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Abstract The combined information about the strati-
graphies from the foreland basins surrounding the
Swiss Alps, exhumation mechanisms and the structural
evolution of the Alpine orogenic wedge allow an evalu-
ation of the controls of erosion rates on large-scale
Alpine tectonic evolution. Volumetric data from the
Molasse Basin and fining-upward trends in the
Gonfolite Lombarda indicate that at ~20 Ma, average
erosion rates in the Alps decreased by >50%. It
appears that at that time, erosion rates decreased more
rapidly than crustal uplift rates. As a result, surface
uplift occurred. Because of surface uplift, the drainage
pattern of the Alpine hinterland evolved from an
across-strike to the present-day along-strike orienta-
tion. Furthermore, the decrease of average erosion
rates at ~20 Ma coincides with initiation of a phase of
thrusting in the Jura Mountains and the Southern
Alpine nappes at ~50 km distance from the pre-20-Ma
thrust front. Coupled erosion-mechanical models of
orogens suggest that although rates of crustal conver-
gence decreased between the Oligocene and the
present, the reduction of average erosion rates at
~20Ma was high enough to have significantly
influenced initiation of the state of growth of the Swiss
Alps at that time.

Key words Wedge mechanics - Erosion and tectonics
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Introduction

The exhumation and the structural evolution of moun-
tain belts are the result of a critical balance between the
rates of crustal thickening and surface erosion (Willett
et al. 1993; Batt and Braun 1997). The conceptual
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framework for relating the structural evolution and the
exhumation of orogens to surface erosion is provided
by “critical taper wedge” models for noncohesive fric-
tional Coulomb wedges (Davis et al. 1983; Koons
1994), for viscous wedges (Platt 1986), or for plastic
wedges (Chapple 1978; Mandl 1988). Despite differ-
ences in the assumptions about rheology and yield
conditions between these models, they all conclude that
orogenic wedges develop a taper toward the unde-
formed foreland, thereby reaching a critical value of
the sum 6. of their basal and upper slopes (« and g;
Fig. 1; e.g. Davis et al. 1983; DeCelles and Mitra 1995;
Meigs and Burbank 1997). Because basal shear resist-
ance (7) and gravitational body forces (o,)significantly
control the critical angle 6. surface erosion has a great
potential to modify the mechanical state of orogenic
wedges. Indeed, as discussed by Platt (1986) and
DeCelles and Mitra (1995), enhanced rates of erosion
at constant rates of crustal thickening lower the taper to
subcritical. As a result, the rear of the wedge must
shorten and thicken in order to increase 6to a critical
value. On the other hand, a decrease of surface erosion
rates at constant rates of crustal thickening increases
the taper to a supercritical value. Because the slope is
too high, extension may occur, or expansion of the

Fig.1 The body forces (o), shear forces (7) and compressive
push (o) acting on a moving wedge. g gravitational acceleration;
H thickness of wedge at location X; « surface slope; B8 basal slope;
¢, critical sum of surface and basal slopes. (Modified after Davis
et al. 1983)
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thrust-front towards distal sites is promoted which
lowers the average taper to a critical value.

Using the conceptual models outlined herein allows
evaluation of the controls of erosion rates on the
tectonic evolution of mountain belts provided that
detailed information is available concerning (a) the
structural evolution of orogens, (b) the thermo-chrono-
logical evolution of present-day exposed rocks that can
be converted into erosion rates and (c) stratigraphic
data from the foreland basins in order to locate the
source area and to estimate average supply rates of
sediment. If the system is closed, the latter data provide
information about temporal variations of average
erosion rates that can be compared with the cooling
history of the drainage basin. In a laterally open
system, which was the case for the North Alpine Fore-
land Basin (Fig. 2A; Berger 1996), preserved volumes
of sediment allow estimates of temporal shifts of supply
rates of sediment provided that the significance of sedi-
ment bypass on the sediment budget is known.

The Oligo-Miocene Alpine system of central Swit-
zerland and northern Italy comprising the Alpine orog-
enic wedge and the adjacent foreland basins in the
north (North Alpine Foreland Basin) and in the south
(South Alpine Foreland Basin; Fig. 2) meet most of
these requirements through extensive structural,
thermo-chronological, chronological, petrological and
sedimentological studies as well as finite-element
models (Matter 1964; Allen et al. 1985; Gelati et al.
1988; Giger 1991; Sinclair et al. 1991; Bernoulli et al.
1993; Grasemann and Mancktelow 1993; Schmid et al.
1996; Beaumont et al. 1996; Hunziker et al. 1997;
Schlunegger et al. 1998; Schlunegger and Willett, in
press). Furthermore, this system allows the exploration
of the extent of controls of erosion rates on strain parti-
tioning and exhumation, because the shift towards
underfilling of the North Alpine Foreland Basin
(marine ingression) that occurred at 20 Ma (Keller
1989) coincides with a significant modification in the
structural evolution of the Alps from a period of crustal
thickening in the central part of the orogen to a phase
of frontal accretion in the forelands (Jura Mountains,
Southern Alps; Schmid et al. 1996). Schlunegger (1997)
hypothesized that the marine ingression at that time
was caused by a reduction in average erosion rates.
Furthermore, using a two-dimensional coupled erosion-
mechanical model for the Alps, Schlunegger and
Willett (in press) thought that the hypothesized
decrease in erosion rates at ~20 Ma was likely to have
changed the structural dynamics of the Alps. These
authors thought that the decrease in average erosion
rates significantly controlled initiation of deformation
of the distal sites of the Alps (Jura Mountains,
Southern Alps). Indeed, the decrease in average rates
of crustal thickening between the Oligocene and the
present (Schmid et al. 1996) would not have initiated a
period of orogenic growth towards the forelands if
erosion rates would have been constant (e.g. DeCelles
and Mitra 1995).

