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Abstract—Results are presented of a diagenetic study from the 1300 m thick Oligocene Molasse deposits
penetrated by the Thonex geothermal exploration well (Geneva, Switzerland). The x-ray diffraction (XRD)
studies of fine-grained rocks indicate the following diagenetic changes: a decrease of illite/smectite (I/S)
expandability from approximately 90% to 30% with depth, a decrease of the amount of I/S in the clay
mineral fraction, and the appearance of corrensite at depths >750 m. The transition from random I/S to
ordered 1/S occurs at the base of the Thonex well (1200 to 1300 m) and is associated with a coal rank
of about 0.7% Rr (mean random vitrinite reflectance) corresponding to paleotemperatures of 110 to 115
°C. Corrensite appears at a vitrinite reflectance value of 0.6% Rr and a corresponding paleotemperature
of 100 °C. The amount of post-Molasse erosion is estimated to be approximately 2 km. Thermal history
modeling of the Thonex well suggests maximum paleotemperatures of 80 to 115 °C and an average
paleogeothermal gradient of 27 °C/km during Late Miocene maximum burial conditions.

Key Words—Chlorite/Smectite, Corrensite, Diagenesis, Erosion estimate, Illite/Smectite, Paleotempera-
tures, Thermal modeling, Vitrinite reflectance, XRD.

INTRODUCTION

Modern numerical basin modeling tools in hydro-
geological and petroleum exploration studies requires
a temporally continuous quantification of the burial
and uplift history and a comprehensive set of thermal
calibration data. Both organic and mineral indicators
have been used to quantify diagenesis.

Vitrinite reflectance, Tmax from Rock-Eval pyrol-
ysis, Thermal Alteration Index (TAI) or biomarkers
are probably the most widely used thermal maturity
indicators (Tissot et al. 1987). The development of ki-
netic models of vitrinite reflectance evolution based on
viable chemical principles provide a powerful tool for
thermal modeling (Larter 1989; Sweeney and Burn-
ham 1990). Other studies dealing with changes in clay
mineralogy in sedimentary rocks have tried to use
mineral indicators to constrain the thermal history of
sedimentary basins (Kiibler 1973; Hoffman and How-
er 1979; Smart and Clayton 1985; Pollastro and Barker
1986; Kisch 1987; Pearson and Small 1988; Pollastro
1993; Renac and Meunier 1995).

In the Swiss Molasse Basin, the disappearance of
smectite with depth is associated with the formation
of interstratified clay minerals (Monnier 1982). Two
pathways of smectite transformations have been em-
phasized by this author, one toward an irregular 2:1
mixed-layer mineral (I/S), the other toward corrensite.
Based on a review of coalification data, Teichmiiller
and Teichmiiller (1986) posulated low paleogeother-
mal gradients for the Bavarian part of the Molasse
Basin. According to these authors, the observed de-
crease of the coalification gradient (0.09 to 0.03%
Rr/km) in boreholes of the South German Molasse to-
ward the south is caused by a decrease of the geo-
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thermal gradient (from 30 to 20 °C/km) in the same
direction. More recent studies in Switzerland by Ry-
bach (1984), Schegg (1994) and Jenny et al. (1995)
support this conclusion.

Our paper presents the results of a diagenetic study
of the Tertiary Molasse deposits in the Thonex geo-
thermal exploration well (Geneva, Switzerland). The
well was drilled in 1993 and preliminary results have
been reported by Jenny et al. (1995). We have chosen
this well for an integrated study because of its simple
burial history, for example, its burial and subsequent
uplift/erosion, the well-defined geological and geody-
namic framework and its good coalification profile. The
main purposes of this study are to describe the clay
mineral diagenesis, its comparison to the coalification
evolution and the combined use of organic and inor-
ganic maturity indicators for thermal history modeling.

GEOLOGICAL SETTING

The study area is situated in the western part of the
Swiss Molasse Basin (Figure 1), a typical peripheral
foreland basin overlying thickened lithosphere (Pfiff-
ner 1986). The basin-fill is dominated by detrital de-
posits derived from the rising Alps. The Molasse se-
quence comprises 2 large coarsening and shallowing
upward cycles separated by the Burdigalian unconfor-
mity. The succession is divided into 4 lithostratigraph-
ic groups: 1) Lower Marine Molasse (UMM, Rupeli-
an—Chattian), 2) Lower Freshwater Molasse (USM,
Rupelian—?Burdigalian), 3) Upper Marine Molasse
(OMM, Burdigalian—?Langhian) and 4) Upper Fresh-
water Molasse (OSM, Langhian—Serravalian).

