
Age and Prematurity of the Alps Derived from Topography

S. Hergarten ⁎, T. Wagner, K. Stüwe

Institute of Earth Sciences, University of Graz, Austria

a b s t r a c ta r t i c l e i n f o

Article history:

Received 29 March 2010

Received in revised form 25 June 2010

Accepted 29 June 2010

Available online 31 July 2010

Editor: T.M. Harrison

Keywords:

Alps

topography

erosion

slope

denudation

The European Alps are one of the best studied mountain ranges on Earth, but yet the age of their topography

is almost unknown. Even their relative stage of evolution is unclear: Are the Alps still growing, in a steady

state or already decaying, and is there a significant difference between Western and Eastern Alps? Using a

new geomorphic parameter we analyze the topography of the Alps and provide one of the first quantitative

constraints demonstrating that the range is still in its infancy: In contrast to several other mountain ranges,

the Alps have still more than half of their evolution to a geomorphic steady state to go. Combining our results

with sediment budget data from the surrounding basins we infer that the formation of the present

topography began only 5-6 million years ago. Our results question the apparent consensus that the

topographic evolution is distributed over much of the Miocene and might give new impulses to the

reconstruction of paleoclimate in Central Europe.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Geologically, the European Alps are among the best studied

mountain ranges on Earth. Curiously, one of the least understood

aspects of the range is the very age of its topography. While the

structural frame of the present topography evolved in early to middle

Miocene (Frisch et al., 1998), even the huge amount of available data

seems not to be sufficient for deciphering the history of the Alpine

topography. Even their stage of maturity seems to be unclear: Are the

Alps still growing, in a steady state or already decaying?

Low-temperature geochronological data – both from detrital

record (Dunkl and Frisch, 2002) and from crystalline basement

(Vernon et al., 2006, 2008; Luth andWillingshofer, 2008) – constitute

a large part of the available data. From these data, mean exhumation

rates can be derived, documenting considerable erosion during the

Miocene. Sediment budgets from the sedimentary basins around the

Alps (Kuhlemann et al., 2001) point towards the same direction, but

beyond this, they indicate a sudden rise of sediment supply some five

million years ago which has not been explained yet. Even more

important, the relationship of exhumation to topography develop-

ment is in general questionable (Stüwe and Barr, 1998). Topographic

change reflects the difference between rock uplift and denudation,

and both can hardly be measured on the same time scale.

Erosion history carries some more puzzles such as the Augenstein

surfaces on the karst plateaus of the Eastern Alps (Frisch et al., 2001).

These and other paleosurfaces from the Eocene indicate very low

erosion rates locally (Hejl, 1997).

Drainage patterns also play an important part in the evolution of

mountain belts (e.g, Schlunegger and Hinderer, 2001; Robl et al.,

2008a,b). However, although they often reveal information on relative

base level lowering, they seem not to be suitable for deriving the

history of topography.

Several studies based on fossil records provide direct evidence for

a high and locally steep relief in and even before the Miocene (e.g.,

Kocsis et al., 2007). However, we should keep in mind that these

results are always local and limited to a few points on the time axis, so

that they may only put some constraints on the history of topography.

Furthermore, these data are associated with a considerable uncer-

tainty on a quantitative level as demonstrated by Hay et al. (2002).

In sum, the age of formation of the Alpine mountain range remains

poorly understood. Even for the present day regime there is only a

sketchy understanding about the current uplift and erosion rates:

Geodetic measurements of uplift rates were published for the Central

Alps (Kahle, 1997) and for the Eastern Alps (Ruess and Höggerl,

2002), and some measurements of Holocene erosion rates exist (von

Blanckenburg et al., 2007; Wittmann et al., 2007; Norton et al.,

2010b), but the present day relationship of uplift and erosion or their

drivers remains speculative. For the Western Central Alps a pattern

arises that suggests that much of the present day uplift is due to

isostatic rebound and that the tectonically driven uplift has

terminated (Barletta et al., 2006; Champagnac et al., 2007). This is

supported by first data that appear to indicate that there is a direct

correlation of erosion rate with elevation and with uplift rate

(Wittmann et al., 2007; Champagnac et al., 2009). However such
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information is still in its infancy and usually confined to small areas

studied in much detail.