The aim of this paper is to provide further
constraints to the hypothesis of Schlunegger and
Willett (in press) that erosion influenced the structural
evolution of the Swiss Alps between 30 Ma and the
present. Stratigraphic data is compiled from the fore-
land basin in the north to calculate the volume of
preserved sediment for different time intervals. These
estimates are combined with the knowledge of the
significance of axial sediment export/import in an effort
to reconstruct temporal changes of average supply rates
of sediment. These data are interpreted in terms of
variations in Alpine erosion rates. Stratigraphy-based
determinations of average erosion rates are compared
with the thermo-chronological evolution of present-day
exposed rocks that were interpreted by Schlunegger
and Willett (in press) in terms of average erosion rates.
These estimates are related to the chronology of
thrusting in the Alps in order to evaluate the extent of
controls of erosion on the structural dynamics of the
Alps. The results are evaluated using the coupled
erosion-mechanical models of Schlunegger and Willett
(in press).

Geological setting
The Alps

The central Swiss Alps form a doubly vergent orogen
that consists of highly metamorphosed crystalline rocks
in its core (Lepontine Dome or Lepontine core
complex) and low-grade to unmetamorphosed thick-
skinned and thin-skinned rocks in their external flanks
(Fig. 2A; Schmid et al. 1996). In the north, the present-
day Alps comprise the external massifs (e.g. the Aar
massif and its autochthonous—parautochthonous cover)
and the Helvetic thrust nappes. These units are struc-
turally overlain by the stack of Penninic and Austroal-
pine nappes. The sedimentary cover of the Penninic
thrust nappes that form the Prealps (Fig.2A) was
detached from its crystalline basement prior to 35 Ma
(Mosar 1988). The Penninic and Austroalpine nappes
are separated from the south-vergent Southern Alps
(Fig. 2B; Schonborn 1992) by the east/west-striking
Insubric Line that partly accommodated crustal conver-
gence between the European and Apulian plates by
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Fig.2 A Map of the Alps and the adjacent foreland basins. The
Prealps represent the sedimentary cover of parts of the Penninic
crystalline nappes. The Lepontine dome is indicated by a vertical
hatched pattern. External massifs: AR Aiguilles Rouge; Mo Mont-
blanc; Go Gotthard; I deposits of the Honegg-Napf palaeoriver;
11 deposits of the Rigi-Hohronen palaeoriver. B Sections across
the western and eastern Swiss Alps (Burkhard 1988; Schmid et al.
1996). NAFB North Alpine Foreland Basin; P Prealps and flysch;
H Helvetic thrust nappes; A Authochthonous; P. Penninic crys-
talline nappes; AO Austroalpine nappes; P,,, Penninic metasedi-
mentary nappes (schists and flysch); IL Insubric Line; Go
Gotthard massif




287

Foreland Basin

iy | Rhine ﬂB!E{CFxFE)[e\SEf_ R
Europe Y e T ' —-Lake Consta
0 Graben ~—Lake ons nc_.e._.
> " :
Africa ¥ #i o Fig. 2B, BB/
=Fig. 4=
® —
S~ —North Alpine

—Penninic

&
’

-
L
s

»

WM

»ﬂﬁ

HEy

Austroalpine
6t

‘Insubric Line

1 _ I l.l .!|I_I_!:|-._.”._l.-TI;.I.1..| 1 I
I IL | | Southern Alps

Sotrh Alpine Foreland Basin

Autochthonous sedimentary cover of the
north European foreland plate

—

| Penninic thrust nappes (Prealps
and crystalline nappes)

Penninic and Ultrahelvetic flysch

@ Helvetic thrust nappes
R
R
R T T S N Y
E T

: 14411 Lepontine dome (area that experienced
: tectonic exhumation)

Basement uplift of the north European
foreland plate

- Ophiolites

Austroalpine thrust nappes
I:I:I:I:I:I:[I Sedimentary cover of Southern Alps
IM Crystalline core of Southern Alps

Tertiary plutons

Western traverse

P
W m

50 km

Eastern traverse

Kkm N Bergell S
pluton Southern

aaaa

7 Lower TR0

27




288

N Western traverse S

50 km

Fig. 3 Sequential palinspastic restoration of the A western and B
eastern Swiss Alps. See Fig. 2B for legend. (Modified after Burk-
hard 1988, and Schmid et al. 1996)

steep south-directed reverse faulting, coupled with
dextral strike-slip faulting (Fig.3; Schmid et al. 1989,
1996). In the rear of the wedge north of the Insubric
Line, the Penninic and Austroalpine nappes were
folded due to south-vergent backthrusting along the
Insubric Line at some time between ~30 and 20 Ma
(backfold; Fig.2A; Steck and Hunziker 1994; Pfiffner
and Heitzmann 1997; Schmid et al. 1996). Crustal thick-
ening in the rear of the wedge was associated with east/
west-directed crustal extension north of the Insubric
Line (Mancktelow 1992; Steck and Hunziker 1994;
Schmid et al. 1996) that was accommodated by slip
along the Simplon Fault Zone in the west, and the
Forcola normal fault in the east (Fig. 2A; Schmid et al.
1996, 1997). According to thermal models of cooling
and erosion (Grasemann and Mancktelow 1993;
Schlunegger and Willett, in press), maximum rates of
extension along the Simplon Fault Zone occurred at
approximately 20 Ma.

The external massifs underwent major exhumation
during Miocene and Pliocene time. These phases of
exhumation coincide with periods of thrusting along
steeply dipping faults in the Aar massif that resulted in
a vertical throw of >5km (Pfiffner et al. 1997). These
phases of deformation were coeval with thrusting in the
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North Alpine Foreland Basin and the Jura Mountains,
respectively (Pfiffner et al. 1997). In the Miocene,
>45 km of shortening also occurred in the Southern
Alps (Lombardic phase of deformation; Schumacher et
al. 1997).