Subsequent to the deposition of the continental
OSM, the Molasse Basin was uplifted and its basin-

693


https://doi.org/10.1346/CCMN.1996.0440513

694

20km

Figure 1. Tectonic map of the Haute-Savoie (France) and
the Geneva Basin (Switzerland) modified after Wildi & Hug-
genberger (1993). 1: Vuache-Forens-Les Bouchoux strike-slip
fault zone; 2: Alby fault; 3: Arve strike-slip fault zone.

fill partially eroded. This is well expressed on the pres-
ent-day outcrop map of the Swiss Molasse Basin
where from east to west erosion has cut progressively
deeper. These field observations have been supported
by diagenetic and geodynamic studies (Laubscher
1974; Lemcke 1974; Monnier 1982; Schegg 1992,
1993, 1994). The estimated missing section of the
Thoénex well location ranges from 1700 to 2300 m
(Jenny et al. 1995).

The Thonex well is located in the Geneva Basin,
which is bound by the first ridge of the Jura Mountains
to the north and by the thrusted anticline of the Mount
Saleve to the south (Figure 1). Mesozoic sediments
within this basin form a south-easterly dipping mono-
cline with karstified Urgonian (Early Cretaceous) car-
bonates at the top (Gorin et al. 1993). NNW-SSE
trending wrench faults, subparallel to the Vuache fault
zone, cut the entire Geneva Basin (Gorin et al. 1993).

The Molasse sediments in the Geneva Basin consist
only of USM which can be subdivided into the Mo-
lasse rouge and the Molasse grise ranging in age from
late early Chattian to early Aquitanian (Berger et al.
1987). The thickness of USM strata decreases toward
the NW, from over 1000 m near the Saléve to zero
close the Jura mountains.

METHODS
Whole Rock and Clay Mineral Analyses

Cuttings from the Tertiary USM were sampled at =60
m intervals from 84 m and down to 1317 m depth (Fig-
ure 2). Twenty-one samples of the fine-grained sedimen-
tary succession (marls, siltstone and fine sandstone) were
analyzed by XRD. Drill cuttings represent an “‘average”
sample and tend to reduce the bed-to-bed variation.
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The XRD analyses were performed at the Univer-
sity of Neuchéatel, by Prof. B. Kiibler, using a SCIN-
TAG XRD 2000 diffractometer operating at 45 kV and
40 mA using Cu-Ko radiation. The resulting digital
data were processed for background correction. Sam-
ples were scanned in air-dried natural conditions and
after saturation wth ethylene glycol (EG) from 1 to 50
°20 at a scanning speed of 1 °/min. Calcerous rocks
were decarbonated using a non-complexing, non-oxi-
dizing acid (HC1). Oriented carbonate-free clay aggre-
gates of the 2 to 16 um and <2 pm fraction have been
used for the XRD analysis.

Randomly oriented powders of the bulk sample
have been used for characterization of the whole-rock
mineralogy. The bulk rock mineralogy was estimated
semi-quantitatively using external standards.

The relative proportion of clay minerals present in
the <2 pm fraction was determined using the inten-
sities of the following XRD peaks, after decomposi-
tion: (001/001) of I/S, (002) of corrensite (corr),
(001/001) of chlorite/smectite (C/S), (001) of illite
(ill), (002) of chlorite {chl) and {001) of kaolinite
(kao). This method gives the relative proportion of the
clay minerals normalized to 100%.

The partial overlapping of characteristic peaks of ka-
olinite, chlorite and mica with interstratified phases
makes it difficult to separate the different contributions
to the experimental XRD peaks. The problem of inter-
fering XRD peaks exists over the entire angular range.
We used the decomposition program of the SCINTAG
2000 software (SCINTAG® 1992) to deconvolute the
XRD peaks in the 1 to 30 °26 range of the <2 pm
fraction. This software fits the experimental XRD pattern
with elementary curves that are assumed to be related to
the different mineral phases present in the sample. For
pattern fitting, the number of elementary curves, usually
set by the user, has been kept as small as possible. Be-
cause pattern decomposition has only a physical meaning
if the modeled phases correspond to phases that actually
exist in the sediment, modeled elementary curves have
been compared to and identified with simulated XRD
patterns of different interstratified clay minerals (I/S and
C/S). We used Reynolds NEWMOD (Reynolds 1985)
program, which is included in the SCINTAG 2000 soft-
ware (SCINTAG™ 1992).