2. The Peculiar Topography of the Alps

River profiles become steeper with increasing elevation and slopes

show the same tendency in the mean. The straightforward explana-

tion of this phenomenon hinges on the concept of geomorphic

equilibrium: Under temporally constant conditions, the land surface

evolves towards a steady state where erosion balances rock uplift. As

fluvial erosion increases with both slope and catchment size, the

smaller catchment sizes found at high elevations must be compen-

sated by steeper slopes in case of spatially uniform rock uplift

(Whipple and Tucker, 1999; Wobus et al., 2006). So an increase of

slopes with elevation should be expected. If the influence of the

catchment size can be eliminated, slopes reveal information on recent

erosion rates and, in case of equilibrium, on uplift rates.

This idea is not limited to the case of homogeneous uplift. In

mountain belts, rock uplift is in fact often inhomogeneously

distributed and tends to increase from the margins toward the crest.

Thus, high elevations are often a result of high rock uplift rates and

therefore erosion rates should increase with elevation too. For the

Alps, this is directly confirmed by measurements of recent uplift rates

(e.g., Kahle, 1997) and estimates of erosion rates from cosmogenic

nuclei (e.g., Wittmann et al., 2007). Therefore, both decreasing

catchment sizes and heterogeneous uplift should lead to a rather

strong increase of slopes with elevation. As stated above, deriving

erosion rates from slopes requires the elimination of the effect of

different catchment sizes. In the so called stream power approach

(Whipple and Tucker, 1999; Wobus et al., 2006), this is done by

assuming a power-law dependence of the erosion rate on the

catchment size. However, as there is still uncertainty about the

exponent, we try another approach that avoids the comparison of

catchments of different sizes: We compare slopes at different

elevations over the entire mountain range, but use only slopes of

points in the digital elevation model (DEM) that have approximately

the same catchment size. In the following,
!
SA denotes the average

slope of all surface pointswith catchment size close to A. As long as the

considered area contains a sufficient amount of points with catchment

size A,
!
SA provides a reasonable proxy for the recent erosion rate.

In the following we apply this idea to the topography of the Alps

using the freely available SRTM3 DEM. Regions without runoff were

filled in order to get consistent catchment sizes, but all points where

the elevation had to be increased were excluded from the analysis

since filling affects the slopes. For our purpose we define the study

area as the connected region of the Alps above 600 m elevation as

shown in Fig. 1.

Fig. 2 displays the obtained relationship between
!
SA and elevation

for various catchment sizes. The data were averaged with a moving

window of 100 m size in elevation, while catchment sizes were

subdivided into logarithmic classes. For all considered catchment

sizes in the range shown, we find the expected strong increase of
!
SA

with elevation only up to about 1500-2000 m. Excitingly,
!
SA decreases

again above this elevation for all considered catchment sizes except

for the smallest class.

Qualitatively, this finding is not new. Kühni and Pfiffner (2001)

found that the increase of mean slope with elevation ceases at about

1600 m in the Swiss Alps. However, they averaged slope values over

various catchment sizes and thus found no decrease with elevation.

Fitzsimons and Veit (2001) speak of “relatively flat surfaces at higher

elevations, especially in the alpine altitudinal belt”. The occurrence of

this effect in the average over the entire orogen shows that it is not

limited to a few locations.

In the following, we use
!
SA at a catchment size A =

1

4
km2, which

belongs to the uppermost headwater regions and seems to be rather

small compared to most studies on fluvial erosion (Wobus et al., 2006,

and references therein). More precisely, we analyze all sites with A

between
1

16
km2 and 1 km2. As an example, Fig. 3 illustrates the

location of these sites in the upper Rhone Valley. Our choice is a trade-

off between the amount of available data and being sure that fluvial

processes dominate erosion. If A is too low, hill slope processes will

dominate, so that the more or less continuous erosion may turn into

threshold behavior. The uppermost curve in Fig. 2 illustrates this

phenomenon as it seems to be limited by a mean slope value of about

0.55. In this case, the slope is no longer a proxy for the erosion rate. On

the other hand, the number of available sites rapidly decreases with

catchment size, so that the two lower curves show a strong variation

at large elevations. Although their shape is essentially similar to the

higher curves, the noise at high elevations make these large

catchment sizes inappropriate for estimating erosion rates. According

to these arguments, the similar shapes of the three solid curves in

Fig. 2 suggest that the range from A =
1

16
km2 to 1 km2 is suitable for

our analysis. This range covers almost one sixth of the total area of the

Alps, while all larger channels contribute less than 4%. The nearly

parallel course of the three solid curves suggests a logarithmic

dependence of the erosion rate on catchment size, in contrast to a

power law mostly assumed for larger catchment sizes. This rather

weak dependence is included in the analysis, so that slopes can easily

be recalibrated to A =
1

4
km2, although the data within the considered

interval could be taken without recalibration as well.