The North Alpine Foreland Basin

The peripheral North Alpine Foreland Basin (NAFB),
located north of the Alps (Figs. 2A, 4A), is interpreted
to have formed as a mechanical response to the tectonic
load of the evolving Alps (Homewood et al. 1986;
Sinclair et al. 1991; Schlunegger et al. 1997a). The sedi-
mentological development of the NAFB can be
described in terms of early deep-water sediments and
later shallow-water/continental sediments which have
been referred to as Flysch and Molasse in the Alpine
literature (Fig. 4; see discussions in Sinclair et al. 1991,
Sinclair and Allen 1992). Comparisons between rates of
exhumation in the Alps and preserved volume of sedi-
ment in the basin suggest that the Molasse represents
the late overfilled stage of the evolution of the NAFB
(Sinclair and Allen 1992; Sinclair 1997). The Molasse
deposits have been traditionally divided into four
lithostratigraphic units, for which the conventional
German abbreviations are used in this paper (Matter et
al. 1980): Lower Marine Molasse (UMM); Lower
Freshwater Molasse (USM); Upper Marine Molasse
(OMM); and Upper Freshwater Molasse (OSM). They



form two shallowing- and coarsening-upward strati-
graphic sequences (Fig.4B). The oldest sequence
comprises the Rupelian UMM, which is overlain by the
Chattian and Aquitanian fluvial clastics of the USM.
The second sequence, with the transgressive Burdi-
galian at its base, consists of shallow-marine sandstones
(OMM), which interfinger with large fan-delta deposits
adjacent to the thrust front (Keller 1989; Migert 1998;
Kempf et al. 1998). This sequence continues up to the
Langhian-Serravalian fluvial clastics of the OSM.

Along the southern border of the foreland basin, the
Molasse deposits are present in a stack of southward-
dipping thrust sheets (Fig.4A, C, D) referred to as
Subalpine Molasse in the Alpine literature. The
Plateau Molasse, which represents the more distal part
of the basin, is mainly flat lying and dips gently towards
the Alpine orogen. Thrusting in the Subalpine Molasse
was contemporaneous with sedimentation (Schlunegger
et al. 1997a; Kempf et al. 1998).

In the central part of the study area, two transverse
drainage systems with sources in the evolving Alps
(Honegg-Napf and Rigi-Hohronen palaeorivers;
Fig. 2A) drained into a northeastward-flowing axial
drainage (Lake Geneva palaeoriver) between 30 and
20Ma, a shallow peripheral sea (Upper Marine
Molasse) between 20 and 16.5 Ma, and a southwest-
ward-oriented axial drainage between 16.5 and 14 Ma
(Matter et al. 1980; Berger 1996).

The South Alpine Foreland Basin

The Lower Oligocene to presumably Middle Miocene
(Gelati et al. 1988) proximal part of the South Alpine
Foreland Basin at the southern bonter of the Lepontine
core complex consists of an approximately 3-km-thick
clastic wedge (Bernoulli et al. 1993). Subsidence in this
part of the basin is considered as a mechanical response
to backthrusting along the Insubric Line and to
emplacement of the Southern Alpine nappes
(Lombardic phase of deformation; Giger 1991; Schu-
macher et al. 1996; Schmid et al. 1996; Bertotti et al.
1998). The basin fill starts with the Rupelian Chiasso
Formation which comprises an approximately 200-m-
thick alternation of silt- and mudstones with sandstone
and conglomerate interbeds deposited by turbidity
currents (Fig.5). The presence of large submarine
slumps suggests deposition on a slope or base of slope
environment (Gunzenhauser 1985). The top of the
Chiasso Formation is truncated possibly due to the
drastic drop of the eustatic sea level at the Rupelian to
Chattian boundary (Bernoulli et al. 1993). Alterna-
tively, this erosional event might have been caused by
initial emplacement of the Southern Alpine nappes
(Schmid et al. 1996). The overlying Gonfolite
Lombarda Group (Fig.5) consists of two fining- and
thinning-upward stratigraphic sequences. The first
sequence starts with the ~1500-m-thick Chattian
Como Conglomerate which is considered to have been
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deposited in a submarine canyon. It ends with an
approximately 700-m-thick Aquitanian to Burdigalian
alternation of massive sandstones and mudstones that
is referred to as the Val Grande Sandstone (Fig.5).
This unit is considered to represent coarsening- and
thickening-upward successions of submarine lobes
(Bernoulli et al. 1993). The second sequence overlies
an unconformity that is interpreted as the result of
initiation of the main phase of thrusting in the Southern
Alps (Lombardic phase of deformation; Schumacher et
al. 1996). This sequence starts with the ~ 1000-m-thick
Burdigalian Lucino Conglomerate which comprises
alternating mudstones and sandstones with conglom-
erate interbeds. This alternation is interpreted to have
been formed on a submarine fan. The Lucino
Conglomerate is overlain by the Langhian to possibly
Serravallian Gurone Sandstone (Fig.5) composed of
alternated mudstones and sandstones. Bernoulli et al.
(1993) consider the deposits of the Gurone Sandstone
to represent a submarine channel-levee complex.

Supply rates of sediment to the Molasse Basin

Determination of variations in supply rates of sediment
to the Molasse Basin is based on isopach maps for the
time intervals between 30 and 25 Ma, 25 and 20 Ma
(USM) and 20 and 16.5 Ma (OMM). These maps were
reconstructed using the thicknesses of sections that
were measured in outcrop and in boreholes. The loca-
tions of the stratigraphic sections are shown in Fig. 4A,
and the data is presented in Fig. 6. The ages of the
sections were determined by magnetostratigraphy or
by petrographic or seismostratigraphic correlation
(Fig. 4A, lines 8307 and 8406; Schlunegger et al. 1997b)
with neighbouring temporally calibrated sections. The
sections that are located in the folded and thrusted part
of the Molasse are restored to their palinspastic posi-
tion using the available information about the timing
and amount of shortening (Figs. 4C, 4D). The uncer-
tainties in the restoration of the thrust sheets are
discussed in detail by Schlunegger et al. (1993, 1997a)
for the western and eastern parts of the basin, respec-
tively. The pinch-out of the Molasse deposits for the
different time intervals is taken from palaeogeographic
maps by Berger (1996).

