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Abstract, Foreland basin stratigraphy can be
considered as the result of three interacting processes:
thrust deformation, which builds the tectonic load,
sedimentary and erosional processes which redistribute that
load, and the flexural response of the lithosphere. The
resultant siratigraphy of foreland basins is commonly
composed of a smail number of shallowing and coarsening
upward cycles bounded by regional unconformities. To
understand the development of these unconformnities, we
present a simple model of these three processes, coupling
an cvolving thrust wedge on a linear elastic plate with
crosion and sedimentation defined by the diffusion
equation applied 10 topography. Our model demonstrales
the development of regional unconformities without
recourse to either eustasy or complex viscoelastic models
for the continental lithosphere. The model describes the
thrust wedge-foreland basin system in terms of four
parameters: (1) the effective elastic thickness of the
foreland plate (Te), (2) the sediment transport coefficicnt
(K), (3) the thrust wedge advance rate, (4) the surface slope
of the thrust wedge. The model is applied to the
Oligocene-Miocene North Alpine Foreland Basin (NAFB)
of castern Switzerland. The stratigraphy of the NAFB can
be simplified into two large-scale shallowing upward
cycles separated by an unconformity at the basc of the
Burdigalian (22 Ma). Geological information is taken
from the NAFB to estimate suitable values for the
parameters listed above. Assuming a linear clastic
lithospheric rheology, the Te value is estimated at 10 + 5
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km from decompacted sediment columns. Data to
constrain the sequential development of the thrust wedge
come from structural geology. The carly siages (40-24
Ma) of compression involved a relatively low-angle thrust
wedge with an advance rate of approximately 2-4 mm/yr.
At about 24 Ma the wedge advance slowed down and
thickened by underplating crystalline basement of the
forcland plate. The value for the transport cocfficient has
been estimated from previous studies. Prior to attempling
1o simulate the broad-scale geometry of the NAFB the role
of cach parameter was assessed individually. The values
for Te and K are held constant throughout the simulation
of the NAFB at 7.5 km and 500 m2/yr, respectively. The
geometry of the base Burdigalian unconfonmity is
reproduced by variations in the parameters describing the
thrust wedge. The surface slope angle of the wedge is
increased from 2.5° 10 4° over 0.2 m.y., and the rate of
thrust advance is decreased from 2 mm/yr to 0.2 mm/yr,
during the thickening event between 24 and 23.8 Ma. The
rejuvenation of the internal parts of the thrust load causes
backtilting of the forcland basin sediments and, after a
time lag, erosion of the distal stratigraphy over the
forebulge, so simulating the base Burdigalian
unconformity.

INTRODUCTION

Forcland basins are the flexural depressions that
develop in front of migrating thrust loads in orogenic
belts. The convergence of the orogenic thrust wedge and
the foreland plate can be considered in simple mechanical
terms as a vertical load translating over a flexing plate.
Erosion from the thrust wedge and sedimentation in the
flexural depression act to redistributc the effective load,
modifying the gecometry of the basin. The stratigraphy
within the basin preserves a record of the development of
the thrust wedge-foreland basin system through time.
This study explores the possible controls on foreland
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basin stratigraphy by the evolution of an eroding thrust
wedge,

Qualitative understanding of the link between the
thrust wedge and its associated foreland basin was first
recognized by Price [1973] for the thin-skinned fold and
thrust belt of the Southern Canadian Rockies. Price
suggested that through this link one might expect to read
the history of the thrust wedge in the stratigraphy of the
basin.

The concept of lithospheric flexure dates from
gravimetric measurcments in the oceans [Vening-Meinesz,
1941]. Studies of the oceanic lithospherc at oceanic
islands and seamounts [Watts and Cochran, 1974) and at
the sites of plate subduction at deep-sea trenches [Watls
and Talwani,1974] indicate that the oceanic lithosphere
can be treated as a linear elastic solid whose long-term
(100 years) strength is dependent on its thermal age
{Watts, 1978]. Whether the continental lithosphere can be
treated as a linear elastic solid or whether it exhibits some
form of stress relaxation on geological time scales is a
subject of controversy. Both models have been applied 1o
forcland basins [Jordan, 1981; Quinlan and Beaumont,
1984]. For a linear elastic model to be valid, stress
relaxation following loading must be on a short time scale

(<105-106 m.y.) relative to the time it takes for the basin
to fill. If the plate is initially elastic, but then shows
significant stress relaxation on long time scales (>20-30
m.y.), then viscoelastic relaxation should be observable in
the basin stratigraphy.

If we consider a static load on a linear clastic plate,
the geometry of the deflection will remain unchanged
through time. In contrast, a viscoclastic plate maodel
predicts a narrowing and deepening of the deflection with
time. Therefore the stratigraphies of foreland basins
should provide an ideal data base for the testing of these
rheologies. If we consider the simple case of a stationary
load on an elastic plate, with successive stratigraphic units
filling the basin to a horizontal datum level, each unit
should overstep the previous unit, onlapping the
forebulge. On a viscoelastic lithosphere, narrowing of the
basin causes each unit to be more confined than the
previous unit. This results in stratigraphic offlap, with’
basin decpening next to the thrust front. However, a
conclusive test of these two rheologies is complicated by
three processes: (1) motion of the load relative to the
plate, (2) changes in the shape and magnitude of the load,
(3) erosion and sedimentation, which has the effect of
redistributing the load from the thrust wedge to the
foreland basin. The steady advance of the load and
redistribution of the load by erosion and sedimentation
both result in stcady stratigraphic onlap onto the foreland.
Rejuvenation of the load in the internal parts of the thrust
wedge by processes such as out-of-sequence thrusting,
backthrusting, and underplating-can have the opposite
effect, dragging the forebulge 1owards the mountain belt
and forming a regional unconformity in the outer portion
of the basin.

The presence of uncorformities in foreland basin
stratigraphy, apparently correlating with-periods of
tectonic quiescence and basin deepening close to the thrust
front, is the primary evidence for the documentation of
viscoelastic relaxation of the lithosphere [Beaumont,
1978; Quinlan and Beaumont, 1984; Willets et al., 1985;
Tankard, 1986; Beaumont et al., 1988]. The aims of this
paper are Lo demonstrate that unconformitics within
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forcland basin stratigraphy can be developed on a purcly
elastic lithosphere by simply changing the spatial
distribution of the load. Sequential structural restoration
of the thrust wedge is required to understand how the load
has evolved over time. We simulate the stratigraphy of a
well-documented foreland basin, the Oligocene-Miocene
North Alpine Foreland Basin (NAFB) (Figure 1) subject
to the constraint provided by this restoration, and by
incorporating the effects of erosion and sediment
deposition. The stratigraphy of the NAFB is divided into
two large scale shallowing upward cycles separated by an
unconformity (Figure 2). This unconformity is dated as
base Burdigalian (early Miocene) and is correlated with the
underplating of the crystalline bascment of the foreland
plate onto the base of the thrust wedge [Berger, 1985;
Naef et al., 198S; Pfiffner, 1986). This major event in
the development of the Alpine thrust wedge changed the
locus of loading, causing uplift of the external parts of the
NAFB, so cutting the unconformity. This relationship
between loading and peripheral uplift will be documented
using radiometric, structural, and stratigraphic data and
reproduced through computer modeling,

We cannot ignore that unconformities will result
from eustatic fluctuations [Vail et al., 1977; Haq et al.,
1987], but the aims of this work are 1o propose an
alternative 1o either eustasy or stress relaxation in the
lithosphere in the formation of unconformities in foreland
basins. Consequently, we do not consider this to be an
unique solution. Our model is intended 1o lead 1o a better
physical insight into the possible controls on foreland
basin stratigraphy.