Fig. 1. Map of mean slope at
1

4
km2 catchment size of the Alps. The conversion of slopes

to erosion rates is based on the sediment budget and is discussed later in the paper.

White triangles represent the highest peaks of major massifs: Mont Blanc, Monte Rosa,

Finsteraarhorn, Piz Bernina, and Groβglockner (from west to east). The separation by

the dashed lines is related to Fig. 5.

Fig. 2. Plot of
!
SA-elevation relationships for various catchment sizes in the Alps. The

gray field marks the range of elevation with the largest
!
SA values.
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The smoothed spatial distribution of
!
SA at A =

1

4
km2 determines

the surface color in Fig. 1. The decrease in
!
SA at high elevations is

immediately visible in the map, too: The highest values occur not in

the vicinity of the main crest, but rather north and south of it, and the

regions around the highest mountains are characterized by moderate

slopes. The corresponding
!
SA-elevation curve is shown in Fig. 4. For

comparison, the same analysis was performed for the Rocky

Mountains, the Andes, the Atlas Mountains, Taiwan and the South

Island of New Zealand. For all orogens, the entire range from the

highest peak down to a given elevation was taken, except for the

Rocky Mountains, where only the central part from 30° and 50°

northern latitude without the Cascades was considered in order not to

mix up too many different components. Beside the European Alps,

only the Alps of New Zealand show the startling systematic decrease

of
!
SA above a certain elevation identifying the Alps as a mountain

rangewith very peculiar topographic characteristics. The
!
SA-elevation

curves of the Andes and Taiwan show some decrease or at least

stagnation of
!
SA at high elevations, too, although not as clear as in the

Alps. This will be discussed later.

Comparing the Alps with the Atlas Mountains and the Rocky

Mountains in the upper part of Fig. 4 reveals another apparently

striking difference: While the
!
SA-elevation of the Alps is strongly

concave even in its increasing part, that of the two other orogens is

nearly linear or even slightly convex. However, this finding may not

be as important as the decrease at high elevations since it may be a

result of the overall shape of the orogen. While the Alps look like a

more or less uniform, narrow mountain range, the Atlas Mountains

and the Rocky Mountains are easily divisible into several distinct

parts. In order to illustrate the effect, we have included an analysis of

the entire European topography without Scandinavia (for simplicity,

it is in fact the western part of Eurasia to 25° eastern longitude) in

Fig. 4. Obviously, the superposition of several smaller orogens

destroys the sharp increase of
!
SA at small elevations and results in a

more or less straight curve. The decrease of
!
SA at high elevation of

course persists since this elevation range is governed by the Alps.

In return, the Alps are not as homogeneous as their DEM suggests.

So may the decrease of
!
SA be the result of a superposition of different

regions which are not clearly distinguished in the DEM? In order to

clarify this, we split up the Alps into the four regions separated by the

dashed lines in Fig. 1. The parts are numbered I (south-west), II, III

(the two central parts) and IV (east). Their
!
SA-elevation relations

shows a small, but rather unsystematic variation. The decrease of
!
SA is

clearly visible in all parts except part IV where elevations in the

Fig. 3. Sites with catchment sizes from A =
1

16
km2 to 1 km2 (colored according to their

slope, rescaled to A =
1

4
km2 as discussed later in the text) and channels with AN1 km2

(blue) in the upper Rhone Valley.

Fig. 4. The
!
SA-elevation relationships of six mountain ranges.

Fig. 5. The
!
SA-elevation relationships of the Alps splitted into four parts.
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interesting range become sparse although our method makes almost

one sixth of all surface data usable. So the phenomenon originates

from the entire Alps and is not the result of a superposition.

There are three possible interpretations of the decrease in
!
SA at

high elevations in the entire Alps:

1. A systematic lithological, biological or climatological variation

making rocks at high surface elevations more erodible, so that

equilibrium is maintained by high erosion rates acting on less steep

slopes.

2. A lack of uplift at high elevations, so that equilibrium can be

maintained by low erosion rates.

3. Geomorphic disequilibrium where erosion has not yet balanced

rock uplift at high elevations.

