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ABSTRACT

The European Alps are a mountain belt that is characterized by a series of discrete orogenic events,
which have long been recognized. Despite the inherent episodic nature of orogenic evolution, the
Alps have been continuously exhumed, mainly by erosion, but also by normal faulting. Since
continental collision started in the late Eocene/Early Oligocene evidence for ongoing erosional
exhumation has been preserved in synorogenic sediments that accumulated in basins adjacent to the
pro- and retro-side of this double-vergent mountain belt. This long-term erosion record can be used
to determine exhumation rates. Lag-times calculated from ¢ssion-track (FT) ages of detrital zircon
from synorogenic sediments are fairly constant for the European Alps since the Oligocene”Late
Miocene. Although the fast exhuming areas were unroofed at rates of 0.4"0.7 Knifhdyoverall
average exhumation rate is between 0.2 and 0.3 kmblya regional scale. The detrital and bedrock
zircon FT data of the Alps do not detect the increase in erosion rates since the Pliocene over the past
~5 Myr, as shown elsewhere. This increase cannot be detected yetwith the detrital zircon FT method
because notenough rock has been removed to widely expose zircons with Pliocene or younger cooling
ages in the Alps. Long term (30 Myr) exhumation rates appear to have been approximately constant
when averaged over a sliding time window of about 8 Myr, or depthwindow of 5t0 10 km (ZFT closure
depths); shorter-term £uctuations are not identi¢ed using this method.

INTRODUCTION tgated by orogen!c events su<_:h as movemept of nappes, by
times of locally high exhumation rates and times of quies-
The orogenic evolution of the European Alps (Fig. 1) agsence. The evolution of the Alps in a series of discrete events
a series of discrete periods of tectonic, metamorphisnotquestioned here, butthe intention of this paper is to look
and erosional activity during Cretaceous, Tertiary anat the history of the Alps since the Eocene/Oligocene from a
Quaternary times is well established and widely accepted (@igerent point of view by studying the overall exhumational
Hubbard & Mancktelow, 1992, Steck & Hunziker, 1994signal of the orogen, rather than tracking exnumation of spe-
Schmidetal, 1996, 2004; Frey & M!himan, 1999; Rosenbaunti¢c material points or rocks within the orogen. For that rea-
&Lister, 2005). This understanding of the Alps is derived fronson the thermochronology of detrital zircon is used to
numerous local and regional studies of diAerent tectonic anstonstruct the long-term exhumational history;
erosional events (e.g. Mancktelow, 1985; Selverstone, 1988; Sewsircons were eroded oA the surface of this mountain
ard & Mancktelow, 1994; Schlunegefed, 1997, 2001; Schlu- belt at least since the Eocene and they are preserved in
negger, 1999; Kuhlemaehal, 2001 and references therein).synorogenic sediment to the north, west and south of the
Many of these studies presented deformation and exhumati@entral and Western Alps. Twenty-four samples were
of the Alps by precisely reconstructing the deformation andollected from the stratigraphic record of synorogenic
exhumation of individual particle points. The results of thesgediments of Alpine foreland and hinterland basins for
studies showed that the history of the European Alps is pungetrital zircon ¢ssion-track (FT) analysis. The hinterland
basin is here de¢ned as the retro-side basin of the Alpine
wedge and most of those sediments are nowadays exposed
. > ; _in the northern Apennines. The new FT data are used in
F?:r:fg,le???ro416renoble, France. E-mail: matthlas"beme@wjéombination with previously published results (Bernet
resent address: Dipertimento di Geoscienze, University of P& &, 2001, 2004a), to determine Alpine exhumation rates,
dua, Padova, Italy but not sedimentyield, as will be discussed below. There-
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Fig. 1. Digital elevation model of the Alps and northern Apennines. A, Argentera massif; P, Pelvoux massif; B, Belledonne massif; MB,
Mont Blanc massif; AA, Aar massif; G, Gotthard massif; DM, Dora Maira massif; LD, Lepontine dome; SF, Simplon Fault; EW,
Engadine Window; TW, Tauern Window; Ba, B@neBasin; An, Annot Basin Shown in black are periadriatic intrusions.

fore, the results of this study are not directly comparabl&chmid et al, 1996; Sinclair, 1997b). That convergence
with the work of Kuhlemann (2000) and Kuhlemaal  continued after collision is documented in the thrusting
(2001, 2002) who studied erosion of the Central, Westeatong the Insubric line and propagation of the Helvetic
and Eastern Alps in terms of sedimentyield. nappes between 32 and 19 Ma, and foreland propagation in

