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1 | INTRODUCTION

| Hugh D. Sinclair®

Abstract

Changes in sediment flux to continental margins are commonly interpreted in
terms of tectonic growth of topography or climatic change. Here, we show that
variations in sediment yield from orogenic systems, previously considered as re-
sulting from climate change, drainage reorganisation or mantle processes can
be explained by intrinsic mechanisms of mountain belt/foreland basin systems
naturally evolving during post-orogenic decay. Numerical modelling indicates
an increase of sediment flux leaving the orogenic system synchronous with the
cessation of deposition in the foreland basin and the transition from late syn-
to post-orogenesis. Experiments highlight the importance of lithospheric flexure
that causes the post-orogenic isostatic rebound of the foreland basin. Erosion of
the rebounding foreland basin combined with continued sediment flux from the
thrust wedge drives an acceleration in sediment outflux towards continental mar-
gins. Sediment budget records in natural settings such as the Northern Pyrenees
or Western European Alps also indicate accelerated post-orogenic sediment de-
livery to the Bay of Biscay and Rhone Delta respectively. These intrinsic processes
that determine sediment yield to continental margins must be accounted for prior
to consideration of additional external tectonic or climatic controls.
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uplift that sustains steep channel gradients that enable

G WILEY

Sediment yield from mountain ranges is determined by
the geomorphic and climatic characteristics of the system.
Catchment size, topographic relief, the amount and in-
tensity of precipitation and glacial activity dominate sedi-
ment yield from most ranges (Syvitski & Milliman, 2007).
For many settings, these factors are linked to whether
the range is tectonically active; for mountain ranges,
this is typically when crustal thickening drives rock

channel incision and consequent collapse of hillslopes
(Whipple, 2009). It is therefore to be expected that the riv-
ers that carry the maximum sediment load to the oceans
are those that drain the Himalaya such as the Ganga, and
the Amazon sourced in the Andes (Syvitski & Saito, 2007).
On a global scale, the region with the maximum delivery to
the ocean is south-east Asia where most rivers are sourced
in active ranges dominated by the Himalaya (Milliman &
Farnsworth, 2011).
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Over geological time, changes in sediment yield
from mountain ranges are linked directly to rates of
tectonic shortening, thickening and uplift (Sinclair &
Allen, 1992; Tucker & Slingerland, 1996). The transfer
of orogenically derived sediment to the oceans has been
documented using stratigraphic volumes such as on the
Atlantic margin east of the Appalachians (Pazzaglia &
Brandon, 1996) and the Indus Fan fed by the western
Himalaya (Clift, 2006). In these settings, combined cli-
matic and tectonic forcings are considered to control the
flux of sediment to the oceans. In locations such as the
Rhone fan, which is fed by sediment sourced in the west-
ern Alps, sediment volumes have indicated accelerations
in the last few millions of years (Kuhlemann et al., 2002)
during a time when crustal shortening has slowed. These
data from the Alps have been part of a larger database
used to argue for global accelerations to continental mar-
gins linked to increased erosive capacity for the climate in
late Cenozoic times (Molnar, 2004; Peizhen et al., 2001).

Whether changes in sediment yield due to climatic or
tectonic forcings are preserved in the oceanic records of
sediment accumulation depends largely on the rates of
generation of accommodation through subsidence in the
foreland basin (Allen et al., 2013). In this respect, foreland
basins act to buffer the link between the mountains and
the oceans. During the early stages of mountain growth,
flexural subsidence generates more than enough space to
accommodate the sediment flux from the range, and so
deep-water, ‘underfilled’ conditions dominate in the fore-
land basin as the orogenically sourced material is trapped
in the surrounding troughs. Taiwan (Covey, 1986) and
the Eocene and Oligocene history of the North Alpine
Foreland Basin (Allen et al., 1991; Sinclair, 1997) are clas-
sic examples of underfilled foreland basins.

As mountain ranges and their river catchments ex-
pand, so foreland basins become increasingly filled with
continental sediments, and river systems flow transverse
across the basin (Allen et al., 2013). At this stage, the pro-
portion of orogenically derived sediment that is trapped
in the foreland basin determines the flux available to be
delivered to continental margins. In the Himalaya, it is
thought that only ca. 10% of the total sediment gener-
ated in the mountains is trapped in the Gangetic Plains,
with the rest being delivered to the Brahmaputra delta
(Lupker et al., 2011). Other studies have used cosmo-
genically induced nuclides such as '°Be to demonstrate
rapid bypass of sediment across filled foreland basins
such as the Po Basin to the south of the European Alps
with little evidence of storage (Wittmann et al., 2016).
Similar approaches from the Amazon river using paired
**Al and '"Be indicate rapid transport of Andean-derived
fine sediments with no evidence of storage mixed with

Highlights

 Sediment budget records a cessation of deposi-
tion in the foreland basin and acceleration in
distal depocentres.

« Numerical modelling shows a signal of sedi-
ment flux increased leaving the system at the
post-orogenic transition.

« Experiments highlight an optimal erodibility
ratio between the range and basin and elastic
thickness for the signal.

« First-order control for accelerated sediment
flux can be linked to intrinsic processes of an
orogenic system.

coarser floodplain sediments that may have been stored
since Miocene times (Wittmann et al., 2011). The record
of slow recycling for several millions of years for coarser
sediment across the Great Plains of Nebraska has also
been recorded using the stable cosmogenic nuclide *'Ne
(Sinclair et al., 2019). As sediment bypass across foreland
basins increases, the connectivity between the mountain
range and the oceans also increases, and so tectonic and
climatic forcings in the mountain range should be directly
recorded in the stratigraphic successions of oceanic sinks;
in this scenario, the system is highly reactive as opposed to
buffered (Allen, 2008).