DESCRIPTION OF THE MODEL

Foreland basin stratigraphy results from the
interaction of an applied force sysicm (load) and the
strength of the flexed plate, linked by erosion and
sediment deposition. It is essential to study the variation

Line of
seciion

Fig. 1. Simple tectonic map of northern Swiss Alps.
Section of study through the North Alpine Forcland Basin
(NAFB) is located.
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Fig. 2. Chronostratigraphic (Wheeler) diagram of the North Alpine Foreland Basin, The stratigraphy is
divided into two shallowing and coarsening upward cycles (A and B) scparated by the base Burdigalian

{approximately 22 Ma) unconformity. The approximate timing of the underplating of the External
Massifs correlates to the cycle boundary.

of thesc components through time. Ignoring in-plane
forces and applied torques (bending momenits), the load is
the distributed vertical forces imposed by the orogenic
wedge plus the basin infill. The plate deflection and the
surface slope of the wedge control the redistribution of the
load by erosion of material from the mountain belt and
sedimentation in the basin. We approximate the process
of erosion and deposition by a diffusional law whereby the
transport rate is proportional to the topographic gradient
{Begin ct al., 1981; Kenyon and Turcotte, 1985; Moreui
and Turcotte, 1985; Flemings and Jordan, 1989].

Each model is completely described by four
parameters (Figure 3): (1) the effective elastic thickness of

inviscid fluid,(2) erosion and deposition can be described
as a diffusion process, (3) the orogenic load obeys thrust
wedge criteria, maintaining a critical taper [Chapple,
1978; Davis et al., 1983], (4) absolute sea level remains
constant. On the basis of these parameters and
assumptions we model the discontinuous foreland basin
stratigraphy, reproducing the primary unconformity
separating the two large-scale cycles of the NAFB
(Figures 2 and 5a), by invoking close-to-continuous
LECLONIC Processes.

THE ALPINE THRUST WEDGE

the foreland plate, (2) the rate of thrust front advance, (3)
the surface slope angle of the thrust wedge, (4) the
diffusion coefficient. The aims of the model are 10
investigate the relationship between a developing thrust
wedge and the stratigraphic architecture of the associated
foreland basin via the diffusion process. In order 1o keep
the system as simple as possible a number of
assumptions are necessary with respect to the tectonic and
sedimentary processes involved: (1) we assume the
lithosphere behaves as an elastic plate overlying an

In our discussion of mountain belt evolution we
assumc a thrust wedge in dynamic equilibrium {Chapple,
1978; Davis et al., 1983]. The basic mechanical concept
is of a noncohesive Coulomb wedge whose taper angle is
dictated by the balance between the compressive and

gravitational forces against the basal resistance to sliding,

which is a function of friction and slope of the underlying
decollement surface. The foreland propagation of the
wedge is achieved by frontal accretion, which, to maintain
the critical taper angle, must be compensated for by
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Passive marker layers in basement

Te - Flexural wavelength -

Fig. 3. Representation of the four paramelers used in the modeling to simulate the thrust wedge -
foreland basin system: (1) flexural rigidity (expressed as equivalent elastic thickness Te), (2) diffusion
coefficient K, (3) thrust wedge advance rate, and (4) topographic slope of thrust wedge.

thickening within the wedge; this is accomplished on
faults by backthrusting, out-of-sequence thrusting and
underplating of material onto the base of the wedge, or by
bulk deformation of the wedge. The internal thickening
will be counteracted by erosion of the upper surface.

The evolution of the thrust wedge has been
constrained using published data from Pfiffner [1986],
who constructed a series of sequentially restored cross
sections through the external Alps of castern Switzerland
from the middle Eocene to the present day (Figure 4).
These sections utilize all available information on the
maximum depths of burial at the base of the wedge,
obtained from illite crystallinity on Liassic shales (Frey,
1978). Pfiffner also used pebble and heavy mineral
analyses [Leupold et al., 1942; Tanner, 1944; Mange-
Rajetzky, 1985; Allen et al., 1985] to partly constrain the
unroofing history of the wedge. Additional geophysical
data [Hsu, 1969; Pfiffner et al., 1988) have enabled
estimates of the depths to detachment for the external
massifs to be made. Figure 4 illustrates the development
of the Alpine thrust wedge between 40 and 17 Ma,
simplificd from Pfiffner [1986). This demonstrates an
initial phase of rapid propagation of the thrust front
between 40 and 30 Ma, advancing northward onto the
European margin at an approximate rate of 2-4 mm/yr
associated with a fow angle of taper, The later evolution
is characterized by a decrease in thrust front propagation
rate and a transfer of the mass influx into the wedge from
frontal accretion to intemal thickening, dominated by the
underplating of the external massifs. The evidence for the
timing of underplating comes from isotope work by
Hunziker et al., (1986]; the allochthonous cover to the
Aar mdssif was incorporated at this stage into the Helvetic
nappes, the deformation being dated as between 30 and 35
Ma using K/Ar and Rb/Sr methods, whereas the
underlying autochthon to the massif yields K/Ar dates
between 25 and 15 Ma for deformation. This reflects the
accretion of the uppermost part of the foreland plate onto
the base of the growing thrust wedge approximately 10
m.y. after the initial overthrusting of the area and also
correlates with a period of rapid uplift within the wedge
between 22 and 18 Ma (work of D. Wemer in Rybach
{1979, Figure 4). This period of thickening and rapid
uplift in the wedge is also seen in the heavy mineral
studies of the basin infill, where the appearance of bluc

amphiboles in the late Chattian and Burdigalian marks the
exposure of blueschists (Mange-Rajetzky, 1985; Allen et
al,, 1985].

THE EUROPEAN PLATE
Geological Hi

In considering the influence of the forcland plate on
the basin stratigraphy, the primary factor is the
mechanical strength of the lithosphere, which controls the
length scale of compensation of an applied load. The
strength of the plate is described by the flexural rigidity,
or the equivalent elastic thickness. The possible range of
values and relevance of the flexural rigidity will be
discussed more fully in the section on modeling. For the
moment, we need only consider the flexural rigidity as a
function of the thermal state and mechanical continuity of
the plate.

Heating of the lithosphere is commonly associated
with cither stretching resulting in a steepening of the
geothermal gradient [Burke and Dewey, 1973) or burial
during underthrusting in collisional belts {(Kominz and
Bond, 1986). The European plate has a complex history
of extensional and compressional tectonics. The
Hercynian orogeny during the Permian-Carboniferous
involved crustal thickening and the intrusion of granitoids
with late-stage uplift and erosion. Associated with these
latc Hercynian events was the formation of a system of
SW-NE striking grabens [Bachmann et al., 1987]. The
Entlebuch and Bodensee troughs of central and eastem
Switzerland are part of this system. The Triassic was a
period of relative quiescence when evaporites were
deposited which acted as an important decollement horizon
during later Alpine compression. The Early to Middle
Jurassic marked a period of rifting during which thick
carbonate sequences were deposited. By this time, oceanic
crust had started forming to the south as part of the
Tethyan Ocean. From the Middle Jurassic until the
Albian, faulting decreased and limestones and shales
blanketed the region. The trend of Jurassic faulting ran
parallel 1o the present strike of the mountain belt in
Switzerland. The Tertiary began with regional uplift of
the European margin associated with the closure of Tethys
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Fig. 4. Scquential restoration of the Alpine thrust wedge
of eastern Switzerland, based on Pfiffner [1986]. The
reference point in the European plate demonstrates an
initial period of rapid wedge advance (24 mm/yr) over the
plate, folliowed by thickening of the wedge by undemplating
of the External Massifs associated with a slowing of the
thrust advance rate. Abbreviations are H, Helvetic nappes;
P, Penninic nappes; A, Austroalpine nappes; GM,
Gotthard Massif; TM, Tavetsch Massif; and AM, Aar
Massif.

and the approach of the orogenic wedge from he south.
This period is marked by the basal Tertiary unconformity,
which Triimpy [1973] termed the "Palacocene
Restoration”.