The precision of the thicknesses of the strata for the
studied time intervals (Fig. 6) strongly depends on the
quality of the dating of the analysed sections. The ages
of the sediments in the thrusted Molasse are reasonably
well assessed by magnetostratigraphic calibration
(Fig. 6A) or detailed mapping, resulting in error bars of
thicknesses of less than 10% (e.g. Schlunegger et al.
1996). The amount of post-sedimentary erosion,
however, is not known. Major uncertainties arise for
the ages of the strata at Ruppoldsried-1 and Tschugg-1
(Fig. 6B). The ages for these sections were estimated by
petrographic correlation with Linden-1 and Thun-1.
This speculative approach is justified by the fact that
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Fig.4 A Map of the Swiss Molasse Basin with location of the
stratigraphic sections and the seismic data. BHT Basal Helvetic
Thrust; The stratigraphic secitons are labelled as follows: 7 Thun-
1; L Linden-1; Ho Honegg; R Rigi; Ei Einsiedeln; Em Emme; Hii
Hiinenberg-1; B Boswil-1; § Schafisheim; K Kiinsnacht-1; A
Althishofen-1; E Entlebuch-1; R Ruppoldsried-1; 7 Tschugg-1;
Ho Hohronen; BF Brochene Fluh. B Stratigraphic evolution of
the Swiss Molasse Basin and chronostratigraphy of the Molasse
groups. (Modified after Schlunegger et al. 1996, and Kempf et al.
1998). C, D Sections across the eastern and western parts of the
Swiss Molasse and palinspastic restoration of the thrust sheets.
The calibration of the deposits in the west was achieved through
petrographic correlation of heavy mineral suites that were cali-
brated with magnetostratigraphy (Schlunegger et al. 1996). The
section in the west is based on seismic data, and the structural
restoration in the east was achieved using surface data that was
combined with stratigraphic information from the well Hiinen-
berg-1. The location of the thrust front for different time intervals
is taken from Schlunegger et al. (1993, 1997a) for the western and
eastern transect, respectively. Ap apatite; Ep epidote. (Modified
after Schlunegger et al. 1993, 1997a)

N S
4 Continuous retreat of
Gurone Sst submarine fan at continuous
’ progradation rate of orogenic tip
©
g Lucino Cgl. Short-term fan progradation (~1000 m)
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% Val Grande Retreat of submarine fan (~700 m)
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Q
“8 Progradation of submarine
O| Como Cgl. fan, deposition in canyon  (~1500 m)
o system
Chiasso Fm. [@ Slope or base of slope (~200 m)
depositional environment
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[ Conglomerates
B Sandstones
Il Marls

Priabonian| Rupeliar
)

Fig. 5 Large-scale evolution and stratigraphy of the proximal
part of the South Alpine Foreland Basin. The compilation is
based on sedimentological and stratigraphic data collected by
Gelati et al. (1988) and discussed by Bernoulli et al. (1993)

the heavy mineral suites of the sandstones at Thun-1,
Linden-1, Ruppoldsried-1 and Tschugg-1 reveal iden-
tical trends up-section towards predominance of
epidote (Fig. 6B) that appear to be synchronous in the
western part of the study area (Schlunegger et al. 1993).
The temporal calibration of the strata at Boswil-1 and
Hiinenberg-1 (Fig. 6C) was achieved by seismostrati-
graphic correlation with the magnetostratigraphically
calibrated Altishofen-1 section (Fig. 4A), resulting in
error bars of =50 m for the former locations because of
the low resolution of the seismic data (Schlunegger et
al. 1997b). The ages of the deposits at Entlebuch-1 and
Kiisnacht-1 were determined from petrographic data
collected at these locations (Fig. 6C; Schlanke 1974;
Vollmayr and Wendt 1987). These data indicate that in
the east, the USM consists of a lower unit (USM I) with
a high content of carbonate rock fragments in the sand-
stone suite, followed by a succession with predomi-
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nantly crystalline components in the sandstones (USM
IT; Schlanke 1974). The transition from USM I to USM
II, occurring at ~25 Ma according to magneto-polarity
chronologies, was considered to be isochronous by
Schlunegger et al. (1997a).

Mapping of the isopachs was achieved by hand.
Constant thickness gradients were assumed between
locations where stratigraphic data are available. The
isopach maps and the estimated volume of compacted
sediment are presented in Fig. 7. A 10’10-km-wide grid
was used for which average thicknesses of compacted
sediment were determined. These data were integrated
across the study area to calculate the preserved volume
of sediment (Fig. 7). Given the uncertainties as outlined
herein, error bars of 50% were added for the estimates
of the preserved volumes of sediment. However, a
careful interpretation of the preserved volume of sedi-
ment in terms of sediment supply rates requires correc-
tion for porosity that is dependent on lithology and
depth. Because the spatial extension of the various
lithologies and the maximum burial depths of the
analysed locations cannot be determined precisely,
corrections for porosities were not calculated. This is
justified because the main purpose of this paper is to
discuss the relative change of sediment supply rates
rather than the absolute magnitudes.

Sediment import and export to a laterally open
system, such as the NAFB (e.g. (Fiichtbauer 1959,
1964), precludes determinations of absolute values of
sediment supply rates to the basin. However, because
the purpose of this study is to discuss relative changes
of sediment supply rates, and because the time periods
of net sediment import and export are known (see
below), the use of preserved volume of deposits as
proxies for temporal variations in sediment supply rates
is justified.

Figure 7A and B shows the location of the deposits
of the axial (Lake Geneva) and the transverse palaeo-
rivers (Honegg-Napf, Rigi-Hohronen). The sediments
of these rivers were identified based on the occurrence
of key heavy minerals in the sandstones (see legend to
Fig. 6, 7 for references). Figure 7A and B reveals that
between 30 and 25 Ma, and 25 and 20 Ma, a total of
~10,000£5000 km* of sediment was deposited in the