A systematic increase of erodibility with elevation due to rock

lithology can be excluded because the highest parts of the Alps are

generally characterized by high grade metamorphic rocks. The same

applies to biological effects as soil-mantled slopes tend to be less steep

than bedrock slopes (Montgomery, 2001) and climatic effects such as

permafrost and orographic precipitation. So all these effects should

rather support the increase of slopes with elevation than cause a

systematic decrease. Furthermore, these effects should be visible in

almost all mountain belts.

The second explanation – a lack of uplift at high elevations – was

found for the Tibetan Plateau (Molnar and Lyon-Caen, 1989) and the

Altiplano (Dalmayrac and Molnar, 1981). The sudden decrease of
!
SA

above about 3500 m in the
!
SA-elevation curve of the Andes (Fig. 4) in

fact originates from the region around the Altiplano. However, for the

Alps this idea is not consistent with measurements of recent uplift

rates (Kahle, 1997; Ruess and Höggerl, 2002) as there is no systematic

decrease of uplift rates at high elevations.

Since both concepts based on equilibrium fail to explain our

observations, only the idea that regions above 1500-2000 m are not

yet in geomorphic equilibrium remains: Erosion rates are smaller than

rock uplift, so that these regions still experience a net increase in

elevation (i.e. surface uplift). Further support for this idea might arise

from a new study on cosmogenic nuclide-derived erosion rates

(Norton et al., 2010b):While erosion apparently keeps trackwith rock

uplift at moderate uplift rates up to about 1 mm/y, significantly lower

denudation rates were found at some locations of high uplift.

But what is the signal causing the yet unfinished response of

topography? It may originate from tectonics, but glaciation is a

candidate, too. Even combinations seem to be possible since a part of

the present uplift may be the isostatic response to deglaciation

(Barletta et al., 2006; Champagnac et al., 2007). Glaciation itself

obviously affects the topography, wide U-shaped valleys instead of

rather narrow, V-shaped valleys are the most striking feature.

However, U-shaped valleys are found at various elevations, and it

may even depend on the total width of the valley whether the U-

shape leads to an increase or a decrease in
!
SA. Therefore, even some

predominance of U-valleys at high elevation seems not to be able to

explain the rather sharp transition from a strong increase of
!
SA to a

decrease. Of course there may be an overall effect of glaciation. The

Alpsmay have beenmuch higher before glaciation andmay have been

torn down strongly during the glacial periods. However, this would

imply that overall glacial erosion rates are significantly higher than

fluvial erosion rates, while recent studies (Koppes and Montgomery,

2009) did not encounter a systematic difference between both.

However, response to deglaciation might have an effect on the

analysis. As recognized by Norton et al. (2010a) in the upper Rhone

Valley, the transition from glacial erosion to fluvial erosion may result

in very high slopes locally, and these extremes might cause a bias in

our analysis. Fig. 6 shows the cumulative distribution of slopes at

three elevation slices. While the distributions are similar in total, the

highest elevations are characterized by a weaker tail at very high

slopes. Thus, very steep slopes occur less frequently at high elevations

where the erosional response to deglaciation should in fact be weaker

than at lower elevations. However, the effect of the very steep slopes

on our analysis is negligible because all slopes SAN1 contribute less

than 0.01 to the mean value
!
SA at all elevations. Thus, the erosional

response to deglaciation can be detected by our method, but its effect

causes no bias in our analysis. Moreover, the Rocky Mountains were

partly glaciated, too, but exhibit a completely different
!
SA-elevation

than the Alps, while the Atlas Mountains were not glaciated and seem

to be topographically similar to the Rocky Mountains. And finally, an

analysis of a small, non-glaciated region at the edge of the Alps east of

the Last Glacial Maximum (results not shown here) resulted in a

similar
!
SA-elevation relationship as for the entire Alps.

In sum, effects of glaciation on our analysis seem to be insignificant,

so that an unfinished response to a tectonic signal remains as themost

promising idea.

3. A Simple Model

The results of theprevious section suggest that the highest regions of

the Alps are not in geomorphic equilibrium and thus still grow. In order

to test this hypothesis and to quantify their degree of maturity, we

derive a simple, one-dimensionalmodel for the evolution of amountain

belt. Compared to more elaborate models involving many parameters,

the approachmay even be oversimplified, and it seems to be impossible

to justify the assumptions with regard to the Alps in detail. Justification

will arise from its ability to reproduce and explain the observations.