In summary, we arc able to distinguish two features
of the foreland plate that are considered to influence the
development of the North Alpine Foreland Basin:
primarily, the relative youth-of the basement, and,
secondarily, the presence of fundamental fractures in the
upper crust, such as the Permian-Carboniferous grabens
and Jurassic normal faults. Both of these features predict
that the European plate should be relatively weak.

40Ma
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Method fi imatin Elastic Thi f
European Plaie

Gravily anomalies in mountain belts have been
applied to the evaluation of the flexural rigidity of the
forcland plate. Karner and Watts (1983] estimated the
equivalent elastic thickness (see equation (7)) of the
European foreland to be between 25 and 50 km. Lyon-
Caen and Molnar [1989] included a terrain correction into
the reduction of the gravity data and suggested that the
gravity profiles of the Alpine belt, north of the Tvrea
body, could be used to constrain the lithospheric strength
of the European plate during development of the NAFB.
This suggests that the dynamic processes which originally
formed the NAFB have now ceased, precluding the use of
gravity anomalies in evaluating the flexural rigidity of the
European plate [Lyon-Caen and Molnar, 1989].

It was necessary to use the stratigraphy of the NAFB
10 calculate the curvature of the foreland plate and thereby
to estimate the strength of the lithosphere during
formation of the foreland basin. We used a simple model
of end loading on a broken linear clastic plate. By using
the reconstructed configuration of the mountain beltat a
suitable point in time we combined stratigraphic and
structural data to give details of the basin geometry and
load configuration, respectively, The methodology of this
simple model is illustrated in Figure 5. The load
estimated from structural restorations [Pfiffner 1986] at 17
Ma was placed onto the end of the plate, causing an initial
deflection and associated peripheral forcbulge. The
deflection caused by this downwarping was filled with
water. The deflection was then filled to sea level with
sediment, broadening the-distributed load and so pushing
the basin and forebulge towards the foreland.

METHODOLOGY FOR SIMPLE MODEL

() PLACE ESTIMATED LOAD ON END OF PLATE

'/é// Foreland pinchout of
b7 basn (st node)
/A t

O

_—

@ OROP LOAD INTO DEFLECTION AND FILL BASIN WITH WATER

Fig. 5. Methodology for simple model of end loading a
plate 0 evaluate equivalent elastic thickness.
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The curvature of the European plate at 17 Ma was
ascertained by using 11 decompacted sediment columns
taken from. the restored cross section running north from
the Kiisnacht borehole, located approximately 10 km
south of Zilrich [Naef et al., 1985] (Figure 7a). To
decompact the depth to basement, we assumed a sandstone
lithology throughout and an exponential decrease in
porosity with depth. The data points further to the south
were estimated from the restored sections of Pfiffner
[1986] and have been given broad error bars. The tight
curvature of the plate suggests a very weak lithosphere
with an equivalent elastic thickness of approximately 10+
5 km (Figure 6). The maximum depth to basement of the
basin at this time was about 6 km below the thrust front.
Varying the magnitude of the load alters the deflection of
the plate, without significantly changing the width of the
basin. A deflection of 6 km at the thrust front was
achieved in the model by assuming the frontal
reconstruction of the load 1o be correct and increasing its
mass by placing the free end of the plate further beneath
the mountain belt and so extending the hinterland
termination of the load. The observed deflection of the
plate from the borehole data was matched by using a load
width of about 100 km. It was noticeable that any further
increase in the averthrust length of the load made
negligible difference to the deflection since the underlying
plate became near vertical under the mountain belt at large
load magnitudes. The valuc of 10+ 5 km for Te at 17
Ma can then be used as a fixed parameter in the diffusion
modeling of the NAFB. The rationale behind keeping this
value as a constant during the running of the model is
based on the long time period (60 m.y. or more) since
rifting, allowing almost complete thermal reequilibration,
and the lack of any evidence 10 the contrary.

THE NORTH ALPINE FORELAND BASIN

Presen ral in

The present-day structure of the NAFB in eastern
Switzerland can initially be divided into two zones: a more

61
44

24

Basement prafde at 17Ma

04
€
% -24
-¢{  THARUST LOAD
Etastic thickness (Km)
s

-104

o 100 200 ‘m aco 400

Fig. 6. Estimation of the equivalent elastic thickness (Tc)
of the European foreland plate based on the basement
configuration at 17 Ma. The observed curvature

approximates 1o a Te of 10 £ 5 km.
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intemal, topographically elevated and strongly deformed
region to the south and an external, relatively undeformed
region Lo the north, termed the Plateau Molasse (Figure
7). The former contains the sediments of most southerly
paleogeographic origin; these are the turbidites of the
North Helvetic Flysch (A1), found wrapped around the
uppermost Helvetic nappes [Pfiffner, 1981) and in the
underlying parautochthonous cover Lo the Aar massif,
The parautochthonous examples arc exposed in tectonic
windows to the south of the Helvelic nappes (Figure 7b)
as seen in the Panixerpass region, Canton Glarus.
Between the external Platcau Molasse and the highly
deformed region to the south the thickest deposits of the
NAFB are steeply tilted within imbricate thrust blocks of
the Sub-Alpine zone. North of the Plateau Molasse the
sediments thin and pinch out into the Tafeljura.

Stratigraphy

The stratigraphy of the NAFB (Figure 2) exhibits a
classical foreland basin succession (sensu Covey [1986]),
starting at about 42 Ma with an underfilled trbidite
dominated "flysch” stage. By 32 Ma the basin was
occupicd by shallow marine and fluvial deposits. This
commences the "Molasse” stage, and similar terrestrial and
shallow marine sediments continued to be deposited until
approximately 11 Ma when regional uplift of the basin
took place.

Four lithostratigraphic groups are traditionally
distinguished within the NAFB stratigraphy [Matter et al.,
1980]. The basin fill should, however, be extended 10
include the North Helvetic Flysch 1o make five groups.
These are listed in ascending stratigraphic order: (1) North
Helvetic Flysch (NHF), Al; (2) Lower Marine Molasse
(UMM), A2; (3) Lower Freshwater Molasse (USM), A3;
(4) Upper Marine Molasse (OMM), B2; (5) Upper
Freshwater Molasse (OSM), B3.

The parenthetic abbreviations represent the
Swiss/German names for the groups as used in previous
European literature. For the purposes of this paper we
have divided the entire basin into two large-scale
shallowing upward cycles, A and B. These two cycles are
then subdivided into three paleoenvironmental subunits,
representing a simple three-stage breakdown of a
regressive succession: 1, deep marine; 2, shatlow marine;
3, continental. Using this straightforward scheme, cycle
A contains all three stages from deep marine to
continental. The base of the Upper Marine Molasse (B2)
marks the lower boundary of cycle B and represents a
return 1o shallow marine conditions. This is followed by
contincntal sedimentation during the Upper Freshwater
Molasse (B3).