We used the approach of Moore and Reynolds
(1989) for estimating the percentage of smectite layers
in I/S. Despite the ongoing debate on the nature of
interlayering in the smectite-to-chlorite transformation
(Shau et al. 1990; Hillier 1995), we based our inter-
pretations on the smectite-chlorite mixed-layer model.
We used the (002/002) and (004/005) peaks, and their
angular difference to estimate the composition of C/S
mixed-layer minerals (Moore and Reynolds 1989).

Thermal Modeling

The numerical simulation of a sedimentary basin on
the basis of heat flow enables the determination of an
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Figure 2. Lithostratigraphic, lithological and mineralogical profiles in the Tertiary section of the Thonex well. Arrows
indicate sample location.

accurate temperature history by integrating factors that out using the BasinMod® program (Platte River As-
control temperatures and by calibrating with thermal sociation, Version 4.0).

indicators. A one-dimensional burial history model is The following principle processes and parameters
used to provide a framework for modeling the thermal that control temperatures in a sedimentary basin are
history of the Thonex well. The modeling was carried  taken into account: 1) basic geological processes, for
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example, deposition, non-deposition and erosion; 2)
boundary conditions, such as, heat flow history at the
base and variation of the sediment/water interface tem-
peratures at the top; and 3) petrophysical properties of
each lithology, that is, thermal conductivity, heat ca-
pacity and compaction parameters.

Starting with a set of primary input values, param-
eters which have the most direct effect on the thermal
history (heat flow at the base, amount of missing sec-
tion) are changed until a good fit between measured
and calculated calibration data is obtained. The rela-
tive importance of each thermo-physical parameter
and the effects of changing geodynamic scenarios, for
example, high, low or variable heat flow history, are
addressed during the sensitivity analysis.

WHOLE-ROCK MINERALOGY

The lithology of the USM in the Thénex well (Fig-
ure 2) is dominated by fine-grained, argillaceous rocks,
such as, marls, siltstones and fine-grained sandstones.
The average composition of the Thénex well samples
is as follows: quartz (18%), K-feldspar (1%), plagio-
clase (5%), calcite (21%), dolomite (2%), gypsum
(1%), anhydrite (2%) and clay minerals (50%). The
calculated amounts of calcite have been confirmed by
direct determination of the calcite content on the drill
site. The available mineralogical data show no system-
atic increase or decrease in the abundance of any of
the non-clay mineral phases with depth.

MINERALOGY OF THE FINE FRACTION
(<2 pm, 2 to 16 pm)

The fine-fraction of the carbonate-free clay samples
is dominated by mica and chlorite, and minor amounts
of kaolinite, mixed-layer I/S, mixed-layer C/S and cor-
rensite (Figures 2 and 3). Quartz, K-feldspar and pla-
gioclase are present in most samples with no apparent
depth trend.

Illite and Illite/Smectite Mixed-layers

Illite is always present in both the <2 pm and the
2 to 16 pm size fractions. The integral 10 A period-
icity, regardless of sample treating of the (001) reflec-
tion at 9.95 to 9.99 A, the (002) reflection at 4.98 to
5.0 A, the (003) reflection at 3.32 to 3.33 A, the (004)
reflection at 2.49 A and the (005) reflection at 1.99 A
documents its discrete character. The relative propor-
tion of illite varies between 30 and 50% for the <2
pm fraction and between 40 and 50% for the 2 to 16
pm fraction, but no obvious depth trend can be ob-
served (Figure 2). Ternary intensity diagrams of the
harmonic series (001) of mica reflections can be used
to define fields relating to a specific chemical com-
position (Rey and Kiibler 1983). The samples studied
plot in a field between illite and phengite.

The I/S phase is an important component of the <2
pm fraction, especially in the upper part of the well
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(up to 30%). The relative proportion of I/S decreases
toward the base of the studied section (Figure 2). The
asymmetric and broadened peaks of mica and chlorite
in the 2 to 16 pum fraction indicate that I/S and/or C/S
are probably present in small amounts. As no decom-
position procedure was performed on this size fraction,
the relative proportion of mixed-layer minerals has not
been quantified.

The decomposition results of the complex XRD pat-
terns (<2 wm fraction) in the 8 to 10 A and the 5 to
6 A angular regions (Figure 4) might be interpreted as
a multi-phase I/S asemblage (4 I/S populations with
different expandabilities) in the Molasse rocks. How-
ever, we are aware that such results may be strongly
biased by the operator, especially when dealing with
multiple low intensity peaks of such a complex mix-
ture of clay minerals. Furthermore, I/S patterns cal-
culated with NEWMOD suggest that any 2 corre-
sponding I/S peaks, in terms of composition, which
occur in the 8 to 10 A and 5 to 6 A angular regions
should have about equal intensities. Figure 4 illustrates
that this is not the case for our decomposed peaks. For
these reasons, we have chosen a more classical inter-
pretation approach by considering only one I/S phase.