In contrast to our analysis of the Alpine topography, an erosion

model requires an explicit relationship between erosion rate, slope

and catchment size. We thus come back to the stream power

approach (e.g., Whipple and Tucker, 1999; Wobus et al., 2006). We

assume that the erosion rate is proportional to the slope and increases

with the distance from themain drainage divide raised to some power

α. The power law exponent α summarizes the increase of erosion rate

with the catchment size and the increase of catchment size with the

distance from the drainage divide. We furthermore assume a “tent-

shaped” uplift function corresponding to simple folding of a thin sheet

according to compression, i.e., that the uplift rate linearly decreases

from the main drainage divide to the margins of the mountain belt.

Under these assumptions, uplift and erosion are described by a linear

first-order differential equation of the hyperbolic type:

∂
∂t Hðx; tÞ = U 1− x

l

! "

|fflfflfflfflfflffl{zfflfflfflfflfflffl}

uplift rate

− −Ex
α ∂
∂xHðx; tÞ

( )

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

erosion rate Rðx; tÞ

ð1Þ

Fig. 6. Cumulative distribution of the slopes SA at A =
1

4
km2 within three elevation slices.
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for 0 ≤ x ≤ l where x is the coordinate perpendicular to the crest (the

main drainage divide) and l is the distance from the crest to the

margins. For symmetry reasons, we only consider one half of the

mountain belt. The negative sign within the erosion rate R(x, t)

originates from the fact that
∂
∂xHðx; tÞ will become negative for our

coordinate choice. Furthermore, U denotes the uplift rate at the crest,

and E is a parameter that quantifies erodibility, precipitation, etc.

As shown in the Appendix A, Eq. (1) can be solved analytically

starting fromaflat surfaceH(x,0)=0. It is found that the surface reaches

a steady state after the time T =
l1−α

ð1−αÞE
, and that the maximum

elevation (at the crest) finally becomes Hmax =
l1−αU

Eð1−αÞð2−αÞ
. This result

suggests nondimensional variables, i. e., to measure x in terms of l, t in

terms of T, H(x, t) in terms of Hmax, and R(x, t) in terms of U. With these

nondimensional variables it is found that the regionwith x≥ 1−tð Þ
1

1−α

is in equilibrium at the time t, and

Hðx; tÞ = ð2−αÞ 1−x
1−α

! "

−ð1−αÞ 1−x
2−α

! "

ð2Þ

Rðx; tÞ = 1−x ð3Þ

In the region with x b 1−tð Þ
1

1−α, erosion does not keep track with

uplift, resulting in an increase of elevation. We obtain:

Hðx; tÞ = ð2−αÞt−ð1−αÞ x
1−α

+ t
! "2−α

1−α−x
2−α

 !

ð4Þ

Rðx; tÞ = x
1−α

+ t
! " 1

1−α−x ð5Þ

Apart from the scaling parameters in the nondimensional

variables, the power law exponent α is the only nontrivial model

parameter.

Fig. 7 illustrates the behavior of the solution given by Eqs. (2)–(5).

On the way to geomorphic equilibrium reached at t=1, the erosion

rate has a maximum somewhere between the central divide and the

margins. As uplift continues and the range equilibrates, the maximum

moves towards the watershed and thus towards higher elevations. In

the surface topography itself the transition point is reflected by a

discontinuity in curvature which separates a quite linear part (in the

upper reaches) from a more concave part (in the lower reaches). This

change in curvature is not a “knickpoint” in thewell-known sense, but

still defines an important departure from an exponential equilibrium

profile of a graded river bed. As this characteristic point of the stream

morphology is barely noticeable in plots of longitudinal river profiles,

its substantial implications for the erosion rate remained unnoticed

before.

Excitingly, plotting erosion rates versus elevation for this simple

model (Fig. 7) reproduces our findings from Fig. 4: A convex increase

up to a certain elevation, and a slow decrease at higher elevations. The

model reproduces the
!
SA-elevation curves of the European Alps and

the Alps of New Zealand at least qualitatively and indicates that both

are far off from geomorphic equilibrium. Taiwan appears to be in or

very close to equilibrium. Interpreting the curve of the Andes remains

difficult, but the recovery of the slopes at high elevations points

towards geomorphic equilibrium.