Th R ion: A nconformity?
The first sign of the arrival of the thrust wedge onto the
southern margin of Europe is seen at the present day asa
break in sedimentation with a maximum
chronostratigraphic gap of Middle Jurassic to middle
Eocene (Herb, 1988; Allen et al., 1990). This was
described by Triimpy [1973] as the "Palacocene
Restoration”. This unconformity underlics the whole
basin, separating eroded Tethyan platform carbonates from
progressively younger Tertiary sediments as it is traced
northwards into the forcland (Figure 2). Herb [1988] has
constructed a series of palinspastic restorations of the
unconformity, clearly illustrating that as it is traced from
Panixerpass through the overlying Helvetic nappes, (i.c.,



Sinclair ct al.: Foreland Basin Stratigraphy, Swiss Alps 605

NNW SSE
a
Rive w h Zurich Kusnacht
S Rhein elach Tieterbrunnen Borehale
5004 TN ‘ e, e i D Borehole e i
e S R 00
. 15Ma
SL ' ] e
o =L _ q o
= ) \8 5
- — (21 \_
© ~5001 | uover Fresraiter tiotise 22 500
2 ota | e Mz me Wolsine
2 000 xy -
Lowe Urem Howshe
b3 —
2 haew o etene Bhoice
2 1500 T
s - : o -
2 I 1500
3 ] e 24
;‘ Pemo LHTOWErGLS w2ty
g -2000! - 265 Lo
" Basemer 000
NNW SSE
R Rnewm Piateau Motarse Sub-Alpme Zon: Naters Pamsernass
s Stadet Zunch Kusnacht Wartt
Hetvetic
Naoo,.
] =T — ____\_ﬁw 23
. .W____
. Bodensec Trouah o

Entlebuct Trough

L] pi+]
Q= PINCHOUT MIGRATION THROUGH TIME (Ma) ® —®
00 @ (discegarding shortening in foretang)

Fig. 7. Structural and stratigraphic scctions through the North Alpinc Foreland Basin (NAFB) of
castern Switzerland. (a) Detail of outer margin of NAFB from Nacf et al. [1985], showing position of
unconformitics. (b) General cross section showing main structural features of NAFB. Note the
locations of the Permian-Carboniferous grabens in the basement [from Vollmayr and Wendt, 1987)

* relative 10 the pinchouts in stratigraphy.

heading south in terms of original palcogcography), one
observes a decrease in the amount of missing stratigraphy
from the Cretaceous and Paleogene {Triimpy, 1980].
Examination of the succession within the Sardona nappe,
which is considered to be of more southerly (Ultrahelvetic)
origin than the Helvetic nappes (Ruefli, 1959], shows a
complete succession through the Cretaceous-Tertiary
boundary {(Wegmann, 1961},

The Nonh Helvetic Flysch: Al (42-36 Ma). Deposition
occurred during the early Lutetian of 10-50 m of shallow
marine nummulitic limestones overlying the basal
unconformity (Figure 2) {Styger, 1961]. These grade up
into approximately 350 m of Globigerina marls
representing water depths of several hundred meters [Herb,
1988]. Above these marls arc approximately 2 km of
turbiditcs {Siegenthaler, 1974), the first southerly derived
sediments. In both eastern and western Switzerland the
oldest of these turbidites (Taveyannaz Sandstones) display
cvidence of deposition in thrust top (piggyback) basins
{Ori and Friend, 1984; Lateltin, 1988; Sinclair, 19891.
The southern margin of the Tavayannaz basin is overlain
by a 50-100 m thick olistostrome deposit, indicating its
proximity to the thrust wedge.

Lower Marine Molasse: A2 (36-27 Ma). Marinc
conditions continued into the middle Oligocene, as a
narrow branch off Tethys. The stratigraphy and
sedimentology of A2 has recently been described by Diem
[1986]. It cqnmins thick sequences of marine siliciclastic

deposits now exposed within the imbricate thrust slices of
the Sub-Alpine zone. Lower A2 is represented by the
Deutenhausen beds of carly Rupelian age (P18-P19
foraminifera zones), The Deutenhausen beds comprise
about 1 km of deita front channel turbidites and
progradational lobc deposits shedding material northwards
(Dicm, 1986). Idcally, this lower portion of A2 should be
included into Al due 10 its deep-water environment, but
this would cause confusion with reference to previous
literature.

Middle A2 consists of the Horw Shales which
comprise 700 m of dominantly shallow marine mudsiones
rich in ostracods and foraminifera yiclding middle
Rupetian ages (P20 foraminifera zonc). Towards the top
of A2 these finc-grained shelf deposits are overlain by a
regressive series of coastal sandstones and fan delta
conglomerates called the Horw Sandstones, dated at late
Rupelian/Chauian (NP24 nannoplankton zonc). Work by
Diem [1985) on wave ripples from the Horw Sandstoncs
indicates increasing paleowave period and power towards
the east, suggesting a funnel shaped basin during A2
deposition. Paleogeographic reconstructions by Biichi and
Schlanke [1977] indicate a basin width of 40-50 km
during A2, which is in agreement with Diem’s data on the
wave fetch. Consequently, during A2 we see the filling of
a narrow basin from deeper water turbidites to shallow
marin¢ and coastal sediments (Figure 2), with the northern
margin of the basin containing a thin continental deposit.
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Lower Freshwater Molasse: A3 (29-22Ma). At the onset
of the Chattian, scdimentation was dominated by seven
large alluvial fans coming off the thrust front to the south
[Biichi and Schlanke, 1977]. In eastern Switzerland the
Rigi and Speer fans shed vast thicknesses (up to 4 km) of
conglomerates which are intercalated with silty maris at
the lateral limits of the fans. The conglomerates contain
material derived from the crosion of Cretaceous Penninic
and Ulira-Penninic flysch.

Towards the end of the Chattian, large amounts of
epidote entered the system; this arrival of epidote marks
the erosion of material involved in the Lepontine
greenschist metamorphic event at about 38 Ma, interpreted
to reflect rapid uplift within the thrust wedge [Triimpy,
1980]. During the Aquitanian there was a gradual
northward shift of the alluvial sediment supply and the
development of the Hornli fan, The Hornli fan is
characterized by abundant dolomitic debris as well as clasts
of south and north Helvetic origin such as nummulitic
limestones and grecnsands from the crosion of Al.

A3 is the culmination of cycle A. The underfilled
basin containing turbidites and shales was succeeded by
coastal and shallow marine sedimentation, finally
overfilling to give large thicknesses of fluvial deposits.
During this period there was a progressive northward
stratigraphic onlap onto the foreland. Although the onlap
pattern reveals an initial stcady movement of the
stratigraphic pinchout during A1 and A2, it is more erratic
during A3 (Figure 7). Pfiffner [1986] interpreted much of
the rapid thickness changes in A3 as duc to active normal
faulting during deposition.

Upper Maring Molasse; B2 (22-16 Ma). At the beginning
of the Burdigalian, shallow seas flooded the Molasse
basin. The southern margin of deposition was located
within what is now the Sub-Alpine zone, the northemn
pinchout remaining in a similar position to that of A3, at
present located near the River Rhein, At this time the
width of the basin of deposition was approximately 60-80
km. The overall thickness of B2 in eastern Switzerland
varies between 200 and 800 m. In the Kiisnacht borehole,
B2 is approximaicly 450 m thick.

In Switzerland, sedimentation was dominated by two
large deltaic fans, located in positions controlled by earlicr
fans; in central Switzerland this was the Napf fan, and in
castern Switzerland the Homli fan, These deltaic fans
were fed by large fluvial sysiems coming off the thrust
wedge and passing northwestward into wave- and tide-
dominated marinc conditions {Homewood and Allen,
1981]. Pewological studies [Allen et al., 1985] revealed
distinct heavy mineral provinces in the Burdigalian scaway
and demonstrated that the drainage basin of the Napf fan
extended far into the crystalline massifs of the intemnal
Alps, eroding high-pressure minerals from Penninic
basement and ophiolites,