The I/S shows a compositional trend with depth
(Figures 3 and 8). Samples in the upper part of the
well contain approximately 70 to 90% expandable lay-
ers, whereas samples at the base of the USM contain
about 30 to 50% expandable layers. The decrease of
the expandability of I/S seems to follow some linear
trend, even when the variation of individual results is
considered. The narrow variation with depth of the
(001/001) reflection (at about 5.2 °20, 16 to 17 A)
indicates random interstratification (R = 0) throughout
the studied section. However, the overall decrease of
its intensity confirms a change in composition of a
randomly interstratified mixed-layer (a similar trend
has been modeled with NEWMOD).

Chlorite

Chlorite is ubiquitous in both size fractions. The rel-
ative proportion varies between 10 and 30% in the <2
pm fraction and between 30 and 60% in the 2 to 16
pm fraction (Figure 2). No significant depth trends
could be observed.

Chlorite/Smectite and Corrensite

The presence of the following peaks after glycola-
tion indicate the presence of a chlorite-rich mixed-lay-
er: C/S (001/001) at 14.7 to 15.4 A, C/S (002/002) at
7.2t0 7.5 A and C/S (004/005) at about 3.5 A (Figures
3 and 4). The estimated percentage of smectite in C/S
varies between 10 and 35%. There is only a slight
vertical variation for this phase, indicated by a restrict-
ed compositional variation (10 to 25% S in C/S) in
the basal part of the studied section (1100 to 1400 m).
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Figure 3. XRD patterns of four samples illustrating the clay
that the sample number corresponds to the sample depth. A-E:

mineral assemblages and estimates of I/S expandability. Note
intervals for which deconvolution results are shown in Figure

4. Key: illl, ilI2, ill3 = basal spacing of illite: IISI = low epandable illitic phase; chll, chl2, chl3, chl4 = basal spacing of
chlorite; kaol, kao2 = basal spacing of kaolinite; I/S = mixed-layer illite/smectite; C/S = mixed-layer chlorite/smectite; corrl,
corr2, corrd, corr6, corr9 = basal spacing of corrensite; NI = not identified.

The occurrence of corrensite (Figure 3) is restricted
to the lower part of the well (depths =759 m). The
most diagnostic criteria for corrensite are the super-
lattice peak at 28 to 29 A, which shifts from 30 to 31
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A when treated with ethylene glycol (EG) and the ap-
pearance, after EG solvation, of the (004) reflection at
about 7.8 A (Moore and Reynolds 1989; Weaver
1989). Most glycolated patterns show the following
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Figure 4. Deconvolution results from different intervals (for
location see Figure 3) of samples T84, T456 and T759. Same
legend as in Figure 3.

basal reflections of corrensite: (001), (002), (004) and
(006).

Kaolinite

Small amounts of kaolinite (Figure 3, for example
sample T84) are present throughout the <2 pm frac-
tion (5 to 10%) and in the upper part of the well for
the 2 to 16 pum fraction (Figure 2). The relative pro-
portion of kaolinite in the <2 pm fraction remains
fairly constant within the studied depth range.

THERMAL MODELING
Primary Input Parameters

The most important problem for the geological re-
construction of the Thonex well is the amount of ero-
sion at the top of the Tertiary. We assume a missing
section of 2000 m (Jenny et al. 1995) composed of
USM, OMM and OSM deposits for the first simulation
runs.

The geothermal regime in peripheral foreland basins
is generally characterized as hypothermal, that is to
say cooler than normal (Allen and Allen 1990). Typ-
ical heat flow values for these basins range from 60
to 80 mW/m? (Deming and Chapman 1989; Allen and
Allen 1990). Low paleogeothermal gradients (20 to 30
°C/km) have also been reported for the Tertiary of the
Molasse basin (Jacob and Kuckelkorn 1977; Rybach
1984; Teichmiiller and Teichmiiller 1986; Schegg
1994; Jenny et al. 1995). We kept the heat flow history
for our model as simple as possible because no firm
geological arguments currently exist for any major de-
viations from normal values during the foreland basin
evolution. Therefore, the heat flow was held constant
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(70 mW/m?) during the Tertiary with the exception of
the Quaternary, where it was increased linearly to the
calculated present-day value of 74 mW/m?.

The variation of the sediment-water and sediment-
air interface temperatures during the Tertiary is based
on studies by Hochuli (1978).