4. The State of Maturity of the Alps

The dashed line in Fig. 8 shows a visual fit of our model to the
!
SA-

elevation curve of the Alps. We found that the curvature in the left

hand part, the position of the turnover at maximum
!
SA, and the

decrease to the right constrain themodel parameters well. In contrast,

the sharp bend at the point of maximum erosion rate is an artefact of

the one-dimensional approximation because each elevation is

assigned to only one location and thus to only one uplift rate here.

In contrast, the same elevation occurs at many locations and thus at

various uplift rates in reality. Thus, focus was laid on fitting the rest of

the curve.

The visual fit results in a power law exponent α =
1

3
and a non-

dimensional time t=0.4, which means that only 40% of the time

towards geomorphic equilibrium has passed. Testing the fit with other

parameters we found that the uncertainty of this value is lower than

0.1.

The combination of the excellent match between data and model

for the Alpswith thewell constrained parameters allows a series of far

reaching interpretations: The Alps are not even half way from a rather

low (in the simple model completely flat) topography to their state of

geomorphic equilibrium. While regions lower than 1500 m have

already reached their final height, higher regions will still rise if the

convergence between Adriatic plate and European plate continues.

From the model results we can further derive that the net rise of the

highest regionsmay amount to 2000 m. However, this number should

be treated with caution as it hinges on the assumption that Pliocene

and Quaternary rock uplift persists in the future. Furthermore, the

gain in elevation may be limited by effects of slope instability above a

critical slope. The
!
SA-elevation curve floors at an elevation of 550 m:

This suggests that the Alpine range is built on a base level of this

elevation which is indeed close to the elevation of the Molasse basins.

The model also allows an estimate of the cumulative erosion

during a hypothetic evolution of the topography from a nearly flat

surface towards the present state. Maximum erosion amounts to

about 900 m thickness and occurs at a present elevation of 1300 m.

Fig. 7. Concept of the one-dimensional uplift/erosion model. The cartoons illustrate a

mountain belt at four time steps approaching geomorphic equilibrium (t=1).

Fig. 8. Visual fit of the model result to the
!
SA-elevation curve of the Alps. The scale of

erosion rate is explained in Section 5.
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This value decreases to 600 m at 3000 m elevation, which means that

these regions should have experienced about five times more uplift

than erosion so far. Such predictions are consistent with the

observations that Miocene surfaces are largely preserved in several

places (Hejl, 1997; Frisch et al., 2001; Dunkl and Frisch, 2002;

Kuhlemann, 2007), but are inconsistent withmean erosion rates since

the Miocene. We will take up this discussion after constraining the

absolute time scale in the next section.

5. The Absolute Age of the Alpine Topography

As the time axis of ourmodel can be arbitrarily rescaled, it does not

allow any direct estimates of the absolute age of the topography.

Combining the cumulative erosion with the hypsographic curve of the

Alps leads to a total eroded volume of about 120,000 km3, but this can

in principle be distributed over an arbitrary time interval. However,

recent uplift rates in the order of 1 mm/y found in high regions (Kahle,

1997) give a first hint: If these rates are representative during the

formation of topography and only a few hundred meters were lost by

erosion, the whole process cannot have takenmore than a fewmillion

years.

Quantitative data on the sediment budget of the Alps (Kuhlemann

et al., 2002; Kuhlemann, 2007) allow a more precise estimate. The

observed sediment data (crosses in Fig. 9) show only one strong,

continuous increase through time, beginning 5-6 my ago. Although

climatic effects have been suggested as a cause for this (Cederbom

et al., 2004; Willett et al., 2006), no consistent explanation has been

found for this increase so far. Indeed, it has been argued (Molnar,

2004) that, even if the global sudden increase of erosion in the late

Cenozoic is related to climatic effects it remains questionable how it

did so. Our model predicts a nearly linear increase of sediment yield

per time from beginning of topography build up to the present state.

Therefore, we argue here that – for the European Alps – these 5-6 my

relate to the onset of considerable topography build up and

corresponds to the 40% of time towards morphological equilibrium.

Then another 8-9 my are required for the Alps to reach a geomorphic

steady state, and the increase in sediment yield shall strongly

decelerate in future, as is shown in the trend of the modeled curve

in Fig. 9.