The basal unconformity to the B2 transgression
indicates initial flooding from the Rhdne sea 1o the west
and Paratethys to the cast. Berger [1985] dated the basal
unconformity using a number of biostratigraphic
indicators, including foraminifera and small mammal
skeletal debris. He was able to show that the initial
bidirectional flooding occurred during the laie Aquitanian
(NM2b micromammal zone) and that a marine link
between the cast and west occurred at the
Aquitanian/Burdigalian boundary, The deposits of this
narrow seaway then started onlapping northwards over the
deposits of A3 during the carly Burdigalian (NM3).
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In the cross section of this study, B2 is divided into
three chronostratigraphic subunits dated from the
Kiisnacht, Tiefenbrunnen, and Weiach boreholes (Figure
7a). Naef et al., [1985] produced a series of subsidence
curves and recognized two intemnal unconformities
separating the Lhree subunits of B2. From 22 10 18 Ma,
approximately 300 m of shallow marine glauconitic
sandstones, limestones, and marls were deposited; this
subunit is called the Muschelsandstein and is underlain by
a transgressive conglomerate overlying the basce
Burdigalian unconformity. The base of the
Muschelsandstein represents a basinward shift in onlap,
followed by renewed northward onlap over the base
Burdigalian unconformity described above. At 18 Ma there
was a break in sedimentation followed by the deposition
of 100 m of sandy shales with a basal oyster-rich
conglomerale in the south of the basin, while freshwater
conglomerates were deposited in the more northern region
of the Weiach borehole. Once again these beds show a
basinward shift in onlap onto the underlying
Muschelsandstein. At 17 Ma net erosion occurred north
of Ticfenbrunnen (Figure 7a), with simultaneous
deposition occurring to the south. This bounding surface
marks the transition into upper B2 and is marked by a
basal conglomerate thinning out north of Kiisnacht,
followed by S0 m of sandstones,

Upper Freshwater Molasse: B3 (16-11 Ma). Towards the
end of the Burdigalian the shallow secas of B2 were filied
(Figure 2), with a retum (0 continental sedimentation.
The Napf and Hémli fans remained the main feeder sources
in Switzerland, associated with an overall northward shift
of the depocenter [Burgisser, 1980; Triimpy, 1980].
These huge alluvial fans drained northwards into
longitudinal river systems. In places, thin coal scams and
occasional freshwater limestones were deposited. A
laterally extensive limestone band dated at 15 Ma is seen
within the section of this study (Figures 2 and 7a).

The maximum thickness of B3 is 1500 m, occurring
within the centers of the fans, with thicknesses decreasing
rapidly northwards. The northern pinchout of B3 is not
clear duc to crosion, but a glance at the aper of the
stratigraphy suggests that it is only slightly north of the
pinchout of B2, onlapping onto the Jura [Rigassi, 1977].

STRATIGRAPHIC MODELING

Previ rk

Previous models of foreland basins have reproduced
observed stratigraphy simply by applying loads at instants
in time on elastic {Jordan, 1981] or viscoelastic plates
{Beaumont, 1981; Quinlan and Beaumont, 1984;
Beaumont ct al., 1988]. The deflection is immediately
enhanced, and a new sedimentary layer occupies and
expands the basin, filling to a reference surface. However,
thrust loading is not episodic and should be considered as a
continuous process [Davis et al., 1983; Platt, 1986; Boyer
and Geiser, 1987). The partitioning of deformation within
the thrust wedge is dictated by the mechanical
requirements of the critically tapered wedge.

Modifications to the geometry of the wedge alter the
configuration of the distributed load and so influence the
resultant deflection.

The interplay between the rate of thrusting which
creales space for sediments and the rate of sedimentation or
basin filling which also expands the basin is not
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represented in previous stratigraphic models. Jordan
{1981] modeled the evolution of the Cretaceous Interior
Secaway in terms of separate pulscs of flexural subsidence
as a response Lo discrete events of load emplacecment.
Other work {Beaumont, 1981; Quinlan and Beaumont,
1984; Beaumont ¢t al., 1988] considered viscous decay of
an initial clastic response, but loads were still emplaced as
a series of large blocks over a number of time steps to
simulate the development of the orogenic wedge. Thrust
loading displaces the lithosphere, creating a sink, as well
as providing a sedimentary source to fill the sink.
Deposition and crosion redistnibute some of the thrust load
into the forcland basin. The flexural strength of the
underlying lithosphere dictates how these different
processes inleract over time, with erosion driving uplift
and basin [illing, and thrust loading dcpressing the
lithosphere. By imposing simple gcometrical constraints
on the development of the thrust load and using a
transport relationship to describc sedimentation as a
function of slopc we have developed a simple, physically
based model. This allows us to dirccily link the evolution
of the thrust wedge and the adjacent foreland basin and to
examine this relationship through variations of the model
parameters.

Foreland basin stratigraphy has been used as evidence
to support both viscoelastic {Bcaumont, 1981; Quinlan
and Beaumont, 1984; Tankard, 1986; Becaumont et al.,
1988] and clastic plaie models {Jordan, 1981; Coakley and
Wallts, 1991). Recent studies [Beaumont, 1981; Quinlan
and Beaumont, 1984; Beaumont ct al., 1988; Coakley and
Waitts, 1991] have focused on the timing, position, and
extent of unconformities over the flexural bulge. These
unconflomitics have been cited as support for viscoclastic
relaxation of the lithosphere; erosion occurs as the bulge
migrates towards the load, uplifting the distal sediments
above the reference level. It is possible to develop similar
unconformities on an clastic lithosphere through a
redistribution or increase of the load [Flemings and Jordan,
1990; Coakley and Wats, 1991], thus presenting an
alternative mechanism. Without conclusive
documentation of viscoclasticity we assume a simple
elastic lithosphere.

It is apparcnt that an approach which incorporates
known sedimentary and tectonic processes is required.
Flemings and Jordan {1989] have cxpanded on the method
of Morctti and Turcotte [1985] to apply diffusion equation
modeling of crosion and sedimentation to foreland basins.
For these modcls the diffusion equation describes how the
topography of the thrust wedge dccays and how the basin
fills. This change in sediment and thrust load is then used
in the flexure equation to determine how the preexisting
basin is distorted by the redistribution of the load.
Flemings and Jordan [1989] used a simplified version of a
thrust wedge with a critical angle of taper, replenishing
the load at every time step to maintain a constant, lincar
topographic profile in the source region. We adopt a
similar approach here, seeking to reproduce the
stratigraphy of the NAFB using a model which mainwins
the thrust wedge at a critical taper, as well as a diffusion
model of sediment transport.

Model
Mass transport. The diffusion equation is commonly

used to describe transport, where the rate of transport is
proportional 1o the gradient of potential. Both heat
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transport down a thermal gradient and the motion of
chemical species down an activity gradient can be
described by the diffusion cquation. Here we usc it to
describe the transport of sediment down a topographic
gradient [Kirkby, 1971; Carson and Kirkby, 1972; Hirano,
1976; Begin et al., 1981; Hanks and Andrews, 1989].

The relationship is based on two assumptions. First,
we assume that the amount of material transported
through a vertical planc is proportional to the slope at that
point:

q(x) = -K ah/ox )]

K is the transport coefficicnt, h is the topography, q is the
amount of material transporied, and x is the spatial
variable. Second, we assume that volume is conserved,
expressed by

-dh/d1 =dq/ox 7))
Substituting (1) into (2), we obtain the diffusion equation
-gh/ot = d/9x {-K dh/dx] 3)

We take K 1o be a constant, so dK/dx = 0, and the
expression simplifies to

ah/at = K 92h/ax2 @

Given a topographic profile, we can use this rclationship
1o specify erosion and deposition and so calculate the
change in the thrust and sediment load at every point on
the x axis. Where 92h/dx2 (topographic curvaturc) is
negative (highs), erosion occurs. Where curvature is
positive (lows), deposition takes place. Using the change
in load in the flexure equation (5), we can examine how
the depositional basin profile changes over lime and
develop a more complete understanding of foreland basin
development.

Isostasy. The equation for the response of a lincar
elastic beam 1o vertical loading, in the absence of
horizonLil in-plane forces and bending moments, reduces
to

D d4w/dxd + (Ap)gw = p(x) 5

where D is the flexural rigidity in ncwton melters, Ap is
the difference between the mante and infill densitics, g is
average gravity, w is the deflection, and p(x) is the load in
newlons per square meler, The change in the load is the
amount added or removed by crosion and deposition, plus
the change in the thrust load for that time step, T(x)

p = (ah/o1 + dT/a1) gps ©)

where pg is the density of the load. To compule the
flexure we set the infill density to zero, calculating each
increment of deflection as air filled.