In a highly reactive system, it is reasonable to expect
that as rates of orogenesis decrease, the sediment flux
to the nearby oceans would also decrease. Tucker and
van der Beek (2013) introduced a box model to explore
the interaction of a coupled mountain range and fore-
land basin evolving towards post-orogenic decay. They
found that the natural state of a decaying system is
that the foreland basin undergoes isostatic rock uplift
and net erosion which should add to the total sediment
accumulation observed in distal depocentres. Bernard
et al. (2021) used the same model to explore sediment
dispersal from the Pyrenees during the syn- to post-
orogenic transition and suggested that sediment flux
out of the thrust wedge/foreland basin system may in-
crease at the time at which orogenesis stops. Their anal-
ysis indicated that this was caused by the cessation of
foreland basin subsidence at a time when the orogenic
topography was still generating high sediment yield;
the lack of any mechanism to trap the sediment in the
basin resulted in accelerated efflux out of the moun-
tain range/foreland basin system. Such mechanisms
may explain signals of high sediment flux where the
lack of evidence of accelerated tectonic forcing has led
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researchers to the conclusion that climate must be the
control (Molnar, 2004; Peizhen et al., 2001). Here, we
test this hypothesis of changing sediment yield from
mountain belt/foreland basin systems to continental
margins during the syn- to post-orogenic transition. We
firstly evaluate the evidence from the Pyrenees and the
European Alps, both of which have a detailed struc-
tural record for the slowing and/or cessation of crustal
thickening and a detailed account of changing offshore
sediment volumes during the syn- to post-orogenic tran-
sition. We then use the coupled tectonic/surface process
model Fastscape (Braun & Willett, 2013) to explore the
links between changing orogenic erosion rates, flexural
subsidence and the external flux to continental margins.
Our approach is to balance between a simplification of
the model and a reasonable representation of a moun-
tain range and foreland basin system. The main purpose
is to understand the main model outputs while approx-
imating the first-order characteristics of the physical
processes that govern the system.

For clarity, we define the transition from syn- to post-
orogenesis in terms of the topography resulting from
the balance between the growth of the range through
accretion and crustal thickening versus the erosional
efflux to neighbouring basins. This definition equates
to the previous terminology used by Jamieson and
Beaumont (1988) and Willett and Brandon (2002) where
syn-orogenesis corresponds to the ‘constructive phase’
of a mountain range, whereas post-orogenesis corre-
sponds to the ‘destructive phase’ of the range. While this
definition is focused on the topography of the range,
the implications for the foreland basin through flex-
ure of the underlying lithosphere are well understood
(Beaumont, 1981; Flemings & Jordan, 1989; Sinclair
et al., 1991). Additional processes such as mantle dy-
namics (e.g. Faccenna et al., 2014) or additional slab
loads (e.g. Royden & Karner, 1984) may influence these
systems but are independent of the coupling between
topography and flexure; their potential influence is dis-
cussed for the two case studies.

2 | SEDIMENT ACCUMULATION
IN POST-OROGENIC SYSTEMS

Our hypothesis implies the need for accurate records
through times of both sediment accumulation in the
depositional basins (i.e. foreland basin and surrounding
continental margins) and tectonics, in an orogenic system
that has evolved under post-orogenic conditions. In the
following sections, we analyse two case studies where the
syn- to post-orogenic histories are well documented from
the Western European Alps and The Northern Pyrenees.

2.1 | The Western European Alps

The European Alps are a doubly vergent orogen resulting
from the continental collision between the European Plate
and Adriatic microplate. The main phase of crustal thick-
ening of the Alpine thrust wedge occurred between 40
and 17 Ma (Pfiffner, 1986; Schmid et al., 2004). Shortening
across the Western Alps continued until at least 5 Ma
based on deformation in the Jura and Sub-Alpine Molasse
(von Hagke et al., 2014), although Madritsch et al. (2010)
also indicate post-Pleistocene tilting of terraces in the Jura
that they relate to ongoing compression. GPS data indi-
cate that the western Alps are now experiencing weak
extension (Nocquet & Calais, 2003; Sue et al., 2007). Late
Miocene to Pliocene slowdown in shortening was associ-
ated with some local accelerations in the relative uplift of
some of the external massifs indicating that the range was
in a state of net contraction (Willett et al., 2006).

Erosion rates averaged over the last few thousands
of years using detrital '°Be cosmogenic nuclide concen-
trations indicate a close correlation with regions of high
topography and high rock uplift that may be linked to post-
glacial rebound and/or accelerated erosion and rock uplift
(Wittmann et al., 2007). Sternai et al. (2019) conclude that
post-glacial rebound only accounts for approximately 50%
of the present rock uplift and that there has to be a large
component linked to sub-lithospheric mantle flow. This is
also supported by catchment-wide comparisons of detrital
1%Be-derived erosion rates and rock uplift from GPS data
across the western Alps (Delunel et al., 2020).

The formation of the North Alpine Foreland Basin
(NAFB) during Oligocene and Miocene times results
from the flexure of the European continental litho-
sphere driven by the growth of the Alps (Figure 1). The
stratigraphic evolution of the NAFB follows a classical
foreland basin succession and comprises two large-
scale regressive shallowing- and coarsening-upward
megacycles (Homewood et al., 1986; Kuhlemann &
Kempf, 2002). Traditionally, the NAFB is divided into
four depositional groups: the Lower Marine Molasse
and Lower Freshwater Molasse groups that constitute
the first megacycle; the Upper Marine Molasse and
Upper Freshwater Molasse which constitute the second
megacycle. However, the earliest foreland basin fill also
includes the North Helvetic Flysch that extended the
marine history of the basin from at least 42 Ma to 29 Ma.
The Lower Freshwater Molasse (29-22Ma) record the
filling of the basin with the development of large al-
luvial fans up to 3 km thick that flowed transverse to
the mountain front, but then deflected to an easterly
axial flow in their distal parts (Schlunegger et al., 1997).
The Upper Marine Molasse marks a return to shallow
marine conditions with a tidal seaway linking to the
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FIGURE 1 Source to sink system of the Western European Alps. (a) Sediment budget in the North Alpine Foreland Basin (NAFB) and
Rhone Delta since 15Ma from Kuhlemann et al. (2001). Yellow and blue squares indicate the rate of sediment accumulation for the North
Alpine Foreland Basin and the Rhone Delta depocentres respectively. Red-shaded bar corresponds to the estimated timing of the post-
orogenic transition. (b) Geographic map of the fluvial network of the Western Alps. Blue lines correspond to the main rivers. The red line
corresponds to the main drainage divide of the European Alps. (c) Elevation map of the Western European Alps and southern NAFB draped
on a hillshade map. Both maps are from the SRTM digital elevation model with a resolution of 30 m (https://earthexplorer.usgs.gov/). HN,
Honegg-Napf fan; RH, Rigi-Hohronen fan; SKH, Speer-Kronberg-Hornli fan.

Mediterranean along the present Rhone valley (Martel
et al., 1994). The Upper Freshwater Molasse records a
filling of the basin around 16 Ma with alluvial fans that
feed a system that flowed southwestward (Kuhlemann
& Kempf, 2002). Between approximately 11 and 5 Ma,
the North Alpine Foreland Basin of Switzerland ceased
being a site of sediment accumulation and switched to
being actively eroded as recorded by thermochronolog-
ical data from wells in the basin that record active ex-
humation of the basin starting around 5 Ma (Cederbom
et al., 2004, 2011). Some of the erosion of the fore-
land basin is likely to have also been associated with
drainage reorganisation (Schlunegger & Mosar, 2011;
Winterberg & Willett, 2019). The modern topography of
the ‘Molasse Basin’ is incised and erosive as shown by
channel incisions along paleo-fans (i.e. Honegg-Napf,
Rigi-Hohronen fan and Speer-Kronberg-Hornli fans)
(Figure 1c).