In order to test this hypothesis we have calculated the sediment

volumes predicted by our model, and plotted them as the solid line in

Fig. 9. The modeled curve is shifted to a base level of 25,000 km3/my

(dashed line), assuming a more or less constant background

sedimentation rate throughout the Miocene. It may be seen that the

sediment yield predicted by the model (grey area corresponding to

120,000 km3, representing the nondimensional time t=0.4) is even

slightly lower than the amount of sediment found in nature. In other

words, the sediment found in nature is enough to capture the volume

lost by erosion during topography build up. This result clearly

supports our hypothesis that the formation of the present Alpine

topography (at least of major parts) started only 5-6 my ago. This

correlates well to the onset of uplift in the Molasse basins (Genser

et al., 2007), so that the formation of the Alpine topography and the

uplift of the Molasse basins may be more related to each other than

previously assumed.

Finally, constraining the time scale through the sediment budget

allows the translation of
!
SA to erosion rates as anticipated in Figs. 1

and 8: Under the lithologic and climatic conditions of the Alps, erosion

rate in millimeters per year is roughly three quarters of the slope at a

catchment size of
1

4
km2.

6. Limitations of the Model

We now come back to the circumstance that we used a perhaps

oversimplified model. The one-dimensional approach itself is a very

crude approximation, and the time-independent, tent-shaped uplift

function may be qualitatively reasonable, but the real uplift pattern of

the Alps is much more complex. Furthermore, effects of isostasy,

perhaps in combination with lithospheric flexure, are disregarded.

However, the main result concerning the equilibrium topography is

an increase of erosion rate with elevation, and this hinges on an

increase of uplift rate with elevation, but not onmapping this increase

on a spatial pattern in detail. Both the curvature of the rising branch in

Fig. 8 and the shape of the curve around the maximummay of course

depend in detail on the spatial pattern, but the general result on

disequilibrium does not.

Isostatic adjustment as the result of deglaciation or redistribution

of sediment may in reality result in a time-dependent uplift rate.

However, the main effect would be a non-linear timescale, which

means that the transfer from the non-dimensional model time to the

real time scale is not constant through time. This obviously affects the

shape of the increase in sediment yield starting at 5-6 my b.p., which

is indeed not reproduced perfectly. However, the point of onset itself

should not be affected.

Therefore, the limitations of the perhaps oversimplified realization

of our model approach should neither affect our results on the state of

maturity nor on the absolute age of topography.

7. Earlier Topography

In Section 5 we found that building up the Alps from a base of

550 m elevation during the last 5-6 my reproduces the present

topographic characteristics and the observed increase in sediment

yield very well. However, we shall not conclude that the Alps were

just a hilly flat throughout the Miocene. This would obviously

contradict to measured exhumation rates as well as to the mean

Miocene sediment delivery of about 25,000 km3/my (dashed line in

Fig. 9). Although opening and filling of basins lead to huge

redistribution of sediment, this seems to be impossible without any

topography.

Our analysis does not enable us to reconstruct the Miocene

topography. But if we assume that it was close to geomorphic

equilibrium and from its overall structure similar to the present

topography, we canmake a rough and, of course, speculative estimate.

From the simple model we first estimate the increase of elevations

towards geomorphic equilibrium and compute the corresponding

hypsographic curve. As Fig. 10 illustrates, regions above 2000 m

elevationwill significantly rise if uplift persists. Since sediment yield is

about 70,000 km3/my in equilibrium (asymptotic behavior in Fig. 9),

we then rescale the equilibrium state (relative to a base of 550 m) by a

Fig. 9. Predicted sediment yield of the model (continuous line) in comparison with the

sediment yield data for the Alps (crosses) (Kuhlemann et al., 2002). The dashed line

represents the background sedimentation rate throughout the Miocene; the gray area

represents the nondimensional time t=0.4 up to present.
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factor 25,000/70,000 to obtain an estimate of the Miocene hypso-

graphic curve. The result shown in Fig. 10 suggests that only 4% of the

area might have been above 1500 m in Miocene, compared to more

than 40% today.

As a consequence of geomorphic equilibrium, the estimated

hypsographic curve of the Miocene is relatively steeper in the upper

part compared to the present. Although this is only a guess, it fits well

to the idea that Miocene topography was more dissected than the

present (e.g. Fitzsimons and Veit, 2001).

8. Conclusions

Our analysis of the Alpine topography in combination with a

simple model of uplift and erosion gives strong evidence that the

Alpine topography is still in its infancy and far off from geomorphic

equilibrium. Comparing our results with sediment budget data leads

to the conclusion that the formation of the present topography began

only 5-6 million years ago at the end of the Messinian. Miocene

topography should have beenmuch lower and/ormore dissected than

the present topography. A clear difference between the topographic

evolution of the Western and Eastern Alps was not found.