Thrust wedge. Mountain belts evolve continuously,
advancing and rising in opposition to crosion. The
evolution of this geomelry is controlled by the strength of
the overthrust material which rises until it has cnough
potential energy to advance over the forcland. For this
model we adopt a simple dynamic wedge for the overthrust
load, delined by two parameters, the topographic slope and
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the rate of advance of the wedge tip. The thrust wedge is
maintained at constant slope; eroded material is
replenished by matcerial brought through the planc at x =
0.

All loads, duc to thrusting, erosion, and deposition,
are added above the initial basement surface and are
accounted for in the modeling. The volume of material
deposited at every time step is equal 1o the volume eroded.
Conservation of mass, as assumed in diffusion, requircs
that the sediment density is equal to the load density.

This density is taken (o be 2650 kg/m3, this being high
for the sediment load but low for the thrust load. Solving
the flexure equation-for this load gives the incremental
subsidence and uplift for the interval dt. We assume a
plate of linear clastic strength. The flexural rigidity D
defines the wavelength of regional compensation and is
related to the effective clastic thickness Tc by

D =ETe3/12(1-v2) )

where D is in newton meters, E is Young's modulus, and
v is Poisson's ratio, which is dimensionless.

The diffusion and flexure equations arc solved
numerically. Each is treated independently on the same
finite difference grid. The diffusion cquation is solved
using an inherently stable alternating direction technique
from Roache {1982, pp. 95-99]. The solution is obtained
by marching down the array, calculating every new value
as a weighted sum of the previous spatial value for the
current time step and the two previous spatial values from
the previous time step. Two passes at diffusion, one
forward (zero to n) and one backward (n to zero), provide
the change in load for the flexure equation. Regional
isostatic adjustment due to flexure distorts the topographic
profile, modifying the next step in diffusion.

The model is sensitive to the boundary conditions
which modify how transport and compensation are
achicved. For diffusion we make dh/ax (0) = 0, indicating
no transport through the plane at x = (), cquivalent o a
drainage divide. At the opposite edge of the grid we set
32h/ax2 (n) = 0; there is no change in clevation as
sediment lcaves the system. The flexure equation is
solved by back substitution in a five-band matrix. The
soludon provides valucs for uplift and subsidence at cach
point in the grid. The clevations of the stratigraphic
horizons and topography are updaicd by these amounts.
Each model layer is the sum of a serics of numerical steps
representing the previous evolution of the thrust wedge
and basin. The number of sieps is defined by the
magnitude of K and the length of time represented by the
layer, more steps for larger K and longer ime. This
ensures the accuracy of the solutions obtained.

We assume a broken, linear elastic plate with the free
end at x = 0. Physically this means that no moments arc
transmitied from the free end of the slab; d2w/dx2 (0) = 0,
and that shear force applied at x = 0 is equal to the load
applied at x = 0, d3w/dx3 (0) = p(0). At the opposite end
of the plate we take w(n) = 0 and dw/dx = 0, pinning the
beam.

-ffects of Varyi rame!

For each model run we specify four parameters, Te,
K, slope angle, and rate of thrust tip advance (Figure 3).
The values definc the length scale of fiexural
compensation, the ratc of material flux into the thrust
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wedge, the rate at which sediments are delivered 10 the
basin, and how the depositional slope evolves through
time. The wrade-off between how fast the basin is enlarged
and how fast it is filled defines the stratigraphy. No one
parametcr uniquely controls any one aspect of the final
basin, each interferes with the others. This feedback
complicates the model.

Figurcs 8 to 11 show how varying these parameters
alfects the model stratigraphy. Each parameter is assigned
four different values, similar 1o those used in the final
model of the NAFB. The models in these figures differ
only by the parameter being considered in the figure, all
other values being held constant. A reference model (K =
400.0 m2/yr, rate of thrust tip advance = 0.0025 m/yr, Te
= 20.0 km, slope angle = 1.5°) is included on each figure
at the same scale (shown by an asterisk) to provide a
reference for comparison,

Each model run is for 10 m.y., which is divided into
10 layers, each representing 1 m.y. The lines plotted in
the stratigraphic diagram arc isochronous and similar to
depositional interfaces, which are preserved beneath the
advancing thrust wedge. The succession overlies a
basement of passive marker layers, each of which was
originally 100 m thick, allowing an assessment of the
extent and magnitude of basement erosion. Erosion of
underlying passive margin sediments is commonly
observed in foreland basins and is recognized in the Alps
(Triimpy, 1973; Herb, 1988), the Appalachians [Jacobi,
1981], and in the Colville rough of Northem Alaska
[Coakley and Watts, 1991). Chronostratigraphic
(Wheeler) diagrams which plot the age versus the lateral
extent of deposition for cach layer in the model provide a
measure of the rate of basement onlap and erosion through
ume.

Figure 8 shows the effect of varying the transport
coefficient K, from 100.0 m2/yr 10 800.0 mZfyr. When
K is low, sediment transport is inhibited, and the basin
remains underfilled. With a low K a steady state is
achicved, sediments pond in the central basin, and the
position of onlap tracks at a conslant distance in advance
of the thrust tip. Increasing K fills the basin and onlap
exceeds the rate of thrust tip advance. The basin
sediments aggrade as deposition climbs onto the flexural
bulge. Since the topographic slope of the thrust wedge is
held constant, increasing K also enhances the mass flux of
material into the rear of the thrust wedge and so increases
the basin volume. A further consequence of increased K is
that crosion of the flexed plate over the forebulge will be
increased.

Flemings and Jordan {1989] compiled a list of
determinations of K from a variety of morphological
settings; they distinguished between two environments,
first, the crosional environment where creep, rill and sheet
crosion, and debris flows are dominant and, second, the
seuings where base flow fluvial processes dominate. The
values range over several orders of magnitude, larger
values (104 mzlyr) are derived from fluvial transport,
smaller values (10'2 m2/yr) from the decay of isolated
slopes. Given that a number of erosional and sedimentary
processes are operating synchronously and at different
scales in a foreland basin, the precise meaning of the value
of K is not clear. In our model we use K to describe the
sediment production and slope evolution of the system,
encompassing the effects of a number of processes into a
single valuc,
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Fig. 8. Influence of varying transport coefficient (K) while holding all other paramcters constant.
Increasing the value of K causes a broadening and deepening of the deflection while filling it to above
regional. "Reference™ model shown by asterisk.




SLOPE ANGLE

Fig. 9. The influence of varying the surface slope angle of the wedge while keeping all other
paramelers constant. Increasing slope angle results in a deeper basin but keeps a constant basin width.
The increased curvature of the foreland plate associated with the increased slope angle results in
increased forebulge crosion. "Refercnce” model shown by asterisk.



FLEXURAL RIGIDITY - Te

CHRONOSTRATIGRAPHY

Fig. 10. Influence of varying the effective elastic thickness (Te) while keeping all other parameters
constant. This demonstrales a broadening and shallowing of the deflection with increasing values of
Te. "Reference” model shown by asterisk.
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Fig. 11. The influence of varying the thrust advance rate while holding all other parameters constant.
Increasing the advance rate results in a narrowing and underfilling of the basin. "Reference™ model
shown by asterisk.
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Figure 9 shows the cffect of varying the topographic
slope from 0.5° to 2°. The slope defines the rate at which
material is brought into the thrust wedge, controlling how
deep and how fast the basin develops. Increasing the slope
increases the rate at which the load grows and, due 10 the
dependence of the sediment transport on the slope,
increases the rate of sediment supply to the basin. The
chronosuratigraphic diagrams indicate that onlap is
approximalely the same for each case, illustrating that the
sediment and the space in which o put it are gencrated in
constant proportion 10 each other. The only difference in
the chronostratigraphic diagrams is the depth and extent of
basement erosion, which is greater for the higher slope.
This is due to the larger load which causes steeper slopes
in the bulge region, leading to faster crosion of the
basement.