Based on extensive sediment volume measurements,
Kuhlemann et al. (2001) demonstrate that sediment

accumulation rates during orogenesis remained fairly
steady (Figure 1a) with variations determined by processes
such as slab break-off driving the underfilled to filled tran-
sition (Sinclair, 1997) and underplating driving the acceler-
ated exhumation of the external Massifs. Post-orogenesis
forced the isostatic rebound and exhumation of the NAFB
(see above). In contrast, the sediment accumulation in
the more distal depocentres such as the Po Basin, Rhone
Delta and the North Sea experienced an accelerated influx
of sediment from around 5 Ma (Figure 1a) (Kuhlemann
et al., 2001). Although the use of sediment volume data in
this way has been challenged based on the increased preser-
vation bias towards younger successions in the stratigraphic
record (Sadler, 1981; Willenbring & Jerolmack, 2016). Given
the post-orogenic context of this accelerated sediment
flux, it has been widely interpreted as a result of changes
to the erosional capacity of the late Cenozoic climate sys-
tems (Cederbom et al.,, 2004; Kuhlemann et al., 2001;
Molnar, 2004; Willett, 2010) or to slab detachment and sur-
face uplift (Baran et al., 2014; Fox et al., 2015).

85UB017 SUOWILLIOD BAIFeR1D 3|l idde 8Ly Ag pausenob afe 9 VO ‘8SN 4O S3INI Joj ARIq1T 8UIIUO AB]1/M UO (SUOIPUOD-PUR-SWLSHWOD" &S| 1M ARe.q)1BU1|UO//SANY) SUORIPUOD PUe SWie L 8L} 88S *[¢202/TT/80] U0 AigTauliuO A8|IM ‘T SeUusy 8Q 81SBAIUN AQ £2/2T'210/TTTT 0T/I0p/Woo 3| im Afeiq Ut |uo//Sdny Woly papeojumoq ‘0 ‘L TTZG9ET


https://earthexplorer.usgs.gov/

BERNARD AND SINCLAIR . : 5
= Soer WiLEY-H
2.2 | The Northern Pyrenees became predominantly continental in the eastern basin

The Pyrenean mountain belt is a doubly vergent colli-
sional orogen which results from convergence between
the Iberian microplate and the European plate from late
Cretaceous time (i.e. 84Ma) to early Miocene time (i.e.
ca. 20Ma) (Roest & Srivastava, 1991). The main phase
of convergence and development of the Pyrenean thrust
wedges occurred during the Eocene and Early Oligocene
while the cessation of convergence has been dated at
around Late Oligocene to early Miocene time. The dat-
ing of the transition to post-orogenesis is based on a range
of data. Cooling records from different isotopic systems
in the Central Pyrenees (Fitzgerald et al., 1999; Gibson
et al., 2007; Morris et al., 1998; Sinclair et al., 2005) sug-
gest that exhumation slowed down significantly after
30-25Ma with the latest cooling in the Barruera massif
located in the southern pro-wedge (Gibson et al., 2007;
Sinclair et al., 2005). Young cooling ages record local late
exhumation in the Pyrenees (Fillon et al., 2021; Gibson
et al., 2007; Jolivet et al., 2007). The end of deformation
determined by magnetostratigraphy on growth strata at-
tached to the front of the Pyrenean thrust belt occurred
during the upper Oligocene time around 25Ma (Meigs
et al., 1996). Using an inverse modelling of the flexural
subsidence through time of the Pyrenean foreland basins,
Curry et al. (Curry et al., 2019) inferred the topographic
evolution of the Pyrenees and estimated maximum to-
pography during Oligocene time followed by minor topo-
graphic decay during the Miocene.

The Aquitaine Basin represents the retro-foreland
basin of the Pyrenees that records the flexural response
to topographic and subsurface loads (Brunet, 1986;
Desegaulx et al., 1990; Rougier et al., 2016) (Figure 2).
As is typical of retro-foreland basins, the Aquitaine
Basin preserves the full stratigraphic record of the
Pyrenean growth (Naylor & Sinclair, 2008). The pre-
orogenic stratigraphy starts with red sandstones, evap-
orites and shallow marine deposits deposited during
Triassic rifting (Rougier et al., 2016). Sedimentation
during Jurassic and Cretaceous times was dominated by
marine carbonate, marl and dolomite deposition (Biteau
et al., 2006). During the principal rifting phase from
Aptian to early Cenomanian, sedimentation comprised
deep marine clastics (Black Flysch group) and rim car-
bonates (Pierrelys group) (Debroas, 1990). Syn-orogenic
sedimentation start during the Upper Cretaceous and
Palaeocene periods and accumulated mainly under ma-
rine conditions with deposition of the Grey and Black
Flysch, Petite Pyrenees, Aude Valley, Coustouge and
Rieuback Groups (Ford et al., 2016; Rougier et al., 2016).
During the Late Ypresian time, sedimentation

(Bourrouilh et al., 1995; Ford et al., 2016). The marine-
continental transition migrates westward with the
deposition of the Upper and Lower Carcassonne Group
during Oligocene and Early Miocene times. As a part of
this process, Aquitanian and lower Burdigalian stratigra-
phy (ca. 23-19 Ma) records an unconformity associated
with sediment bypass to the east; this is overlain by a
few 100 m of upper Burdigalian to Quaternary proximal
alluvial fan, braided fluvial and shallow marine deposits
(Gardére et al., 2002; Ortiz et al., 2020). Conglomeratic
deposits of the post-orogenic upper Carcassone Group
dated at ca. 12Ma drape the margins of the north
Pyrenean thrust wedge up to elevations of ca. 600 m
(Bernard et al., 2021). These deposits correspond to the
development of large alluvial fans that draped the syn-
orogenic structures of the North Pyrenean thrust wedges
(Figure 2c). They represent a period of accumulation of
post-orogenic continental sediment driven by a reduc-
tion in accommodation space related to the slowdown
of subsidence in the basin. Proximal parts of the Adour,
Lannemezan and Salat fans are located at high eleva-
tions (e.g. ca. 400-600m). The modern morphology of
the Aquitaine basin is dominated by erosion highlighted
by channel incisions along the fans and up to the moun-
tain front (Figure 2c).