|-
>

Fig. 6 Stratigraphic data of A the thrusted Molasse, B the
Plateau Molasse in the west and C in the east. A complete discus-
sion of the temporal calibration of the analysed sections is
presented by the following authors: Thun-1 (7)) (Schlunegger et
al. 1993); Honegg (Ho) and Brochene Fluh (BF) (Schlunegger et
al. 1996); Emme (Em) (Maigert 1998); Rigi (R) and Einsiedeln
(Ei) (Schlunegger et al. 1997a, c); Hohronen (Hé) (Schlunegger
et al. 1997a); Hiinenberg-1 (Hii), Boswil-1 (B), Schafisheim (S)
and Althishofen-1 (A) (Schlunegger et al. 1997b); Linden-1 (L)
(Maurer et al. 1978); Tschugg-1 (7) and Ruppoldsried-1 (R)
(Schlanke et al. 1978). The restoration of the thrust sheets is
taken from Fig. 4. The Thun-1 section in A and B is a composite
section of the Plateau Molasse (well Thun-1) and the thrusted
Molasse (Préasserebach section of Schlunegger et al. (1996))
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Fig.7 Isopach maps of the
central Swiss Molasse Basin
for the time intervals between J?
A 30 and 25 Ma, B 25 and i
20 Ma, and C 20 and 16.5 Ma
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analysed part of the basin. Of this volume, a minimum
of ~7500+2750 km? of sediment was deposited by the
transverse Rigi-Hohronen and Honegg-Napf palaeo-
rivers. Because a significant amount of sediment of
these palaeorivers bypassed the system in an eastern
direction (Fig.7A, B; Fiichtbauer 1959, 1964), the
resulting sediment supply rate of 1500750 km?/m.y.
represents a minimum estimate. During the next time
slice, between 20 and 16.5 Ma (deposition of OMM;
Kempf et al. 1998), a total of ~23001200 km? of sedi-

ment was deposited in the central Swiss Molasse Basin.
Because determinations of heavy mineral suites of the
OMM sandstones imply a net import of sediment
during this time interval (Fig. 7C; Allen et al. 1985), the
rate at which sediment was supplied to the study area
by the Alpine rivers (Honegg-Napf and local palaeo-
rivers) was a maximum of 650%325km?*m.y. This
implies at least a ~50% reduction in supply rates of
sediment compared with the previous stages of basin
evolution.



Supply rates of sediment to the South Alpine Foreland
Basin

The reconstruction of temporal shifts of supply rates of
sediment to the south is based on the combined infor-
mation about the long-term trend of facies (Fig.5),
sediment accumulation rates and the petrographic
evolution. However, as pointed out by Sinclair (1997), a
careful estimate of temporal variations of supply rates
of sediment requires volumetric data (e.g. see Fig.7)
because of multiple controls on the development of
vertical trends of facies. Therefore, the use of the
simplified one-dimensional methodology in this paper
requires justification:

1. Fan progradation (e.g. Como Conglomerate, Lucino
Conglomerate; Fig. 5) might be the result of slowing
of advance of the wedge and/or a decrease in the
rate of crustal thickening associated with ongoing
erosion in the hinterland. The combination of these
processes results in uplift of the proximal basin
border with respect to the basin axis and a basin-
ward shift of the submarine fans (Flemings and
Jordan 1989; Sinclair et al. 1991; Heller and Paola
1992). However, deposition of the Como and Lucino
Conglomerates occurred at enhanced rates of sedi-
ment accumulation that were considered to result
from crustal loading in the rear of the wedge and in
the Southern Alps (Schmid et al. 1996). Further-
more, conceptual models of crustal loading and
deflection of foreland basins (Turcotte and Schubert
1982; Flemings and Jordan 1989, 1990) indicate that
enhanced rates of crustal thickening cause an
increase in rates of formation accommodation space
(e.g. Bertotti et al. 1998). This implies that deposi-
tion of a coarse-grained facies that is associated with
enhanced rates of sediment accumulation (e.g.
Como Conglomerate, Lucino Conglomerate)
reflects enhanced supply rates of sediment.

Interpreted rate of
sediment supply . .
South Alpine Foreland Basin
high S N
Continuous retreat of ;
submarine fan at continuous
progradation rate of orogenic tip

Short-term fan progradation

Retreat of submarine fan

Progradation of submarine
fan, deposition in canyon
system

Slope or base of slope
depositional environment

1 Conglomerates

Stratigraphy

Ma
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2. The sedimentological trend of the South Alpine
Foreland Basin might be the result of lateral shifts of
the submarine fan axis caused by intrinsic and/or
extrinsic processes. This interpretation is discarded
because the location exhibiting the most proximal
sedimentological facies in both the Como and
Lucino Conglomerates coincides with the area
where the conglomerates reach maximum thick-
nesses (Gunzenhauser 1985). Furthermore, lateral
shifts in the location of the most proximal facies
indicative of the fan axis have not been detected
despite detailed sedimentological studies (Gunzen-
hauser 1985). Finally, the sedimentological trends
outlined in Fig. 5 comprise time intervals of >5m.y.,
suggesting extrinsic controls on facies development
such as, for example, supply rates of sediment and/or
subsidence patterns (Paola et al. 1992). The
combined information implies that significant lateral
shifts in the fan axis caused by intrinsic and/or
extrinsic processes can be discarded.

3. Major volumes of sediment could be ponded within
piggyback basins behind the frontal thrusts of the
Southern Alpine nappes (e.g. Fig.3B) before
entering the South Alpine Foreland Basin.
However, such a scenario results in petrographic
trends that are characterized by a succession of clasts
derived from structurally lower units, followed by a
clast suite that is representative for overlying litho-
tectonic units (inverse unroofing sequence; Colombo
1994). Similar petrographic trends, however, do not
occur in the South Alpine Foreland Basin (Giger
1991). It appears, therefore, that the long-term stra-
tigraphic trend of the South Alpine Foreland Basin,

Fig. 8 Stratigraphy, sedimentology and interpreted evolution of
supply rates of sediment to the foreland basins in the north and
the south
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in combination with information about sediment

accumulation rates, is adequate to reconstruct varia-

tions of sediment supply rates (see also Heller and

Paola 1992).