Figure 10 shows the effect of varying Te, which
controls the length scale of compensation. Te is set equal
to 0.0 km (Airy casc), 10.0 km, 20.0 km, and 40.0 km.
These values are low compared to most continents
{McNutt ct al., 1988] but arc similar (o those cstimated
from this paper for the Tertiary evolution of the NAFB.
Lower valucs for Te cause the trapping of sediment closer
1o the source, leading to rapid aggradation in a narrow,
deep basin, Lower Te also increases the thickness of the
load, since more material is required to maintain a given
slope than with a higher Te. The Airy example cxposes a
problem in the model. Onlap at cach time step marks the
dividing line between deposition and crosion. In the Airy
case the loading is entirely local and no flexural bulge is
created; the depositional slope is a simple decaying
exponential from the thrust tip to the right edge of the
model.

Figure 11 shows how the rate of thrust tip advance
affects the basin geometry. In every thrust belt there is a
partitioning of deformation dictated by the energy balance
of uplift and advance. This parameter defines the rate at
which the entire thrust wedge slides stably over the
foreland plate. The ratc of thrust tip advance primarily
controls the rate at which the load is increased by mass
flux through the left hand side of the model. The
parameter is varied from 0.0 mm/yr to 7.5 mm/yr in 2.5
mm/yr steps. Rapid advance of the thrust tip creates an
underfilled basin. Similar to the case of a low K, onlap
tracks at a constant offsct from the thrust tip. Lower
values allow sedimentation 10 outpace the creation of
space in the basin.

Simulatcd Model of the North Alpine Foreland Basin
(NAFR)

We seek in our modeling to reproduce the broad
stratigraphy of the NAFB with the minimum number of
paramcters and by a minimum variation of those
paramelers. More complex models are certainly
physically justifiable, but lacking independent constraints,
wc chose a simpler route. Validation of the model is
achieved by comparing the volume of the basin infill, the
position and timing of the unconformity separating cycles
A and B, and the extent and rate of onlap onto the eroded
basement.

Lacking a physical rationale for varying Te and K,
both were held constant throughout every mode! run. The
fit was obtained by modifying the transport coefficient and
paramciers which describe the slope angle and the rate of
thrust wedge advance. There are reasons, however, for
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believing that Te and K might vary with time: for
example, the Alps overthrusted the streiched Tethyan
margin [Triimpy, 1980], and stratigraphic models of
passive margin development [Steckler and Watts, 1981;
Steckler et al., 1988] have been reconstrucied in which Te
increases with time since rifting, similar to the oceanic
lithosphere [Watts ct al., 1980]. The lithosphere cools
and strengthens, cach sedimentary load achicves
compensation on a longer wavelength than that which
preceded it, and so stratigraphy oversteps the previous
depositional limit, onlapping the passive margin.
Stockmnal et al. [1986] modeled passive margin
overthrusting and found that the resultant foreland basin
was inscnsitive to the age or, equivalently, the strength of
the margin immediately beneath it, the compensation of
the ioad being more dependent on the strength of the plate
interior. In the case of the Alps, the observed stratigraphy
is insufficient to test if the strength of the European
lithosphere varied through time, and so Te was held as a
constant.

The parameters that are used to simulate the
stratigraphy of the NAFB are based on our understanding
of the geological processes involved. The value for Te is
held constant throughout the model at 7.5 km as
approximated from the stratigraphy illustrated in Figures 6
and 7a. The value used for the transport coefficient is

500m2/yr, a figure that is intcrmediate between those
thought to typify isolated hillslopes at one extreme and
fluvial channel ransport at the other [Flemings and
Jordan, 1989). This is considered appropriate as a measure
of the long-term transport processes involved on a
mountain belt scalec comprising both creep, overland flow,
debris flow, and base flow (channclized) fluvial transport
on a variety of spatial and tcmporal scales.

The remaining two parameters which characterize the
thrust wedge are allowed to vary through time. The rate
of thrust front advance has been estimated from Pfiffner
[1986] at 2-4 mm/yr during the carly development of the
NAFB. This value decreases afler the main thickening
event within the thrust wedge involving the underplating
of the Extemal Massifs. The slope of the wedge is
constrained by typical topographic slopes for present-day
active wedges which range from 1° 10 6° [Davis et al.,
1983], so defining acceptable limits for the model valucs.

The model starts at 39 Ma, the time of arrival of the
first southerly derived sediments, with a thrust wedge
advance ratc of 2 mm/yr and with a topographic slope of
2.5°. This parameter pair was run until 24 Ma when the
paramcters were altered in an attempt to simulate the
underplating of the External Massifs. This was done by
decreasing the advance rate of the thrust wedge to 0.2
mm/yr and increasing the topographic slope of the wedge
from 2.5° to 4° over a period of 200,000 ycars. After this
thickening event the advance rate was increased to 2
mm/yr,

The results of this model are illustrated in Figures 12
to 16. During the interval 39-24 Ma we sec the
deveclopment of the bulk of cycle A. During the initial
stages of development the deposits do not fill the basin o
a horizontal, indicating that the basin was underfilled.
The basin width during this underfilled stage was between
40 and 50 km. As the basin develops, forming the upper
part of cycle A, stratigraphic onlap onto the foreland
outpaces the rate of thrust advance, resulting in a
broadening of the basin to a maximum of 100 km. This
rapid onlap over the foreland is a consequence of filling of
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Fig. 12. Simulated stratigraphy of the North Alpine Foreland Basin at 24 Ma. The parameters were
held constant from 39 Ma with the value for Te at 7.5 km, K = 500m2/yr, advance rate of 2 mm/yr,
and a slope angle of 2.5°. The resultant stratigraphy infills a basin of about 100 km width, which is
fillcd above sea level. At the initial stages of development the basin was relatively underfilled,

resulting in significant forebulge crosion as can be seen under the basin. This diagram simulates the

overfilled stage of the basin during A3.

vertical exaggeration = 9.8

)/,
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Fig. 13. Simulated stratigraphy of the North Alpine Foreland Basin at 23 Ma. The parameters
describing the thrust wedge were aliered at 24 Ma to simulate the underplating of the extcrnal massifs.
The rate of wedge advance was slowed from 2 mm/yr to 0.2 mm/yr, and the surface slope was increased
from 2.5° 10 4° over a time period of 200,000 years. The sediments deposited during and immediately
after this change in the geometry of the thrust wedge are ponded near to the thrust front, with erosion

occurring over the forebulge.

the deflection during the evolution from an underfilled
"flysch" stage to an overfilled "molasse” stage. The
filling of the basin broadens the sediment load which
pushes the forebulge out and, at the same time, fills the
deflection to above sca level; both processes cause
increased progradation of sediments over the forcland.

Al 24 Ma the underplating of the External Massifs
was simulated by the slowing down and thickening of the
thrust wedge. For modeling purposes this thickening is

achicved rapidly, over 200,000 years, whercas we envisage
the process as taking place over a longer time span.
However, the duration used in the model is that required to
reproduce the geological observations, This thickening
concentrates the load in the wedge interior, causing
backtilting of the basin succession towards the thrust
front. Sedimentation is then confined near the thrust
front, and diffusion of sediment then starts to
progressively fill the basin 1o its distal limits (Figure 13).
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The resultant stratigraphy illustrates a marked
unconformity which becomes laterally conformable at
about 30 km into the basin (Figures 14 and 15). The
stratigraphy of cycle B overlying the unconformity shows
a basinward shift in onlap relative to the underlying
stratigraphy. This simulates the base Burdigalian
unconformity separating cycles A and B, which is clearly
illustratcd by comparing the observed and calculated onlap
on a chronostratigraphic diagram (Figure 15). The
thickncss of cycle A preserved beneath the unconformity
has also been closely maiched in the simulation (Figurc
16).