The petrophysical properties are entirely dependent
upon the lithology definition of each modeled forma-
tion. The lithologies of drilled formations are based on
observations (mud logging, wireline logging) and re-
sults from the XRD study, for example whole rock
mineralogy and clay mineral composition. Lithologies
of eroded formations have been characterized using
data from preserved sections in other areas (Matter et
al. 1980; Homewood et al. 1986).

Calibration Data

We used 4 different types of calibration data: po-
rosity, temperature, vitrinite reflectance and %Smectite
in I/S. Apart from its role as an indicator of the state
of compaction, porosity is the most important factor
controlling the thermal properties, for example thermal
conductivity, of sediments. Porosity values were cal-
culated for 10 sandy horizons in the USM using mea-
sured sonic velocities and a standard Schlumberger
plot for sandstones. We used the reciprocal relation-
ship of Falvey and Middleton (1981) for the porosity
and decompaction computations.

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. There are no direct temperature mea-
surements in the studied section. A reliable tempera-
ture value was measured in Upper Jurassic limestones
at a depth of 1900 m, with ground water temperatures
at 70 °C. We extrapolated this value to a surface tem-
perature of 9 °C to obtain calibration data in the Mo-
lasse section.

Vitrinite reflectance is regarded as one of the most
reliable thermal indicators for the calibration of paleo-
heat flow history (Bustin et al. 1985). Modeled ther-
mal maturity was calculated by the BasinMod program
using kinetically-based equations of maturation with
time and temperature developed by Sweeney and
Burnham (1990). Nine samples from the USM have
been analyzed by Jenny et al. (1995) to study the coal-
ification profile of the Thonex well. Vitrinite reflec-
tance values vary from 0.48% Rr (mean random re-
flectance) in a sample taken at 267 m to 0.71% Rr in
a sample taken at 1176 m (Figures 6 and 8). The cal-
culated coalification gradient of 0.18% Rr/km (0.13
log% Rr/km) is rather low and indicative of a ‘‘nor-
mal” (=30 °C/km) paleogeothermal gradient (Robert
1985).

According to Pytte and Reynolds (1989), the cor-
relation of I/S composition with temperature and time
strongly suggests that the reaction progress is kineti-
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cally controlled. They described the reaction extent by
a sixth-order kinetic expression (fifth-order with re-
spect to smectite content and first-order with respect
to the K/Na ratio).

Thermal Modeling Results

A Tertiary heatflow value of 58 mW/m? was derived
through an iterative approach for the preferred model
(Figure 5), which is reasonable for a foreland basin
setting with a high sedimentation rate. The resulting
average geothermal gradient within the USM section
decreases rapidly from more than 40 °C/km to 28
°C/km from 25 to 20 Ma because of the initial rapid
compaction (Figure 5). During the whole Miocene, the
gradient remained low and decreased to 24 °C/km. Our
modeling suggests maximum paleotemperatures of 80
to 115 °C for the USM section during the Late Mio-
cene.

The resulting final model (Figure 5) for the burial
and thermal history of the Tertiary section of the Thé-
nex well is in good agreement with most available
calibration data, that is, porosity, present-day temper-
ature, vitrinite reflectance and I/S, which are indepen-
dent of each other.

1) The chosen burial history with a post-Molasse
erosion amount of 1950 m results in calculated poros-
ities within the range of 10 to 18%. This is only slight-
ly higher than the range of sonic porosity values of 8
to 17%.

2) Taking into account an uncertainty of =5 mW/m?
(error and low number of measured bottom hole tem-
peratures) the present-day heat flow value fits reason-
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Figure 7. Calculated and measured I/S composition using
the kinetic model of Pytte & Reynolds (1989). AE = acti-
vation energy (kJ/mol) and FF = frequency factor (s~!). Case
A: AE = 138, FF = 5.2 X 107, temperature history of
BasinMod; case B: AE = 142, FF = 5.2 X 107, temperature
history of BasinMod; case C: AE = 138, FF = 5.2 X 107,
temperature history 25% lower than BasinMod; case D: AE
= 142, FF = 5.2 X 106, temperature history of BasinMod.

ably well with the regional heat flow map by Bodmer
and Rybach (1984).

3) The calculated vitrinite reflectance depth trend
compares well with the measured values throughout
the USM section (Figure 6, case A).