Figure 8 shows that the stratigraphic evolution of the
South Alpine Foreland Basin adjacent to the Lepontine
core complex reveals close similarities to the Molasse in
the north. In the south, the transition from a predomi-
nantly fine-grained facies to a succession of conglomer-
ates that occurred at ~30 Ma indicates progradation of
a submarine fan. During the same time interval, sedi-
ment accumulation rates increased as a result of
enhanced rates of crustal loading in the rear of the
wedge (backthrusting along the Insubric Line (Giger
1991; Bernoulli et al. 1993; Schmid et al. 1996). This
implies that fan progradation was caused by an increase
in supply rates of sediment (see above and conceptual
models of Heller and Paola 1992). Also at 30 Ma, the
Molasse develops from an underfilled (Flysch deposits)
to an overfilled basin (Molasse deposits) as a result of
an increase in sediment flux (Figs. 4B, 8; Sinclair 1997).
In the north, the presence of a terrestrial facies that
lasted until the Aquitanian/Burdigalian boundary
suggests that the phase of enhanced supply rates of
sediment continued until ~20Ma (see also Fig.7);
however, since the basin started to be underfilled at
that time, supply rates of sediment had to decrease
approximately 1-2 m.y. prior to 20 Ma (see also Schlun-
egger et al. 1997a). Similarly, the presence of massive
coarse-grained conglomerates in the south that were
deposited at a rate of ~250 m/m.y. between 30 and 24/
22 Ma (Bernoulli et al. 1993) are interpreted to reflect
enhanced flux of sediment during this time interval.
Also in the south, approximately 2 m.y. prior to 20 Ma,
the facies start to fine upward, indicating retreat of the
submarine depositional systems. Because average accu-
mulation rates of sediment also decreased to <150 m/
m.y. during the same time interval (Bernoulli et al.
1993), the retreat of depositional systems suggests a
decrease in supply rates of sediment (Fig. 8; e.g. Heller
and Paola 1992).

In the south, between ~ 18 and 16 Ma, deposition of
sandstones and conglomerates occurred at a rate of
~500 m/m.y. This coarse-grained facies is overlain by
sandstone/mudstone alternations that were deposited
at presumably lower sediment accumulation rates
(Fig. 8; Bernoulli et al. 1993). The short-term increase
in sediment accumulation rates and the presence of a
coarse-grained facies as recorded by the Lucino
Conglomerate might reflect initiation of the Lombardic
phase of deformation (Schumacher et al. 1997). This
interpretation is supported by the petrographic compo-
sition of conglomerates that reveal a shift in the clast
suite towards predominance of detritus derived from
the Southern Alpine nappes (Giger 1991). Despite
ongoing thrust front propagation in the Southern
Alpine nappes after 18 Ma (Fig.3B; Schmid et al.
1996), the facies fined upward. This implies that supply
rates of sediment were presumably low after deposition

of the Lucino Conglomerate. Because sediment flux
was reduced prior to and after deposition of the Lucino
Conglomerate, the present author interprets that,
except for the Lucino-Conglomerate time, the
Lombardic phase of deformation did not disturb the
general decrease in average supply rate of sediment to
the basin (Fig.8). In the north, the regression at
~16.5 Ma was interpreted as the result of a ~50%
increase of supply rates of sediment caused by
enhanced exhumation of the Aar massif (Matter 1964;
Fig. 11 C in Schlunegger et al. 1997d). This implies that
after deposition of the OMM, average supply rates of
sediment were <75% of the pre-20-Ma sediment flux
(Fig. 8).

Network of the Alpine drainage basin and erosion rates

Knowledge about temporal shifts of average supply
rates of sediment and the size of the drainage basin
allows estimates of temporal variations of erosion rates
which equals sediment yields or fluxes. Herein the
evolution of the exhumation pattern and the drainage
network of the Alps that was reconstructed by Schlun-
egger et al. (1998) and Schlunegger and Willett (in
press) is discussed combining the information from
sedimentary petrography of the conglomerates, the
cooling history of present-day exposed rocks and the
structural evolution of the Swiss Alps.

According to Mancktelow (1992), Mancktelow and
Grasemann (1993), Schlunegger et al. (1998) and
Schlunegger and Willett (in press), tectonic exhumation
and surface erosion resulted in a decrease in the total
exhumation from 25 km in the rear of the wedge to ca.
10km in the external massifs. Tectonic exhumation
accomplished by slip along the Simplon Fault Zone in
the west (Mancktelow 1992; Steck and Hunziker 1994)
and the Forcola normal fault in the east (Schmid et al.
1996) exposed the crystalline core of the Lepontine
Dome (Fig. 2A), and caused an approximately 50-km-
northward shift in the drainage divide from the area of
the backfold in the rear of the wedge (Fig. 9A, B) to
the region of the Aar massif (Fig. 9C, 9D; Schlunegger
et al. 1998). In the Lepontine Dome, tectonic exhuma-
tion resulted in maximum erosion rates of ~5 km/m.y.
around 20 Ma according to thermal models of cooling
and erosion (Grasemann and Mancktelow 1993;
Schlunegger and Willett, in press).

Besides tectonic exhumation, fluvial processes
modified the topography of the evolving Alps. Three
phases of drainage basin evolution occurred in the
central Swiss Alps between 30 Ma and the present
(Schlunegger et al. 1998). During the first stage, prior
to 20 Ma, transverse drainage systems were present
north and south of the main drainage divide that was
formed by the backfold in the rear of the wedge
(Figs. 9A, B). The distance between the northern and
southern tip of the wedge and the main drainage divide
measured ~140 and ~40 km, respectively.
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During the second stage of drainage basin evolution,
between ~20-15 Ma, the courses of the north Alpine
palaeorivers were deflected around the hinge of the
growing Aar massif (Fig. 9C), and the predominantly
north/south-oriented drainage pattern north of the
main drainage divide changed to the present-day
orogen-parallel dispersion (Rhine and Rhone rivers;
Fig. 9D). Furthermore, as outlined herein, orogen-
parallel oriented slip along the Simplon Fault Zone
resulted in a 50-km northward shift of the main Alpine
drainage divide to the area surrounding the Lepontine
Dome (Fig. 9D). Finally, at ~ 18 Ma, the predominance
of South Alpine clasts in the Gonfolite Lombarda indi-
cates that the area of enhanced exhumation of the
southern Alpine palaeorivers shifted southward
(Fig. 9C). Despite the significant modification in the
configuration of the drainage basins after 20 Ma, the
sum of the size of the Alpine drainage basins remained
nearly constant (Fig. 9C).

At 15 Ma, the present-day Alpine drainage network
(Fig. 9D) was already established. The last stage of

drainage basin evolution, between 15Ma and the
present, is characterized by further downcutting of the
Alps (Schlunegger et al. 1998).