The volume of sediment preserved during the
Cenozoic period has been determined by Sinclair
et al. (2005) from several wells in the Aquitaine Basin.
Sedimentation rates were high (0.05mm/year) during
the Palaeocene-Lower Eocene and Upper Eocene pe-
riods. From Oligocene to Miocene times, sediment ac-
cumulation rates in the Aquitaine Basin decreased to
around 0.02 mm/year. However, the data set used in this
study could not differentiate the Oligocene and Miocene
periods, that is the late syn- to post-orogenic transition.
In a more recent study, Ortiz et al. (2020) combined seis-
mic lines and deep good data from the Aquitaine Basin
and the deep Bay of Biscay in order to produce isopach
maps for different periods of times. Sediment accumu-
lation in the Aquitaine foreland basin is active during
the syn-orogenic period of the Pyrenees (i.e. ca. 66—ca.
23 Ma) with slightly more important deposition during
the Oligocene period (Figure 2a) (Ortiz et al., 2022). The
Oligocene-Miocene transition (i.e. 23 Ma) is marked by
a drastic reduction in sedimentation rate in the foreland
basin. Since Miocene time, the basin records very lim-
ited amount of sediment deposition. Sediment accumu-
lation in the Bay of Biscay remains very low during the
Palaeocene and Eocene periods (Figure 2a). Two phases
of acceleration in sediment accumulation are recorded
around Oligocene time and late Miocene time.
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FIGURE 2 Source to sink system of the northern Pyrenees. (a) Sediment budget in the Aquitaine Basin and Bay of Biscay during
Cenozoic time from Ortiz et al. (2022)). Yellow and blue squares indicate the rate of sediment accumulation for the Aquitaine Basin and the

Bay of Biscay depocentres respectively. Red-shaded bar corresponds to the estimated timing for the post-orogenic transition. (b) Geographic

map of the Pyrenees, Aquitaine Basin and Bay of Biscay system. Blue lines correspond to the main rivers. The red line corresponds to the

drainage divide of the Pyrenees. A black dash rectangle indicates the location of the hillshade map. (c) Elevation map of the central northern

Pyrenees and Aquitaine Basin draped on a hillshade map. Both maps are from the SRTM digital elevation model with a resolution of 30m
(https://earthexplorer.usgs.gov/). NPFT, North Pyrenean Frontal Thrust.

3 | METHODS

3.1 | Model algorithm

We have shown that for both the Western European Alps
and the Northern Pyrenees, there appears to have been a
first-order trend between the timing of post-orogenesis,
the cessation of sediment deposition in foreland basins
and the acceleration of sediment discharge to distal de-
pocentres. Here, we explore the link between crustal
thickening, topographic growth, foreland basin flexure
and sediment flux in order to evaluate the impact on sedi-
ment dispersal during the onset of post-orogenic decay of
a mountain belt/foreland basin system. Our orogenic sys-
tem (i.e. mountain range and foreland basin) is modelled
using the two-dimensional landscape evolution model
Fastscape (Braun & Willett, 2013), available through the
Xarray-Simlab package (Bovy, 2020). We take full advan-
tage of model equations that simulate erosion, transport

and deposition in both continental and marine domains
(Yuan, Braun, Guerit, Simon et al., 2019). Continental ero-
sion is controlled by river channel incision and hillslope
processes with the stream power model and linear diffu-
sion law respectively:

E=K;A"S" + K, V?h, (1)

where E is erosion rate (m/year), A is drainage area (m?),
S is the slope and is dimensionless, m and n are area and
slope exponents respectively, h is the elevation (m), K¢ is the
erodibility coefficient (m'~*™/year) and K, is a transport co-
efficient (m*/year). Transport and sediment deposition in
the continental domain are included in the model with the
following condition:

G dh
p=3](v-)e ®
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where D is the deposition rate (m/year) and G is a coef-
ficient for deposition. The coefficient for deposition (G)
is related to the size of sediment and the settling veloc-
ity by the mathematical formula G = d*v, /p,, where d*
is the ratio between the sediment concentration near the
riverbed interface and the average concentration over the
water column, v, is the net settling velocity of sediment
grains and p, is the mean precipitation. In this model, the
stream power law formulation works with fluxes, there-
fore, we do not consider the effect of grain size (Yuan,
Braun, Guerit, Rouby et al., 2019). In the marine domain,
sediment transport and deposition are simulated through
a diffusion equation:

% —K,Vh+Q, 3)

where ¢t is time (year), K,, is the marine sediment transport
coefficient (mz/year) and Q, is the sediment flux (m/year)
coming from the continental part of the model.

The Fastscape model also incorporates flexural isostasy
and considers any change in surface topography as a load
proportional to surface density on a thin continuous elas-
tic plate of uniform properties (Braun et al., 2014). The
surface deflection added to the surface topography is ob-
tained with a spectral method by solving the bi-harmonic
equation:

D(com + 2wy, + wyyyy) = (pa - ps)a) + psg(h - ho) 4)

with
3
po_Ymle )
12(1-v2)

where  is the deflection, p, is the density (kg/m’) of the
underlying asthenosphere, p, is the density (kg/m?) of the
material being eroded, g is the gravitational acceleration (m/
sz), h, and h correspond to the initial elevation and the ele-
vation (m) (i.e. modified after erosion, uplift or deposition)
respectively, Y, is the young modulus, T, is the effective
elastic thickness (m) and v is the Poisson’s ratio. D defines
the flexural rigidity of the plate and hence the wavelength of
flexure. Boundaries in the model can be defined with differ-
ent conditions: (1) open boundary, (2) close boundary and
(3) periodic boundary.

3.2 | Model setup

The model comprises a total area of 400 km in length and
400km in width with a horizontal and vertical number of
grid nodes of 200 in order to keep a uniform spatial reso-
lution of 2 km (Figures 3a and 4a). The model comprises
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FIGURE 3 Model configuration simulating an orogenic
system. (a) Planar view of the model with dimensions of the
different areas and the boundary conditions. (b) Cross-section view
of the model highlighting dynamics of the model. Note that during
post-orogenesis, uplift is no longer active and the basin flexure
evolves under rebound condition (i.e. green arrow is therefore
reversed) as the range topography decrease.

two distinct (Figures 3b and 4c) areas that correspond to
(1) the mountain range on the right of the model with
a width of 100km and (2) the foreland basin on the left
side of the model with a width of 300 km. Model areas are
initialised at the beginning of the experiment and cannot
change through time. The boundary between these model
domains is vertical and approximates the deformation
front.