4) Modeling of the smectite-to-illite transformation
with the Pytte and Reynolds (1989) kinetic parameters
(activation energy = 138 kJ/mol, frequency factor =
5.2 X 107 s~!) shows that a reasonable fit with the
measured values can only be achieved with a temper-
ature history that is approximately 25% lower than the
one calibrated by vitrinite reflectance data (Figure 7,
compare case A and C; Figure 8, temperature trend
B). The kinetic model of the I/S-transformation is
highly sensitive to changes in the frequency factor and
the activation energy (Figure 7, case B and D).

Sensitivity Analysis

In the thermal model a reduced rate of burial and
subsequent erosion might be compensated by an ele-
vated heat flow for the same period. To test the impact
of such geological scenarios, a simple sensitivity anal-
ysis was carried out. The alternative model (Figure 6,
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Figure 8.
perature estimation. A = present-day borehole temperature; B = maximum paleotemperature from I/S simulation with Pytte
& Reynolds (1989); C = maximum paleotemperature from thermal modeling with BasinMod. Transition zone = transition
from random to ordered I/S (Hoffman and Hower 1979).

case C) with an elevated heat flow of 74 mW/m?
throughout the Tertiary but a reduced erosion amount
(1350 m instead of 1950 m) fits the measured coali-
fication data less than the preferred model. Other mod-
el runs resulted in %Rr values that were either consis-
tently lower (Figure 6, case B) or higher (Figure 6,
case D) than the measured values.

DISCUSSION
Illite/Smectite

There is a great deal of evidence in the literature
indicating the presence of multi-phase clay mineral as-
semblages. Morphological studies by Inoue et al.
(1987, 1988) of the smectite-to-illite conversion re-
vealed the occurrence of three distinct morphologic
types of mica-like minerals that appear successively in
the illitization process: flakelike crystals identified as
random I/S, lathlike and platelike crystals referred to
as regularly interstratified I/S. According to Rosenberg
et al. (1990), comparison of the inferred chemical
compositions of solubility-controlling, mica-like
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Summary of major inorganic and organic diagenetic changes in the Thonex well and correlation with paleotem-

phases with those of apparent phases in natural, hy-
drothermal materials suggests the existence of 4 illitic
layer (ordering) types [S (RO), I/S (R1), ISII (R = 3)
and I] that behave as discrete, thermodynamic phases.
Mixed-layer 1/S is regarded as a mixture of one or
more of these phases. Based on XRD studies and com-
bined simulation-decomposition approaches for mod-
eling XRD patterns, Lanson and Champion (1991) and
Velde and Lanson (1993) postulated multi-phase as-
semblages in sediments of the Paris Basin. Rettke
(1981) attributed the diverse expandability and ordered
mixed-layering of the I/S in the Lower Cretaceous Da-
kota Group shales of the Denver-Julesburg basin to
variability within original, unaltered detrital clay. This
variability decreased in response to increasing depth
and temperature.

A multi-phase I/S assemblage cannot be excluded
for the samples studied. Indeed, our deconvolution re-
sults could be interpreted in such a way. However, the
apparent internal inconsistency, the low intensities of
the decomposed peaks and the complexity of our XRD
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patterns (due to the presence of many discrete miner-
als) leave some serious doubts with this interpretation.
Further studies, for example, image analysis or
HRTEM, might help to confirm or discard the inter-
pretation of a multi-phase I/S assemblage.

The I/S compositional variation with depth may re-
flect either errors in the estimate of the expandability,
contamination of cuttings from caving of material at
shallower depth in the well or some source control.

It is generally agreed that in shales and other low-
permeability sediments, diagenetic 1/S and illite forms
from a smectite or a high expandable I/S precursor.
According to Pollastro (1993), any reliable geother-
mometric interpretation of I/S diagenesis requires that
the initial composition of the U/S is known.

Smectite can form by the alteration of volcanic
glass, feldspars, micas, various FeMg silicates and si-
licification of detrital physils (Weaver 1989; p. 153).
Given the high amount of feldspar and micas in the
USM deposits and the paleoclimatic and paleotopo-
graphic conditions (Reggiani 1989), a pedogenic ori-
gin of smectite cannot be excluded. The occurrence of
smectite and highly expandable I/S in outcrop and near
surface samples from the whole Molasse basin support
this view (Monnier 1982; Schegg 1992, 1993).

According to Pollastro (1993), the transition from
random I/S (R = 0) to ordered I/S (R = 1) roughly
coincides with the temperatures generally designated
for the beginning of the oil window. Hoffman and
Hower (1979) estimate a temperature range of 100 to
110 °C for the ordering change. Pearson and Small
(1988) correlate the disappearance of random I/S with
a temperature of 93 °C, while Glasmann et al. (1989)
found ordering to develop over a temperature range of
80 to 110 °C.