Because the total size of the Alpine drainage basin
remained nearly constant between 30Ma and the
present (see above), temporal shifts in the sum of
supply rates of sediment to the North and to the South
(Fig. 8) are interpreted in terms of temporal changes of
average erosion rates. As outlined herein, average
supply rates of sediment to the adjacent foreland basins
were enhanced between 30 and 22/20 Ma, implying
high Alpine erosion rates during that time interval. 2
millions of years prior to 20 Ma, average supply rates of
sediment to both the North and the South Alpine Fore-
land Basin started to decrease, suggesting initiation of a
phase of reduced Alpine erosion rates. It appears that
enhanced exhumation of the Southern Alpine nappes
between ~18 and 16 Ma, and the increase in exhuma-
tion of the Aar massif after 16 Ma, did not disturb the
overall reduction in Alpine erosion rates (see discus-
sion above).

on
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short period of very rapid tectonic exhumation. In both cases
surface erosion rates are significantly higher between 40 and
20 Ma than after 20 Ma. See Schlunegger and Willett (in press)
for complete presentation and discussion of the model parame-
ters. (Modified after Schlunegger and Willett, in press)



Thermo-chronological evolution of the drainage basin

Schlunegger and Willett (in press) tested the hypothesis
of a decrease in average Alpine erosion rates for the
area of the Lepontine Dome using thermal models of
cooling and erosion. These authors calculated average
erosion rates for the Lepontine Dome based on one-
dimensional simulations of the cooling history of this
area (Fig.10). They simulated the case of surface
erosion using constant erosion rates over long periods
of time (Fig. 10A), and the scenario of tectonic exhu-
mation with a short period of extremely high erosion
rates (Fig. 10B). For the case of surface erosion, the
cooling ages were best fit by early, high erosion rates of
~800-1000 m/m.y. prior to 20 Ma, followed by a period
with significantly lower erosion rates of 300-500 m/m.y.
Tectonic exhumation was modelled applying an erosion
rate of 5000 m/m.y. over a 2-m.y. period from 22 to
20 Ma, thereby simulating the rapid removal of a 10-
km-thick upper plate (Steck and Hunziker 1994). The
results of this model run (Fig. 10B) suggest that even
with the tectonic exhumation, erosion rates were signif-
icantly higher prior to 22 Ma (400-600 m/m.y.) than
after 20 Ma (200-400 m/m.y.).

Discussion

Implications for the evolution of the Alpine drainage
pattern

The evolution of the drainage pattern as presented in
Fig. 9 is a function of the ratio between the rates of
crustal uplift and those of surface erosion. If erosion
rates are higher than crustal uplift rates, a transverse
drainage network develops (Burbank et al. 1996). In
this case, the location of enhanced rates of surface
erosion tends to shift towards the rear of the wedge
that forms the major drainage divide (Willett et al.
1993; Koons 1994; Anderson 1994) irrespective of the
pattern of strain release in the subsurface (Koons
1994). This is the case because the time intervals that
are required for fluvial systems to reach steady state is
much shorter (<100 k.y.; Allen 1997) than those for
lithospheric processes (several million years; e.g.
Jordan et al. 1993; Schmid et al. 1996). Alternatively, if
surface erosion rates are lower than crustal uplift rates,
a surface uplift results which may cause deflection in
the courses of the palaeorivers around the hinges of
growing structures. The resulting drainage pattern
reveals both along- and across-strike orientations of
palaeorivers (Tucker and Slingerland 1996; Burbank et
al. 1997).

According to these theoretical models, the present
author believes that prior to 20 Ma, erosion rates were
higher than or equalled rates of crustal uplift. Indeed,
erosion rates in the Alps were enhanced during the
time interval between 40 and 20 Ma as indicated by
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stratigraphic data from the foreland basins (Fig. 7;
Sinclair 1997) and by thermo-chronological information
from the drainage basin (Fig.10). After 20 Ma,
however, average crustal uplift rates were presumably
higher than erosion rates as indicated by the deviation
in the courses of the Alpine rivers around growing
structures (e.g. the Aar massif).

Implications for Alpine tectonics

Based on coupled erosion-mechanical models for the
evolution of orogens on a crustal scale, Willett et al.
(1993) concluded that the large-scale evolution of orog-
enic wedges is controlled by the vergence of subduction
and erosion rates (Fig. 11). If no erosion occurs on the
surface of the orogen, then the evolving wedge adapts a
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Fig. 11A-C Conceptual model, showing the evolution of an
orogenic wedge as a function of the vergence of subduction and
the location of enhanced surface erosion. Note that the velocity
field and the exhumation path of the lithosphere is a function of
the precipitation pattern. A Orogen with no erosion, B orogen
with enhanced erosion on the pro-wedge side and C orogen with
enhanced erosion on the retro-wedge side. (Modified after Willett
et al. 1993)
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Fig. 12 A Modelled deformation and exhumation of the orogen
after convergence of 4 X H and 8 xH (H is the relative thickness
of the modeled crust, i.e. 25 km for the Alpine case). Eroded mass
is shown by unfilled mesh above the ground surface. See text for
further explanation, and Willett et al. (1993) and Schlunegger
andWillett (in press) for discussion and presentation of the model
parameters. (Modified after Schlunegger and Willett, in press). B
Modelled deformation and exhumation for an orogen that experi-
enced a significant decrease in average erosion rates after conver-
gence of 4H. See Schlunegger and Willett (in press) for presenta-
tion and justification of the model parameters, and text for
further discussion. (Modified after Schlunegger and Willett in
press)

distinct geometry with a low-tapered pro-wedge side
facing the subducting plate, and a high-tapered retro-
wedge side (Fig. 11A). Erosional processes lead to
large-scale removal of mass from the wedge and cause
the lithospheric velocity field to adjust to replace
eroded material with material from within. As a result,
areas that experience high rates of surface erosion have
enhanced exhumation rates. Enhanced erosion on the
pro-wedge side, for instance, results in formation of a
non-deforming retro-wedge against which pro-wedge
material is decoupled and exhumed (Fig.11B). In
contrast, steady-state retro-wedge erosion results in
high rates of crustal deformation and the formation of a
step-up shear zone on the retro-side of the wedge (e.g.
the Insubric Line; Fig. 11C).