The model evolves over a duration of 140 Myr with a
time resolution of 5x10* years, giving a total number of
2800 timesteps. An uplift rate of 1.5mm/year is imposed
on the mountain range from the start of the simulation to
120 Myr (i.e. from 0 to 120 Myr, the system evolves under
syn-orogenic conditions). From 120 Myr to the end of the
simulation, the uplift rate is set to 0mm/year (i.e. from
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FIGURE 4 Topography of the numerical model at 127Ma (timing for the maximum mean elevation of the foreland basin during post-
orogenesis. (a) Topography of the foreland basin and range. (b) Transversal swath profile of the proximal part of the foreland basin showing
the mean elevation (dark blue line) and the 5th and 95th percentile (light blue lines). (c) Longitudinal swath profile of the foreland basin and
range showing the mean elevation (dark blue line) and the 5th and 95th percentile (light blue lines).

140 to 120 Myr, the system evolves under post-orogenic
conditions).

We initially set a base model and then explored the
sensitivity to variations in these values. We set a spatially
uniform erodibility coefficient of 1 x107° in the mountain
range area. Although erodibility should highlight some
variability related to different lithologies, our range coeffi-
cient is in the range of values deduced for rocks found in
mountain ranges (Gallen, 2018; Zondervan et al., 2020).
We choose an erodibility coefficient of 5x107° in the fore-
land basin in order to replicate weaker rocks compare to
the mountain range. We define a deposition coefficient of
1 asitisin good agreement with estimates from the natural
sedimentary system (Guerit et al., 2019). The area (m) and
slope (n) exponents are 0.44 and 1.0, respectively, and give
a concavity index (0) of 0.44 which falls within the range
of concavities (i.e. 0.35-0.6) found by studies that have an-
alysed the relationship between drainage area and local
slope (Kirby & Whipple, 2012; Whipple & Tucker, 1999).

The mountain range and foreland basin are coupled by
flexure with an asthenosphere and lithosphere density of
3300 and 2700kgm’, respectively, and a lithosphere elas-
tic thickness of 22km based on values for young Tethyan

mountain ranges such as the Pyrenees and Alps (Karner
& Watts, 1983; Rougier et al., 2016). Young modulus and
Poisson’s ratio properties are set by default to 1x 10" and
0.25 respectively. The left boundary of the model is set as
open and allows sediment flux to leave the system (i.e. the
foreland basin). The right boundary status is closed and
should correspond to the drainage divide of the thrust
wedge. Top and lower boundaries are periodic in order to
simulate a continuous orogenic system. The parameters of
the model are presented in Table 1.

4 | RESULTS

4.1 | Orogenic development

The topographic evolution of the mountain range is char-
acterised by an increase of the mean elevation during the
simulated syn-orogenic period (i.e. 0-120 Myr when up-
lift is active) (Figure 5a). Elevation changes of the range
become progressively limited through the syn-orogenic
period as the system reaches steady-state conditions (i.e.
erosion counteracts uplift). At the end of syn-orogenesis,
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the mean elevation of the range reaches about 2 km with
maximum elevations at ca. 4.5 km. During the post-
orogenic period (i.e. 120-140 Myr when uplift is no longer

TABLE 1 Parameters for the simulation

Notation Definition Values  Unit

X Horizontal dimension 400 km

y Horizontal dimension 400 km

Ax Cell size 2 km

Ay Cell size 2 km

t Time 140 Myr

At Incremental time 5%10* yr

U Uplift rate 1.5 mm/yr

K, Range erodibility 1x107° m"*™/yr
coefficient

K, Basin erodibility 5x107°  m'"*™/yr
coefficient

G Deposition coefficient 1 -

Area exponent 0.44 -

n Slope exponent 1 -

Pa Asthenosphere density 3300 kg/m?

P Lithosphere density 2700 kg/m?

T, Lithosphere elastic 22 km
thickness

Y, Young modulus 1x10" =

v Poisson's ratio 0.25 -

Syn-Orogenic

= Soee WiLEY-
active), the topography of the range decreases through
time with an inverse exponential shape (Figure 5).

The foreland basin shows a more complex topographic
evolution through its lifecycle (Figure 5b). Mean eleva-
tion remains negative during the early part of the syn-
orogenic period simulating the initial underfilled stage of
foreland basin development (e.g. Covey, 1986). At about
15 Myr, mean elevations become positive and increase
through time as the basin fills. Similar to the topography
of the mountain range, the rate of increase of the fore-
land basin mean elevation decreases towards the end of
syn-orogenesis as the system reaches a near steady-state
topographic condition. The transition to post-orogenesis
is characterised in the foreland basin by an increase in the
basin's elevation (Figure 5b,d). The basin's mean elevation
reaches a maximum of about 50-70m at around 127 Myr
in the experiment; that is ca. 7 million years after cessa-
tion of tectonically driven rock uplift in the thrust wedge.
Following the general increase, the mean elevation of the
basin shows a continued and limited decrease until the
end of the simulation.

The topographic long profile of the foreland basin high-
lights the increase in elevation following the post-orogenic
transition (Figure 6). Elevation change is particularly no-
ticeable in the proximal part of the basin (Figure 6a-c)
from 120 to 124 Myr. Maximum elevations observed at the
mountain front go from ca. 190 m at 120 Myr to ca. 265 m at
128 Myr with the formation of important fans (Figure 4a).
As observed in the mean elevation of the basin (Figure 5b),

Late Syn- Post-
Orogenic Orogenic
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FIGURE 5 Topographic evolution of a simulated orogenic system. (a) Elevation of the mountain range. The dark red line corresponds

to the mean elevation. Light red lines correspond to the maximum and minimum elevations. (b) Close-up of syn- to post-orogenic transition

(c) elevation of the foreland basin. The dark blue line corresponds to the

mean elevation. Light blue lines correspond to the maximum and

minimum elevation. Dash black lines correspond to the syn- to post-orogenic transition. (d) Close-up of syn- to post-orogenic transition.
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FIGURE 6 Longitudinal profile of the average surface elevation (blue) and flexural basement (red) along the foreland basin at different
time steps of post-orogenesis (i.e. 120, 124, 128, 132, 136 and 140 Myr). Dark blue and light blue lines correspond to the mean and 1o
uncertainties of the foreland basin elevation respectively. Dark red and light red lines correspond to the mean and 1o uncertainties of the

foreland basin basement respectively. Basin flexure decreases through time, and basin elevation increases from 120 to 128 Myr (a, b and c)

and decreases from 128 to 140 Myr (d, e and f).

elevation along the basin long profile decreases after 128
Myr. Compared to the early post-orogenic increase, the
topographic decay is relatively limited with elevations
going from ca. 290m to ca. 205m at the end of the simu-
lation. The long profile of basement flexure beneath the
foreland basin during the post-orogenic period is char-
acterised by a general reduction in depth. The depth of
the flexed basement at the front range decreases from ca.
2.75km at 120 Myr to ca. 1.8 km at 60 Myr as the flexural
profile rebounds upward (Figure 6a,f). The morphology
of the modelled foreland basin during the post-orogenic
phase (Figure 4a) presents important similarity with the
modern Aquitaine and ‘molasse’ basin (Figures 1c and 2c)
with the development of fans at high elevation in the prox-
imal part of the basin (Figure 4b) and channel incision all
along the basin. To sum up the post-orogenic topographic
evolution, the mountain range is characterised by a long-
term decay and the foreland basin initially increases in el-
evation followed by a decrease while the entire system is
subject to rebound of the flexural basement.

