-300 m for wells with very
high gradients, e.g. Böttstein and Beznau) or as the result
of localized fault controlled thermal anomalies (Todorov
et al. 1993, Schaltegger et al. 1995).

In our study area the level of thermal maturity and the coalification

gradients of Mesozoic and Tertiary sediments seem to
be mainly controlled by the deep Tertiary burial and subsequent

uplift/erosion and by a normal paleogeothermal regime.
The geothermal gradients in the German Molasse Basin during

the Tertiary are much lower and post-Molasse erosion
plays a minor role. Mesozoic coalification gradients are generally

higher than Tertiary gradients in eastern Switzerland.
However, all the data on Mesozoic gradients come from the
distal part of the Molasse basin where no control on Tertiary
rank gradient is available (the Tertiary section is too thin or ab¬

sent). The observations may suggest that the thermal maturity
and coalification gradients of Mesozoic sediments in this part
of the basin have not been strongly overprinted by a Tertiary
maturation phase. Mesozoic coalification gradients could still
reflect a thermal event during the Mesozoic. K-Ar dating of
clay minerals from Stephanian sediments in the Weiach well

suggest an important Early Jurassic (183 Ma) hydrothermal
activity with fluid temperatures of probably up to 210 &C (Schaltegger

et al. 1995). Alternatively, the observed VR pattern can
be modelled by an enhanced heat supply between Eocene and
Miocene related to the Rhine Graben rifting (Todorov et al.

1993).

Discussion ofthe thermal modelling results

We are aware that the proposed models (i.e. the thermal and
burial history) are not unique solutions, and that other geological

scenarios could also fit the calibration data. Consequently,
we have tested the likely outcomes of alternative scenarios.

It might be argued that the effects attributed to erosion
could be explained instead by a higher heat flow. Our model
runs show that as expected, the calculated coalification profile
is very sensitive to heat flow value at the time of maximum
burial. Higher Tertiary heat flow values result in higher coalification

gradients. A relative change of 10% from the best-fit heat
flow value is sufficient for a significant misfit of observed and
calculated VR values (Fig. 9A, model 1), even when a higher
heat flow is "compensated" by a lower post-Molasse erosion
(Fig. 9A, model 2). On the other hand, changes of the heat
flow history prior to the time of maximum burial are generally
not relevant to the present-day heat flow values. Increase or
decrease of the Tertiary erosion amount results in a shift of
the maturity trend (Fig. 9B, model 3 and 4 respectively).

The calibration data of the Eclépens and Treycovagnes
wells could also be fitted with a maximum burial during the
Late Cretaceous, requiring about 2 km of erosion of Cretaceous

rocks at the sub-Tertiary unconformity. There is. however,

no viable geological concept which could explain the deposition

and subsequent erosion of such an amount of Upper
Cretaceous sediments (see discussions in Crampton & Allen
1995 and Schegg & Leu in press). Moreover, the internal
consistency of isorefiectance lines in the study area and the 2100 m
of erosion in the Chapelle well, which is clearly of Tertiary age.
strongly suggest that this hypothesis can be ruled out.

Our calibrated erosion amounts are in line with results by
Laubscher (1974), Lemcke (1974), Monnier (1982) and Brink
et al. (1992) for the study area. A similar value (2 km) was
obtained further to the west in the Thônex well (Jenny et al.

1995, Schegg & Leu 1996).
The inferred Tertiary paleogeothermal regime

(29-32 °C/km, 60-72 mW/m2) for the Plateau Molasse is in

agreement with "typical" values quoted for foreland basins

(60 mW/m2: Deming & Chapman 1989, 70 mW/m2 Allen &
Allen: 1990). The modelled heat flow value in the Thônex well
is only slightly lower (58 mW/m2, Schegg & Leu 1996).
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Implications for the thermal and geodynamic evolution of the
NAFB

The NAFB is regarded as a typical cold foreland basin with

very low coalification gradients and a low level of thermal
maturity (e.g. Teichmüller & Teichmüller 1986. Sachsenhofer