These findings question the apparent consensus that the topo-

graphic evolution was distributed over much of the Miocene. A

thorough discussion of these results in relation to existing knowledge

on paleo-elevations will have to follow.

In return, “rewriting” the topographic history of the Alps might

give new impulses to the reconstruction of paleoclimate in Central

Europe.

Admittedly, this large-scale analysis does neither put any serious

constraints on the shape of the Miocene topography nor explain why

topography was formed or reshaped at the end of the Messinian.

Ceasing of lateral extrusion may be a candidate for an explanation.

More detailed studies of the present topography will show whether

the slight and so far not very systematic differences found between

western and eastern parts help us to understand these phenomena.

Acknowledgements

The authors thank the TOPO-ALPS group for discussions and the

ESF project TOPO-ALPS for funding.

Appendix A. Mathematical Background

Our model of uplift and erosion is described by Eq. (1) for

0 ≤ x ≤ l with the initial condition H(x,0)=0. This linear hyperbolic

differential equation can be solved analytically using the method of

characteristic curves.

In a first step, we rescale x to a nondimensional coordinate x̂ =
x

l
,

which transforms Eq. (1) to

∂
∂t Hðx̂; tÞ = U 1− x̂½ %þ + Ê x̂

α ∂
∂ x̂ Hðx̂; tÞ ðA:1Þ

where Ê =
E

l1−α
, and […]+ denotes the positive part of its argument,

so that 1− x̂½ %þ = 1− x̂ if x̂ ≤ 1 and 0 else. This is introduced to allow

values x̂ N 1. In the following, we omit the hats for convenience.

The characteristic curves of Eq. (A.1) are given by the equation

d

dt
xðtÞ = −ExðtÞ

α
: ðA:2Þ

Its solution is

xðtÞ = xð0Þ
1−α−ð1−αÞEt

! " 1

1−α ðA:3Þ

so that

d

dt
HðxðtÞ; tÞ =

∂
∂xHðxðtÞ; tÞ

d

dt
xðtÞ +

∂
∂t Hðx; tÞ ðA:4Þ

= U 1−xðtÞ½ %þ ðA:5Þ

= 1− xð0Þ
1−α−ð1−αÞEt

! " 1

1−α

" #

þ

ðA:6Þ

Starting from a flat surface at t=0, H(x,0)=0, integrating this

result leads to

HðxðtÞ; tÞ = U ∫
t

0

1− xð0Þ
1−α−ð1−αÞEτ

! " 1

1−α

" #

þ

dτ ðA:7Þ

= U ∫
t

0

1− xðtÞ
1−α

+ð1−αÞEt−ð1−αÞEτ
! " 1

1−α

" #

þ

dτ ðA:8Þ

and thus

Hðx; tÞ = U ∫
t

0

1− x
1−α

+ ð1−αÞEðt−τÞ
! " 1

1−α

" #

þ

dτ ðA:9Þ

=
U

Eð1−αÞ
∫

minf1;x1−α + ð1−αÞEtg

x1−α

1−ξ
1

1−α

 !

dξ ðA:10Þ

=
U

E
×

(

Et−
x1−α + ð1−αÞEt
! "2−α

1−α−x2−α

2−α

1−x1−α

1−α
−1−x2−α

2−α

for
x b 1−ð1−αÞEtð Þ

1

1−α

x≥ 1−ð1−αÞEtð Þ
1

1−α

ðA:11Þ

The lower expression is time-independent, which means that

erosion balances uplift for x≥ 1−ð1−αÞEtð Þ
1

1−α. The entire mountain

belt has reached its steady state at the time T =
1

ð1−αÞE
, and the

elevation at the main drainage divide becomes

Hmax = Hð0; TÞ =
U

Eð1−αÞð2−αÞ
ðA:12Þ

Fig. 10. Hypsographic curves of the Alps: Present, estimated for geomorphic

equilibrium, and downscaled according to the Miocene sediment yield.
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Transforming Eq. (A.11) to the nondimensional variables
H

Hmax
and

t

T

immediately leads to Eqs. (2) and (4). The rate of erosion (Eqs. 3

and 5) finally emerges from inserting this result into Eq. (1).
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