Giger (1991) and Schlunegger et al. (1993, 1998)
suggested that prior to 20 Ma the main Alpine drainage
divide was formed by backfolding (Figs. 2A, 9A, 9B)
mechanically linked to backthrusting along the Insubric
Line (Schmid et al. 1996). According to coupled
erosion-mechanical models as outlined herein, the
formation of a drainage divide in this part of the Alps
was controlled by the vergence of subduction (see also

Low High

\

Strain rate

Beaumont et al. 1996; Schlunegger and Willett, in
press).

Prior to 20 Ma, the high ratio between the rates of
surface erosion and those of crustal uplift resulted in a
shift in the area of enhanced erosional exhumation
towards the backfold (see above). This interpretation is
supported by the clast suite of conglomerates from the
NABF that indicate a continuous increase in detritus
derived from the rear of the wedge (Schlunegger et al.
1998). This implies that although lithospheric processes
controlled initial formation of a drainage divide in the
area of the backfold (e.g. Fig. 11A), surface processes
were likely to have enhanced the rates of crustal thick-
ening in the rear of the wedge in order to keep the
wedge in a steady state (e.g. Fig. 11C). Alternatively,
Sinclair (1997) suggested that enhanced rates of surface
erosion in the rear of the wedge were controlled by an
elastic rebound of the Alps surrounding the Insubric
Line due to slab break-off (Davis and von Blancken-
burg 1995). Numerical models by Beaumont et al.
(1996) suggest that isostatic compensation of the crust
after underplating of crustal material beneath the
Adriatic plate might also have resulted in enhanced
rates of surface uplift in the rear of the wedge and in
enhanced rates of surface erosion. At around 20 Ma,
however, average rates of surface erosion and presum-
ably tectonic exhumation (Fig.10B) started to
decrease. At the same time, the ratio between the rates
of crustal uplift and surface erosion increased as indi-
cated by the deflection of the courses of the north
Alpine palaeorivers around the hinges of growing
structures (e.g. the Aar massif; Fig. 9C). This implies
that the rates at which mass was added onto the wedge
by lithospheric processes started to exceed the rates of
erosion, causing the Alpine orogenic wedge to become
supercritical. As a result, the wedge had to lower its
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taper by accretion of material into the toe of the orogen
(Davis et al. 1983; DeCelles and Mitra 1995). It
appears, therefore, that the significant reduction in
average erosion rates at 20 Ma is likely to have
controlled initiation of propagation of the Alpine tip
into the Southern Alpine nappes at ~18 Ma and into
the Jura Mountains between 20 and 15 Ma (Schmid et
al. 1996). In this case, expansion of the tip of the orog-
enic wedge towards the distal forelands was the struc-
tural response of the Alps to the change in the
erosional processes in order to stay at an at-yield
mechanical state. Alternatively, ongoing indentation
between the converging plates might have enhanced
the rates of crustal accretion and initiated a phase of
orogenic growth. In this case, the reconstructed rates of
plate convergence during the Oligocene and Miocene
that are based on preserved volumes of upper crust
should have increased. This was, however, not the situ-
ation for the Alps (Schmid et al. 1996).

Schlunegger and Willett (in press) tested the signifi-
cance of the reduction in average erosion rates on the
structural evolution of a Coulomb wedge (Fig. 1) using
a two-dimensional, coupled erosion-mechanical model.
They related the relative convergence velocity between
the two plates V. to the thickness H of the deformable
crust which measures ~25km (upper crust; Fig. 3).
During the first model run, erosion rates were kept
constant. Convergence of 8xH (i.e. 200km) at
constant erosion rates of ~1km/m.y. resulted in the
formation of an orogen with an asymmetrical surface
pattern of exhumation (Fig. 12A) in response to the
polarity of subduction (see also Fig. 11). Exhumation of
material exposed at the surface of the modelled orogen
(Fig. 12A) increases progressively from the tip to the
rear of the wedge. This is approximately the pattern
observed in the Alps prior to 20 Ma (Fig. 3). However,
because the model has reached a mass-flux steady state
between the rates of mass into and out of the orogen,
continued convergence appears to lead to enhanced
exhumation but not to outward growth of the orogen.
During the second model run, presented in Fig. 12B,
erosion rates were equivalent to those in the model of
Fig. 12A. However, after convergence of 4xH (i.e.
100 km), erosion rates were reduced by a factor of 8
resulting in an average erosion rate of 0.025 V. (i.e.
120 m/m.y.). This appears not to be sufficient to
balance the convergent mass flux, and the orogen
changes from a steady state (Fig. 12A) to a constructive
state of growth during which the peripheral areas of the
orogen are incorporated into the wedge by frontal
accretion (Fig. 12B). This pattern of exhumation and
deformation is consistent with the observations from
the Alps in which a phase of rapid erosion of the
Lepontine Dome was succeeded by a phase of outward
growth of the Alps at low erosion rates (Figs. 3B, 10).

Conclusion

The synthesis of the available stratigraphic and struc-
tural data, coupled with published numerical models of
erosion and lithospheric deformation, suggests that
erosion rates had a great potential to have controlled
the large-scale tectonic evolution of the Alps. Specifi-
cally, it appears that enhanced rates of backthrusting
along the Insubric Line were controlled by high surface
erosion rates prior to 20 Ma. The significant decrease in
average erosion rates at ~20 Ma appears to have been
instrumental in changing the crustal dynamics from a
phase of enhanced exhumation in the rear of the Alps
to a period of crustal growth at reduced exhumation
rates.

Although the available information suggests that
erosion rates were a significant parameter controlling
the evolution of the Swiss Alps, a complete discussion
of the complex interaction between surface erosion and
strain partitioning in the Alps requires a three-dimen-
sional numerical model that couples surface processes
(fluvial erosion of bedrock and colluvium, hillslope
processes, glacial erosion), climate (differential precipi-
tation rates) and lithospheric processes. Such a theore-
tical model, however, is not yet available. Furthermore,
since erosion rates are an important issue for the
Alpine evolution, we also need data for palaeotemper-
ature and palaeoprecipitation for the area surrounding
the central Alps. Finally, more data have to be
collected and synthesized from the South Alpine Fore-
land Basin to better constrain the temporal and spatial
variations of average supply rates of sediment to the
south.
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