The model cffectively reproduces both the volume and
extent of cycle A, demonstrating its utility, and validating
values of the three adjustable parameters that produced it.
By reproducing the onlap rate (Figure 15) we demonstrate
that both the transport coefficient and the history of thrust
advance are compatible with the observed stratigraphy,
since onlap rate is only a weak function of the
topographic slope (Figure 9). By reproducing the voluine
of sediments over the interval of cycle A (Figure 16) we
demonstrate that both the load size, which defines the
deflection, and the amount of sediment generated are
compatible with the observed stratigraphy, validating both
the wedge slope used and again the transport cocfficient.

It is important to recognize that the model reproduces the
history of cycle A, not merely its gcometry.

Figure 14 illustrates the amount of erosion of the
modeled foreland plate due to forebulge uplift prior to the
progradation of the foreland basin sediments. The
maximum erosion (120 m) of the foreland plate occurred
during the early underfilled stage. Laler erosion of the
forebulge was less severe due to rapid progradation of
shallow marine and continental sediments. This basal
unconformity simulates the geometry of the "Palacocene
Restoration™ unconformity underlying the NAFB which
shows rapid truncation through the Cretaceous sequence
underlying Al [Herb, 1988; Allen ct al., 1990], but sieady
truncation down to the Jurassic Malm undemeath the later
overfilicd sediments of the basin.

DISCUSSION

There are two aspects of the simulated model which
differ significanty from the observed stratigraphy of the
NAFB: (1) the thickness of the simulated stratigraphy
above the unconformity varics from that of the observed
thickness of cycle B and {2) the unconformities within B2
at 18 Ma and 17.5 Ma have not been simulated. These
two problems can be addressed by considering, first, the
suitability of the diffusion law to describe the erosion,
transport and deposition of sediments from mountain belts
into their adjacent foreland basins. Second, we must
consider the adequacy of surface slope angle as a parameter
to describe the kinematics of the critical angle of taper of
orogenic wedges.

The diffusion law enables us to use a single parameter
to describe the rate of mass transport as a function of local
gradicnt. Variatons in the value of the transport
coefficient will result dominantly from climatic
fluctuations and varying source rock lithologics.
Flemings and Jordan [1989, Table 1, p. 3853] suggest
that a rcasonable range of values for transport coefficients
in mountain belts would be from 100 10 5000 m2/yr and
for the adjacent foreland basin, from 1000 to0 25000
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mzfyr. It is also recognized that if we are considering the
evolution from a submarine to continental thrust wedge,
the values for the transport cocfficient will differ
significantly. Pinet and Souriau [1988] studied worldwide
continental erosion on varying time scales and concluded
that the dominant control on long term (102 m.y.)
continental denudation is the relief; environmental factors
such as climate are important on shorter time scales (< 2
m.y.).

With the large number of possible influences on the
value of transport coefficient mentioned above, we must

assume that 1o keep a value of 500 rn2/yr as a conslant
over a period of 20 m.y. in our modeling of the NAFB is
simplistic. In realizing the limits of our understanding of
values for transport coefficient it is considered imperative
that it is held constant, enabling the influcnce of the
evolution of the thrust wedge to be clearly assessed.

The simulated model of the NAFB was stopped at 18
Ma, just prior to the formation of the two unconformitics
seen within B2, Previous atiempts had been made at
simulating the upper unconformities within B2 by further
increasing the slope angle of the thrust wedge; but these
involved excessive increases in the mass influx into the
rear of the wedge over short ime intervals. Sediment
overproduction also became a problem with higher slope
angles, hence we did not attempt to simulate the true
thickness of the incompletely preserved cycle B. This
overproduction may be caused by a number of factors such
as: (1) sediment being bypassed out of the NAFB during
periods of overfilling, (2) increasing surface slope isnota
suitable representation of underplating in thrust wedges
(see below), (3) sediment transport is not as directly linked
10 wedge slope as assumed by this model.

The base Burdigalian unconformity is auributed to
changes in the spatal distribution of the load involving
addition of material towards the rear of the wedge by
underplating. The critical taper of an orogenic wedge is in
dynamic equilibrium with three paramelers: (1) the
mechanical strength of the wedge, (2) the basal friction on
the wedge, (3) the density of the wedge [Davis et al.,
1983). If any of these are altered, the critical taper will
adapt to compensate. In this paper we have modeled the
incorporation of the External Massifs into the Alpine
thrust wedge by increasing the surface slope angle of the
wedge, representing an increase in critical taper. The
increase in surface slope angle causes an increasc in
sedimentation rates as governed by the diffusion law. But
it is important to recognize that the relatively high density
of the External Massifs compared to the bulk of the thrust
wedge could cause a decreasc in topographic slope. The
Jack of necessily t0 increase the slope is duc to a greater
degree of isostatic adjustment in the rear of the wedge,
resulting in an increase in the dip of the basal
decotlement, which, because critical taper is preserved,
may reduce the topographic slope correspondingly [Davis
et al., 1983). Therefore we have 10 recognize that the
modeling of the thrust wedge in terms of a single density,
with slope angle reflecting alierations in the kinematics of
the orogenic wedge, is simplistic.

Figure 17 summarizes some of the qualiative aspects
of the geological interpretation of the model. This
interpretation satisfactorily accounts for (1) the onlap of
Lower Freshwater Molasse (A3) sediments onto the
Euopean plate with alluvial fans at the proximal (Alpine)
edge of the basin passing downstream into low gradient
floodplains and lakes, (2) the erosional hiatus in distal
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Fig. 14. Simulated stratigraphy of the North Alpine Foreland Basin (NAFB) at 18 Ma. (a) Broad
geometry of the basin, with the shaded upper part of the stratigraphy representing the initial sediments
of cycle B. (b) Close-up of Figure 14a showing the geomeltry of the simulated unconformity. The
lines in the basement represent 100 m intervals indicating 100-200 m of erosional truncation on the
forcland plate due 1o forebulge uplift. The stratigraphy underlying the unconformity is truncated in the
region of the pinch-out and then overlain by the upper succession (shaded) which again onlaps onto the
foreland. (c) Chronostratigraphic (Wheeler) diagram of the simulated stratigraphy illustrating the initial
onlap towards the foreland of the lower succession, which is then truncated forming an unconformity
and resulting in a basinward shift in the position of onlap. This is then followed by renewed onlap of
the upper succession. A comparison is made between the simulated and observed onlap of the NAFB

in Figure 15,
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Fig. 15. Comparison of observed onlap from the North Alpine Foreland Basin and that calculated in the
simulated model. The basinward shift in onlap at 22 Ma corresponds to the base Burdigalian

unconformity.
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Fig. 16. Comparison of the observed thickness of cycle A preserved below the unconformity (jagged
linc) and that simulated in the model (thicker line).

positions at the base of the Upper Marine Molasse (B2)
passing into a conformity associated with deepening in
proximal positions (this deepening provided
accommodation space for fan deltas (e.g., Horli) to
prograde into a marine basin) and (3) the renewed
progradation of alluvial fan and fluvial systems towards
the north during B3. These qualitative aspects should now
be more rigorously tested.

CONCLUSIONS

1. The stratigraphy of the NAFB can be divided into two
shallowing and coarsening upward cycles separated by an

unconformity (base Burdigalian, approximaicly 22 Ma).
2. The Alpine thrust wedge of castern Switzerland has
been scquentially restored [Pfiffner, 1986). The
restoration shows an initial period of rapid thrust wedge
advance northward over the European plate from 40 Ma o
approximately 24 Ma. At approximately 24 Ma there was
a slowing down and thickening of the thrust wedge during
underplating of the External Massifs.

3. The cquivalent elastic thickness of the continental
lithosphere that best fits the observed basement
configuration flanking the 17 Ma load approximates 10 +
S km. This value is within the range of determinations
obtained by Royden [1987] for the Apennines but is
significanuy less than estimates from the Appalachians
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