Following the syn- to post-orogenic transition, the fore-
land basin still evolves under a combination of erosion
and deposition fluctuating through time (Figure 7a-d).
The proximal part of the basin progressively switches from
being dominated by deposition to erosion characterised by
channel incision near the mountain front (Figure 7e-1).
This process change is synchronous with the flexural re-
bound occurring mainly in the proximal part of the basin
as observed from the flexure long profile record (Figure 6).
After about 128 Myr, deposition becomes very limited
and the entire basin evolves under erosional conditions

(Figure 8e-1). The dynamics of the mountain range and
foreland basin control the amount of sediment leaving the
system (Figure 9). During syn-orogenesis, sediment flux
leaving the system starts around 20 Myr when the fore-
land basin becomes filled and starts to bypass, and this
then increases through time proportional to the range el-
evation. An important increase in sediment outflux from
the mountain range/foreland basin system is observed
at the transition to post-orogenesis, associated with the
switch from deposition to erosion in the foreland basin
(Figure 6). The sediment outflux increases from ca. 10 to
ca. 12x10® km?/Myr and lasts until about 126 Myr and
is followed by a steady decrease (Figure 9). This 20% in-
crease in the sediment outflux will be transferred to the
next downstream depocentre, which in most instances is
the continental margin.

4.2 | Sensitivity analyses

The increase of sediment flux leaving the foreland basin
at the post-orogenic transition is dependent on a range of
model parameters. First, we test the initial rock uplift rate.
Second, we test the erodibility coefficient ratio: K / K,,,,
where K} is the erodibility coefficient of the basin and K,
is the erodibility coefficient of the range. Finally, we test
the effect of the lithosphere elastic thickness. By default,
we use values cited in the model setup section (i.e. uplift
rate: 1.5mm/year, basin erodibility: 5x107°, range erod-
ibility: 1x107° and elastic thickness: 22km) as a refer-
ence model. Here, we focus on the absolute increase in
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FIGURE 7 Pattern of erosion and deposition in the foreland basin at different time steps during post-orogenesis (i.e. 120.0, 120.8, 121.6,

122.4,123.2 and 124 Myr). Each image represents the cumulative erosion and deposition over the 50,000-year time interval. Blue and red

colours indicate the area of deposition and erosion respectively. (a, c, e, g, i and k) Transversal mean erosion or deposition along the foreland

basin. (b, d, f, h, j and 1) Plan view of the foreland basin. The left and right borders represent the surrounding continental margin and the

mountain front respectively. During early post-orogenesis (a-d), the basin is dominated by a mix between erosion and deposition. Through

the simulation, the proximal part of the basin switches towards domination of erosion (e-1).
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FIGURE 8 Pattern of erosion and deposition in the foreland basin at different time steps during post-orogenesis (i.e. 120, 124, 128, 132,

136 and 140 Myr). Each image represents the cumulative erosion and deposition over the 50,000-year time interval. Blue and red colours

indicate area of deposition and erosion respectively. (a, c, e, g, i and k) Transversal erosion or deposition averaged north-south along the

foreland basin. (b, d, f, h, j and 1) Plan view of the foreland basin. The left and right borders of the view correspond to the limits of the

foreland basin with the surrounding continental margin and with the mountain front respectively. During early post-orogenesis (a-d), the

foreland basin evolves mainly a mix of erosion and deposition conditions. In contrast, during late post-orogenesis (e-1), the foreland basin

evolves mainly under erosion conditions. Note the channel incision into the proximal uplifting foreland basin.
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sediment outflux following the post-orogenic transition
(Figure 10). The absolute increase corresponds to the dif-
ference between the sediment flux measured at 120Ma
and the maximum sediment flux measured during the
post-orogenic period.

4.2.1 | Rock uplift rate

Sensitivity to the initial rock uplift rate in the range shows
that there is a linear relationship between this parameter
and the increase of sediment outflux following the post-
orogenic transition (Figure 10a). For higher rock uplift
rates, the increase in sediment outflux is proportionally
greater. A higher rock uplift rate implies more growth of
the range and, therefore, higher flexure of the lithosphere.
Consequently, when uplift ceases and the topography of the
range is reduced, the degree of isostatic rebound in the fore-
land basin is also proportionally more important. Higher
rebound is recorded by the basin surface uplift and ero-
sion rates leading to higher increases of sediment outflux
(Figure 10a). Because of the stream power model, it is im-
portant to note the relationship between the uplift (U) and
the erodibility (K,,,) which affect the range. There is a scal-
ing between the uplift and the range erodibility meaning
that an increase in the range erodibility can compensate for
an increase in the uplift. Therefore, the result of this section
can also be applied to any change in the range erodibility.

4.2.2 | Erodibility coefficient ratio (K, /K,,)

This parameter controls the efficiency of erosion between
the basin and range. Erodibility (i.e. K; in the stream
power law) refers to the efficiency of erosion and should
reflect variation in lithology or climate (i.e. higher erod-
ibility means weaker rock types or higher precipitation). A

Syn-Orogenic

Research ’g e _Wl L.E‘.YJ_13
negative ratio means that erodibility is higher in the range
than in the basin and vice versa. The erodibility ratio has
to be larger than or equal to 3 in order to observe a nota-
ble increase in sediment flux following the post-orogenic
transition (Figure 10b). For a basin with a low erodibility
(i.e. lower erodibility ratio), erosion of the foreland basin
during the post-orogenic isostatic rebound is limited. In
this scenario, the signal of sediment flux leaving the sys-
tem during post-orogenesis is dominated by the erosion
of the range in contrast to a limited contribution from the
erosion of the basin. Given most foreland basins are char-
acterised by unconsolidated sands with high erodibility,
this scenario is only likely to occur in extremely arid set-
tings where sediment delivered from the range simply ag-
grades over the basin. Similarly, a higher range erodibility
(i.e. lower erodibility ratio) results in higher erosion of the
range and leads to more sediment yield from the range. In
this case, the signal from the uplifted and eroded basin is
therefore overridden by the range sediment outflux. We
can note also that a higher range erodibility limits the
growth of the range and the flexure of the lithosphere.
Consequently, the amount of isostatic rebound and ero-
sion in the basin is less important and limits the increase
of sediment outflux at the post-orogenic transition. It
demonstrates that in order to observe an increase in the
contribution of material eroded from the basin, the abil-
ity for surface processes dominated by rivers in the basin,
have to be high relative to the range. For most foreland
basins, it is normal to expect the recently deposited sedi-
ment to be more easily eroded by fluvial processes than
the bedrock exhumed in the mountain catchments.