The transition zone (R = 0 to R = 1) in the Thonex
well has only been found at the base of the Tertiary
at a depth of approximately 1200 to 1300 m (Figure
8). The modeled temperatures for this zone (110 to
115 °C) are only slightly higher than those of the au-
thors mentioned above.

Chlorite/Smectite and Corrensite

Interstratified C/S generally occurs as an interme-
diate product of the smectite-to-chlorite transforma-
tion. A discontinuous decrease in the proportion of
smectite in C/S, with steps at smectite-rich C/S, cor-
rensite and chlorite-rich C/S, during the smectite-to-
chlorite transformation has been observed in hydro-
thermal systems and diagenetic environments (Inoue
et al. 1984; Inoue and Utada 1991). Reynolds (1988)
stated that almost all reported mixed-layer chlorite
minerals can be classified into 2 types: nearest order
type (R = 1) and randomly interstratified (R = 0) min-
erals whose compositions lie near one end of the range
or the other. The unique chemistry and composition
for corrensite implies that it represents a relatively sta-
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ble phase, intermediate between chlorite and smectite,
which is consistent with the occurrence of each of the
3 phases, or mixtures of them, rather than with a com-
plete, continuous sequence of interstratified chlorite
and smectite (Shau et al. 1990). Hillier (1995) empha-
sized that XRD patterns of a R1 ordered chlorite-
smectite cannot be distinguished from those involving
RO mixed-layering between corrensite and either
smectite or chlorite. The observation that very few
XRD studies report C/S with >50% smectite has
brought the existence of this mixture into question
(Reynolds 1988).

According to Moore and Reynolds (1989), smectite-
rich (>70%) S) C/S are characterized by the following
peak positions: C/S (001/001) at about 16.4 to 17 A,
C/S (002/002) at approximately 8.4 to 8.2 A and C/S
(004/005) at about 3.4 A. None of these peaks is pres-
ent in our samples. We are aware that the (001/001)
and the (004/005) peaks, even when using deconvo-
lution techniques, are difficult to identify due to inter-
ference with other clay mineral reflections. Converse-
ly, the (002/002) peak should be present because the
{001/002) of high expandable I/S (reflections between
8.6 to 8.8 A, Moore and Reynolds 1989) do not over-
lap with this phase. Only traces (<20 CPS) of this
peak have been observed in a few samples.

Depending upon the geochemical environment,
there are different possible pathways by which corren-
site may form. Bodine and Madsen (1987) studying an
evaporite cycle in the Paradox Basin (Utah) suggested
that Mg-smectites may have been the precursor of cor-
rensite and chlorite. Hillier (1993) favored another
pathway via reactions between Mg-bearing carbonates
and dioctahedral detrital clay minerals in Devonian la-
custrine mudrocks. However, most workers agree that
a high Mg?*/H" ratio favors the formation of corren-
site and chlorite. Such conditions are generally asso-
ciated with the following sedimentary facies: 1) evap-
orite; 2) carbonate; 3) basic to intermediate pyroclastic
volcanoclastic facies; and 4) greywackes (Kiibler
1973). In the Geneva basin, the USM comprises an
alternating sequence of 5 basic rock types: sandstone,
siltstone, marl, carbonate and gypsum. The association
of dolomite and primary gypsum in a dominantly
muddy sequence suggests low relief and evaporitic
conditions (Reggiani 1989). The sedimentary facies in
the Geneva Basin, therefore, favored the formation of
corrensite during the diagenesis. Similar observations
in wells from the Swiss Molasse Basin have already
been made by Monnier (1982). Another likely source
for Mg, especially in sandstones of the western Mo-
lasse Basin, may be detrital mafic minerals like ser-
pentine (Schegg 1993). From Figure 2 it is apparent
that sandstones become more abundant in the lower
part of the well. The presence of corrensite may be
related, at least in part, to this lithological change.
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In the Thonex well no continuous transformation of
smectite-to-chlorite could be observed. The upper part
of the well is characterized by chlorite and chlorite-
rich C/S, probably of detrital origin. The deeper part
of the well (>750 m depth) shows the appearance of
corrensite together with discrete chlorite and chlorite-
rich C/S. The absence of smectite-rich C/S (>50%
smectite) in the upper part of the well may have dif-
ferent reasons: 1) important post-depositional erosion
of younger smectite-rich C/S Molasse series; 2) XRD
identification problems; or 3) no trioctahedral smectite
in the initial sediment, for example formation of cor-
rensite without a smectite precursor (Hillier 1993).