1992). According to Cermak & Hurtig (1979), present heat
flow values in the German Molasse Basin range between 35

and 80 mW/m2. The present geothermal regime of the Swiss

Molasse basin shows, however, a much greater variability of
heat flow values (60-150 mW/m2. Bodmer & Rybach 1984)

and a generally warmer geothermal regime. In addition, the

modelled paleoheat flow level during the Tertiary is significantly

higher in our study area (50-70 mW/m2) than the
estimated values for the German Molasse Basin (30-50 mW/m2,
Sachsenhofer 1992). This heat flow trend correlates with a

change in the effective elastic thickness (Te) from west (c.
25 km in western Switzerland) to east (c. 50 km in the German

sector) proposed by Karner & Watts (1983) based on forward
modelling of the Bouguer gravity anomaly. According to
results of Macario et al. (1995), Te for the arcuate western portion

of the Alps (Te 31 km, range 30-39 km) does not differ
significantly from estimates obtained from the more linear
eastern portion (Te 35 km. range 33^10 km). They determined
Te from gravity and topography using the coherence method.
Howewer, estimations of Te using the present-day basement

configuration (e.g. the flexural profile of the basement) lends

additional support for the results of Karner & Watts (1983).

According to Gutscher (1995), longer flexural wavelengths in

the east indicate increasing lithospheric rigidity and elastic
thickness from west (Te 23 km) to east (Te 53 km). In the

eastern German Molasse Basin, Jin (1995) obtained the closest

match with the basement shape by choosing an elastic thickness

of 48 km.
Other fundamental differences between the German and

the Swiss Molasse Basin concern the style of deformation and

the amount of shortening. The German part is predominantly
governed by an extensional regime, resulting in the development

of synthetic and antithetic normal faults, running mainly
parallel to the basin axis (Brink et al. 1992). Bachmann &
Müller (1992) associated this fault pattern to bending stresses

of the European lithosphère (sensu Bradley & Kidd 1991).
The Swiss part of the Molasse basin is dominated by compressional

deformation styles, such as folds and reverse faults

(Brink et al. 1992). Signer & Gorin (1995) postulated that
deformation of the Jura Mountains is more likely to have originated

from basement shortening than from large-scale translation
across the foreland basin of the Mesozoic-Cenozoic cover over
the Triassic evaporites. This view is supported by Jouanne et
al. (1995) and Pfiffner & Erard (in press) who suggest that the

basement underlying the Jura mountains and the western
Molasse Basin was also involved in the post-depositional
shortening.

According to Watts et al. (1995), the flexural rigidity of the

lithosphère is a critical factor in determining the style of litho¬

spheric shortening: high flexural rigidities promote the initiation

and development of thin-skinned fold-and thrust belts
above a basal décollement: low rigidities promote thick-
skinned zones of basement shortening. Observations in the
Swiss part of the Molasse Basin suggest indeed that basement-
involved foreland deformation and modest shortening
amounts (when compared to the German Molasse basin) are
related with a low flexural rigidity.

All these elements indicate that there might be a link
between the paleogeothermal regime, the basin geometry and

dynamics, and the deformation style in the NAFB. However,
the physical meaning of one of the key factors in this respect,
Te. is still difficult to assess (see review in Burov & Diament
1995). Karner & Watts (1983) suggested that there was a

systematic increase of the flexural rigidity of the lithosphère
with increasing thermal age at the time of loading. McNutt et
al. (1988) compiled elastic thicknesses for a variety of
continental environments and demonstrated a wide range of values

(5-105 km). The great variability of Te indicates very different
thermal structures and cannot be explained solely on the basis

of thermal age (Sahagian & Holland 1993). According to these

authors, the thermal structure and elastic thickness of the

lithosphère are controlled by lithospheric thickening and thinning
events, as well as by subsequent thermal reequilibration over
time. Kusznir & Karner (1985) and Zoetemeijer et al. (1990)
stressed more the temperature dependent rheology of the

lithosphère. The decrease in elastic thickness may often reflect the

weakening effect of elevated temperature (i.e. high heat flow)
on the mechanical properties ("strength envelope") of the

lithosphère. Burov & Diament (1995) proposed that the strength
(i.e. effective elastic thickness) of the continental lithosphère is

controlled by its thermal structure in conjunction with two
other equally important complementary mechanisms: i) the

strength reduction by crust - mantle decoupling and ii) by the

bending stresses (related directly to the plate curvature) that
result form flexure caused by the presence of the surface and
subsurface loads. According to these authors, bending stresses

created by major mountain belts are large enough to cause
inelastic deformation (ductile flow) in the underlying plate,
which in turn, leads to a 30 to 80% decrease of Te beneath
such belts and less beneath the adjacent regions.