4.2.3 | Lithospheric thickness

For a model with a basin erodibility of 5x107° and a
range erodibility of 1x107° the maximum increase in

Post-Orogenic

14.00
13.00 A
12.00 1
11.00 1
10.00

9.00 -

Sediment flux (km3.Myrs~1 x108)

e,
oF—————a

110 0 130 140

-

Time (Myrs)

FIGURE 9 Evolution of the sediments leaving the model system (left border for Figures 4, 6 and 7) during syn- and post-orogenesis

which corresponds to the sediments delivered to the surrounding continental margins. Blue dots correspond to the mean sediment flux

at the left border of the foreland basin at each time step, and the line represents the running mean. The red scale shows the sediment flux

measurement used for the sensitivity analyses in Figure 10.
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sediment outflux following the post-orogenic transition
is reached for a lithospheric elastic thickness between 18
and 22km (Figure 10c); interestingly, this is comparable
to the values underlying the NAFB and Aquitaine Basins.
Because the elastic flexure has effects on both the range
and the basin dynamics, a variation on this parameter will
have an important impact on the sediment outflux at the

FIGURE 10 Sensitivity analyses on the increase of sediment
outflux leaving the system following the post-orogenic transition
for different parameters: (a) the uplift rate, (b) the erodibility ratio
(K}, / K,,,) and (c) the lithosphere elastic thickness. Blue dots and
black lines correspond to the model results and uncertainties
respectively. Red dots indicate values used for the reference model
(i.e. uplift rate: 1.5 mm/year, basin erodibility: 5x 1075, range
erodibility: 1x107° and elastic thickness: 22 km).

post-orogenic transition. For a stronger lithosphere (i.e.
higher lithosphere elastic thickness), the basin flexure will
be limited. Therefore, the amount of isostatic rebound and
erosion of the basin during post-orogenesis limits the sedi-
ment's outflux signal as observed in Figure 10c. However,
for a weaker lithosphere (i.e. lower lithosphere elastic
thickness), the basement of the basin will have a very
pronounced concave form and the basin width is smaller.
In this case, the amount of material uplifted will be less
important resulting in a limited post-orogenic sediment
flux increase (Figure 10c). Maximum sediment outflux in-
crease is reached with a range of lithosphere elastic thick-
ness values that enable both enough isostatic rebound and
a sufficient wavelength of rebound to generate the highest
sediment yield.

5 | DISCUSSION

5.1 | Basin dynamics during post-
orogenesis

The results from the model run to highlight the impor-
tance of basin flexure in the evolution of the orogenic
system by linking the thrust belt and foreland basin to-
gether. Subsidence in the foreland basin induced by the
growth of the range and flexure of the lithosphere is more
important than the sedimentary influx from the range
resulting in all the sediments being trapped in the basin
(Figure 11a). This represents the underfilled development
of the basin characterised by deep-water marine sedimen-
tation (Covey, 1986; Sinclair, 1997). As the thrust wedge
growths and starts to reach steady-state conditions, the
sedimentary influx from the range is at a maximum while
foreland basin subsidence rates reduce through time. The
resulting reduction of accommodation space leads the
basin to evolve towards over-filled, continental conditions
and allows the development of important fans (Figures 4a
and 11b). Post-orogenesis is marked by the cessation of
rock uplift in the thrust wedge and a decrease in topog-
raphy and mass (Figure 5a). The response is a flexural
rebound of the lithosphere in order to rebalance the sys-
tem to the reduced surface topography. The lithospheric
rebound is represented in the foreland basin by a surface
uplift mainly located in the proximal part of the basin.
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FIGURE 11 Schematic figure highlighting the source-to-sink processes of a thrust wedge, foreland basin and distal depocenter system

coupled by flexural isostasy during (a) Syn-orogenesis, (b) the transition and (c) post-orogenesis. Waves on the proximal part of the basin

indicate important erosion occurring during the post-orogenic phase. Qg is the flux to the marine setting, Qy, is the flux from the basin and

Q,, is the flux from the range. The size of the arrows qualitatively illustrates the changes in relative flux within the system. The erosional flux

from the basin (Qg,) only becomes relevant during the post-orogenic period where it combines with the range flux to increase the marine

flux to continental margins.

The combination of isostatic rebound and high sediment
yield from the range results in a significant increase in the
surface elevation of the foreland basin (Figure 6). As to-
pography increases in the foreland basin due to flexural
rebound, the proximal part of the basin switches to an ero-
sional state characterised by channel incisions (Figures 4a
and 7g-1).

These features are equally observed in the modern
topography, especially at the Lannemezan fan of the
Aquitaine Basin (Figure 2c). Because of the difference
in flexural rebound across the basin, the location of sedi-
ment accumulation migrates towards the distal part of the
foreland basin forming an unconformity characterised by
stratigraphic offlap (Christie-Blick, 1991) (Figure 11). This
pattern should be reflected in natural settings by the expo-
sure of older post-orogenic sediments in the proximal part
of the basin and younger post-orogenic sediments in the
distal parts of the basin. This transition of a basin dom-
inated by deposition to one of erosion allows the combi-
nation of material coming from the erosion of the range
and from the basin and is responsible for the increase of
sediment flux towards surrounding continental margins
(Figures 9 and 11c). In the latter post-orogenic stage, the
whole foreland basin switches to erosion (Figure 8e-
1) along with a progressive diminution of elevation
(Figure 5d) and sediment outflux (Figure 9).

5.2 | Comparison with the Western
Alps and Northern Pyrenees

The first-order behaviour of orogenic systems is the tem-
poral relationship between the cessation of tectonic activ-
ity in the mountain range, the switch from deposition to
erosion in the foreland basin and the increase of sediment
flux to distal depocentres. This trend is observed in both
natural settings (Figures 1 and 2) and in our simulation
(Figure 9). However, it is important to note that this exer-
cise was not an attempt to simulate these systems, but to
evaluate whether their development is consistent with the
model predictions. Other factors such as local tectonics,
dynamic topography and climate undoubtedly influence
these settings during their orogenic decline.