Kiibler (1973) suggested that trioctahedral corren-
site is an indicator of diagenetic temperatures of 90 to
100 °C. This temperature range has been modified
somewhat by more recent authors. The temperature for
the first appearance of corrensite has been estimated
as 100 °C in Miocene volcanoclastic rocks of Japan
by Inoue and Utada (1991), 70 °C in shales and 60 °C
in sandstones by Chang et al. (1986) and 80 °C in
sandstones by Hoffman and Hower (1979). In the Tho-
nex well, corrensite appears at an inferred paleotem-
perature of about 100 °C. This is in line with obser-
vations by Kiibler (1973) and Inoue and Utada (1991).

Thermal Modeling

Thermal modeling results from the Thénex well
suggest a Tertiary heat flow of 58 mW/m? and a geo-
thermal gradient of 27 °C/km during maximum burial.
Such low geothermal gradients and heat flow values
during the Tertiary have also been observed for other
wells from the Swiss and German Molasse Basin (Ry-
bach and Bodmer 1980; Schegg 1994; Jenny et al.
1995; Teichmiiller and Teichmiiller 1986). The in-
crease of the thermal gradient during the Quaternary
has no infuence on the vitrinite reflectance or I/S evo-
Intion within the studied section. It is either related to
inherent calculation problems of the present-day heat
flow (defined thermal conductivities are too low) or to
real short-term thermal perturbations. Such heat flow
fluctuations may be caused by local fluid circulation
in the vicinity of regional deep-reaching fracture
zones, for example Arve strike-slip zone (Figure 1),
similar to the well-documented heat flow anomalies of
northern Switzerland (Schirli and Rybach 1991). The
variations in the most recent temperature history (Fig-
ure 5) are to some extent related to the variations in
surface temperature during the Quaternary glacial pe-
riods.

The calibrated post-Molasse erosion amount of
1950 m is in agreement with similar regional studies
in the Molasse Basin (Lemcke 1974; Monnier 1982;
Schegg 1993).

The simulation of the smectite-to-illite transforma-
tion with the kinetic model of Pytte and Reynolds
(1989) showed the difficulties when using I/S data as
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a calibration tool. The kinetic model seems to be very
sensitive to small changes in the kinetic parameters.
The observed disagreements, however, may be the re-
sult of an incomplete understanding of clay mineral
transformation processes and the lack of reliable ki-
netic data (Velde and Vasseur 1992). As a conse-
quence, we could not use the I/S data as reliable cal-
ibration data.

CONCLUSIONS

The major results of this study are summarized in
Figure 8.

Clay Mineral Diagenesis

1) The bulk rock composition lacks systematic vari-
ation with depth. Dominant mineral phases are quartz,
calcite and phyllosilicates. K-feldspar, plagiclase, gyp-
sum, anhydrite and dolomite are minor constituents.

2) Discrete illite, chlorite and kaolinite are present
(2 to 16 pm and <2 pm fraction) over the entire stud-
ied section and regarded as detrital.

3) The major diagenetic changes are the decrease of
expandability of I/S from approximately 90 to 30%
smectite layers with depth, the decrease in abundance
of I/S in the clay mineral fraction and the appearance
of corrensite at depths >750 m.

Correlation of Thermal Indicators and
Paleotemperatures

1) The transition from random I/S to ordered I/S is
associated with coal ranks of approximately 0.7% Rr
and corresponding paleotemperatures at 110 to 115 °C.

2) Corrensite appears at a vitrinite reflectance value
of 0.6% Rr and a corresponding paleotemperature of
approximately 100 °C.

Thermal Modeling

1) Kinetic modeling of vitrinite reflectance data sug-
gests geothermal gradients for the time of maximum
burial (late Miocene) of approximately 27 °C/km. This
is less than the observed present-day gradient of 31.2
°C/km.

2) A calibrated post-Molasse erosion amount of
1950 m has been obtained. This is in agreement with
similar regional studies in the Molasse Basin (L.emcke
1974; Monnier 1982; Schegg 1993).

3) Thermal modeling of the Thonex well results in
a constant Tertiary heat flow of 58 mW/m? and max-
imum paleotemperatures for the USM section of 80 to
115 °C during maximum burial in the Late Miocene.

4) Modeling of the smectite-to-illite transformation
using the Pytte and Reynolds (1989) kinetic parame-
ters shows, that a reasonable fit to measured values
could only be achieved using a temperature history
that is about 25% lower than the one calibrated using
vitrinite reflectance. Such disagreements, however,
may be the result of incomplete understanding of clay
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mineral transformation processes and the lack of reli-
able kinetic parameters.
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