The basement of the NAFB underwent extensive deformation

and metamorphism, accompanied by plutonic and volcanic

activity during the Variscan orogeny, and has not changed
significantly since then in terms of material components and

structure (Thury et al. 1994). To our knowledge, there is no
major geographical variation in the age of the lithosphère
between the eastern and western part of the NAFB which
could explain the observed pattern in flexural rigidity.

The modest extension (maximum stretching factor of 1.2

for the crust and 1.35 for the subcrustal lithosphère) of the

European plate below the future NAFB during the Mesozoic

(Loup 1992a, b) could not desequilibrate the lithosphère
thermally, especially when considering that the main subsidence

phases in the western NAFB took place during the Triassic or
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Early Jurassic. However, it is important to note that the thickness

of Mesozoic sediments decreases towards the eastern part
of the NAFB (Lemcke 1974. Schegg & Leu in press). This
trend may also be interpreted as one of decreasing lithospheric
thinning in the same direction. Another element which has to
be taken into consideration is the presence of a relatively
dense network of Permo-Carboniferous troughs in the western

part of the NAFB (Brink et al. 1992). These observations

suggest that the western NAFB inherited already a weaker
lithosphère due to greater Mesozoic extension and higher density

of preexisting mechanical heterogenities.
The map of lithospheric thickness in Central Europe,

deduced from the regional dispersion of seimic surface waves
(Mueller & Panza 1984). shows a broad zone of important
lithospheric thinning which follows roughly the trend of the
Cenozoic rift system. The western part of the NAFB lies within

this zone. This observation suggests that the low elastic
rigidity of the western NAFB may have been controlled by the

evolving Cenozoic rift system. Other authors like Kuznir &
Karner (1985) gave more emphasis to the paleogeothermal
regime. They stated that the anomalous flexural rigidity in the
Molasse Basin may reflect a bias introduced by thermal activity

associated with either the formation of the Rhine Graben
and/or major Tertiary-Quaternary volcanic activity within
Europe. Results from this study indicate, indeed, relatively high
paleoheat flow values (when compared to the German
Molasse Basin). A prolongation ofthe Rhine Graben geothermal
anomaly into the area of Northern Switzerland has already
been postulated by Todorov et al. (1993). Similar correlations
between heat flow and elastic thickness were made by Zoete-
meijer et al. (1990) in the Ebro basin.

Conclusions

To conclude we would like to highlight the following points:
i) Modelled amounts for the post-Molasse erosion in the Pla¬

teau Molasse (2000-2600 m) support results from earlier
studies (Laubscher 1974. Lemcke 1974. Monnier 1982, Brink
et al. 1992, Jenny et al. 1995, Schegg & Leu 1996 in press).

ii) The Tertiary maturation phase has overprinted earlier (i.e.
Mesozoic) phases and is associated with a "normal"
geothermal regime. In the Plateau Molasse, average paleogeothermal

gradients range between 29 and 32 °C/km and the

paleoheat flow between 60 and 72 mW/m2. A relatively low

apparent thermal regime is observed in the Subalpine
Molasse (20 °C/km).

iii) The paleogeothermal regime in our study area correlates
well with the low flexural rigidity of the lithosphère in
Western Switzerland (Karner & Watts 1983, Gutscher
1995). In the German Molasse Basin, low paleoheat flows
are associated with a higher rigidity. The increased thermal
activity and/or lithospheric thinning during the evolution
of the Cenozoic rift system in Europe could explain in part
the observed geographical variation in elastic thickness.
Another important factor to explain the variation of litho¬

spheric strength is the heritage of an already weakened

lithosphère (Permo-Carboniferous grabens, more
lithospheric stretching during the Mesozoic) in the Swiss part of
the NAFB.
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