Driving mechanisms for the late evolution of the NAFB
have been extensively studied (Cederbom et al., 2004; Willett
et al., 2006). Erosion of the NAFB has been recorded by
mineral cooling ages around 5 Ma which coincide with the
decline of structural deformation in the Western European
Alps (Cederbom et al., 2004). They also proposed that a
wetter climate, induced by the intensification of the Gulf
Stream in the Atlantic at 4.6 Ma, may have enhanced the
unroofing of the Alps and therefore, the isostatic rebound in
the NAFB (Cederbom et al., 2004). Cederbom et al. (2011)
suggested that an increase in precipitation combined with a
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drainage reorganisation to explain the recorded erosion pat-
tern in the NAFB and Alpine orogen. Other processes such
as underplating or mantle dynamics have also been used to
explain changes in sediment flux and erosion rates in the
Western Alps (Fox et al., 2015; Kuhlemann et al., 2002).
Although revisions have been made to our understanding
of the lithospheric slab beneath the Alps that may impact
these interpretations (Handy et al., 2021). A later increase of
sediment accumulation rates since ca. 3 Ma coincides with
the global late Pliocene temperature drop. Acceleration of
erosion due to Alpine glaciation is likely to play a role in
this (Kuhlemann et al., 2002; Valla et al., 2012). But for all
these theories, the post-orogenic acceleration of sediment
flux from the Western Alps combined with the rebound of
the NAFB has to be accounted for prior to the external forc-
ings outlined above.

In the Aquitaine Basin, records of erosion are less
well documented. Modelling of low-temperature thermo-
chronological data sets in the proximal part of the basin
does not record major cooling following the syn- to post-
orogenic transition (Bosch, 2016). This is best explained
by a limited amount of erosion in the basin that cannot
be detected by the isotopic systems used (i.e. apatite fis-
sion track and apatite helium). However, the basin stra-
tigraphy indicates a period of bypass during Aquitanian
and Burdigalian times that coincide with the transition
to post-orogenesis in the range (Ortiz et al., 2020). Ortiz
et al. (2020) also suggest that a West European scale de-
formation uplifted the basin during the middle to late
Miocene enhancing this trend. As with the Western Alps,
we suggest that a significant part of this signal can be
interpreted as a result of post-orogenic rebound of the
mountain belt and foreland basin.

5.3 | Model limitations

The model presents several limitations and cannot rep-
licate some processes that occur during the evolution of
an orogenic thrust wedge. For example, our model as-
sumes a system characterised by transport-limited ero-
sion. Previous studies have shown that a transition from
detachment- to transport-limited condition is expected
during topographic decay (Whipple & Tucker, 2002). This
transition can be responsible for longer topographic sur-
vival and more uniform erosion preserving topography all
along the catchment (Baldwin et al., 2003). Partial protec-
tion of the bedrock channel floor by an alluvial cover dur-
ing transport-limited conditions inhibits erosion. In our
model, it can be related to a decrease in the erodibility in
the mountain range. A reduction of the range topographic
decay will reduce the flexural rebound of the system and
therefore erosion in the basin.

Our model approach does not account for regional
rock uplift induced by mantle dynamics that may im-
pact both mountain and basin topography (e.g. Faccenna
et al., 2014). Additional loads on the downgoing slab may
also increase the flexure of the foreland basin (e.g. Royden
& Karner, 1984). The signal observed in this study can be
impacted depending on the spatial extent of earlier phases
of slab detachment.

6 | CONCLUSION

Numerical modelling of an orogenic system that evolves
from syn- to post-orogenesis demonstrates increases in
sediment flux leaving the system starting at the transition
and lasting for a few millions of years during the initial pe-
riod following post-orogenesis. We demonstrate that this
increase in sediment flux to continental margins can be
attributed to the intrinsic evolution of an orogenic system
driven by fundamental interactions between the thrust
wedge and foreland basin coupled with isostatic flexure.
Changes in external forcings such as climate or dynamic
topography are not required to initiate higher sediment
outflux during this period. The mechanisms that drive
the higher sediment flux can be summarised as follows:
(1) The range topography decays during post-orogenesis
resulting in an isostatic rebound of the entire mountain
range/foreland basin system. (2) A reduction of accommo-
dation space in the foreland basin is followed by surface
uplift that leads to a switch from a basin dominated by
deposition to erosion. (3) The combination of sediment
yield from erosion of a high mountain range as well as the
uplifted basin causes higher sediment flux and accumula-
tion in distal depocentres. Experiments show that in spe-
cific, but commonly occurring parameter conditions, an
increase of sediment outflux leaving the system can be ob-
served. For example, the erodibility of the basin has to be
high relative to the range in order to generate an increase
in sediment outflux. In the unusual case of the range being
more erodible than the basin, the signal from the basin is
overwhelmed by the range signal (which decreases during
post-orogenesis) and the increase of sediment outflux at
the post-orogenic transition is limited. Similarly, there is
an optimal range of values of the lithosphere elastic thick-
ness for the system to encourage higher post-orogenic
sediment accumulation. For both the Western European
Alps and Northern Pyrenees, accumulation records show
a cessation of sediment deposition in their foreland ba-
sins while their distal depocentres (The Rhone Delta in
the Alps and the Garonne margin for the Pyrenees) ex-
perience an increase of sediment accumulation. Several
studies have invoked external forcings such as mantle pro-
cesses or climate to explain these variations in sediment

85U8017 SUOWILIOD BAEs.D 8|qed!(dde aLpy Aq peusenob a1e Sspe YO ‘8sn JO S9|nJ o} A%eiq1T8UlUO A1 UO (SUONIPUOD-PUR-SWBIAL0D A8 | 1M Afe1q 1 Ul |UO//SdNL) SUORIPUOD Pue SWIe 1 84} 89S *[2202/TT/80] U0 Ariqiaulluo (1M ‘T Seuusy 8 81SI8AIUN AQ £2/2T310/TTTT 0T/I0p/Woo A3 (1M Akeiq 1 jpuluoy//Sdiy wolj pspeojumod ‘0 ‘2 TTZS9ET



BERNARD AND SINCLAIR

A

Basin eace-WILEY-

flux; we conclude that accelerated sediment flux from the
combined mountain belt and foreland basin following the
syn- to post-orogenic transition needs to be accounted for
before additional forces are evoked.
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