the Southern Alps since 19 Ma (Schratdl, 1996). If the

Alps are still active today is a matter of debate. Accretionary

growth by convergence has most likely ceased by now, but
GEOLOGIC SETTING metamorphism continues beneath the Alps today (Steck &
A full review of the Alpine orogeny is beyond the scope dflunziker, 1994), and active deformation is observed in
this paper, but useful reviews and summaries can be fouedrthquake and GPS analyses (e.ge&e2000; Martinod
by Schmidetal (1996, 1997, 2004), and Rosenbaum & Listeet al, 2001). Selverstone (2005) postulated that at least the
(2005). Convergence between the European plate to tG@entral Alps are not collapsing yet, as would be expected
north and the Adriatic plate to the south started morén a decaying mountain belt, but extension and normal
or less during the late Cretaceous with rates of 1.5aulting is awidespread feature in the Western Alps.
1.3cmyear 'between the early Palaeocene and late EoceneContinental collision and continuous convergence
(Schmid et al, 1996). Successive accretion of terrainsince the Eocene led to crustal thickening and loading of
and nappe movement culminated with the collision of théhe subducting European plate causing the development
European plate and the Adriatic plate during the latef a peripheral foreland basin to the north and west of the
Eocene and convergence velocity slowed to on average @&lving Alps, where deposition started in the late Eocene
0.3cmyear® between the late Eocene and the presergnd continued throughout the Oligocene until the late
(Schmidet al, 1996). Continental collision was characterMiocene (Homewooslt al, 1986; P¢Aner, 1986; Alleh
ized by widespread barrowvian metamorphism in thal., 1991; Schmiet al, 1996; Escher & Beaumont, 1997;
Central Alps, slap break-oA of the subducting EuropeaBupta & Allen, 2000). The northern foreland basin is well
lithosphere around 33730 Ma, and back thrusting of th@reserved in southern Germany and Switzerland. The
nappe stack on the retro-side of the mountain belt (Blanckvestern foreland basin, however, is only partially preserved
enburg & Davies, 1995; Davies & Blanckenburg, 1998nd Eocene to Miocene deposits are either found in thrust-
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top basins (e.g. Batre basin and Annot basin) east of theFormation. Sediment petrologic data and dominant
Digne-thrust or along parts of the R graben system palaeocurrent directions (NWASE) of turbidites in the
and Dauphiridasin in southeastern France (Fig. 1). Tuscan and Umbrian*Marchean domains indicate strong

The earliest sedimentary deposits in this foreland basiilpine sediment delivery. Therefore, most authors
indicate a marine transgression with development of @nclude thatthe ultimate sediment source of these turbi-
carbonate ramp (numulitic limestones) on the subductindite units were in the Western and Central Alps (Bortolotti
plate (e.g. Sinclair, 1997a; Gupta & Allen, 2000). Theset al, 1970; Sestini, 1970; Gandatal, 1983; Valloni &
sediments were followed by deeper water deposition BfiAa, 1984; Ricci Lucchi, 1986; Sestinal, 1986; Bruni
hemipelagic marls and ¢nally by deep-water siliciclastit al, 1994; Arutaet al, 1998; Di Giulio, 1999; Cibiet al,
turbidites in close proximity of the advancing Alpine2001; Garzanti & Malus&008). Sediment input from
thrust front (Gupta & Allen, 2000). A typical example ofthe slowly emerging Apennine thrust front is locally re-
such siliciclastic turbidites are the Annot sandstone unitstricted and easily recognizable in olistostromes and tecto
in the western foreland basin. They are interpreted tmosomes intercalated in the turbidite deposits (e.g. Pini,
represents the onset of clastic sedimentation in the for&999 and references therein).
land basin, indicating early exhumation of Alpine rocks Exhumation in the Alps, is driven by a combination of
(Sinclair, 1994). The main sediment source of the Annatrosion and normal faulting, as in any other convergent oro-
sandstone is believed to be the Alpine Corsica®Sardinggen (Ringet al, 1999), and large-scale extensional features
block now exposed oAshore to the southwest (Stanleys&ch as the Simplon fault or the Tauern window (Fig. 1) are
Mutti, 1968; Ivaldi, 1974; Sinclair, 1994). Turbidite clear evidence of tectonic exhumation (Mancktelow, 1985;
sedimentation continued in the foreland basin at lea8ehrmann, 1988; Selverstone, 1988; Grasemann & Manckte-
until Mid-Oligocene times (Allert al, 1991; Sinclair, low, 1993; Fygenschutt al, 1997; Schlunegger & Willett,
1997a, b; Gupta & Allen, 2000), and Alpine provenanc#99). However, extensional tectonics is not necessarily an
for Oligocene deposits in the B@nethrust-top basin of  indication for orogenic collapse of a decaying mountain belt,
the Digne thrust sheet in southeastern France for exampés horizontal extension has been recognized in many active
was demonstrated by Evans & Mange-Rajetzky (1991). convergent mountain belts (Rigt@l, 1999). Zircon FTages

The depositional environment in the Alpine forelandof currently exposed bedrock refect a distinct age pattern,
basin changed from a deep marine setting during thwith relatively youngd 36 Ma) Alpine orogenic cooling
Oligocene to a shallow marine setting in the Earhagesinlarge parts of the Central and Western Alps and older
Miocene, and then to a more continental or molasse satooling ages in many areas of the Eastern and Southern Alps
ting during the Late Miocene (Alleet al, 1985; Sinclair (Fig. 2; e.g. Hunzikeet al, 1992). The 36 Ma and younger
et al, 1991, 1997a,b; Schluneggar al, 1997, 2001; cooling ages are seen in relation to cooling after widespread
Kuhlemannet al, 2001; Schlunegger & Simpson, 2002)Middle to Late Eocene greenschist and amphibolite facies
The end of sedimentation in the northern foreland basimetamorphism in the Central and Western Alps (see papers
occurred between 85Ma (Lemcke, 1988; Zweigel, 1998)Freyetal, 1999).
and 4.5 Ma (Cederboet al, 2004). Some of the Eocene
to Miocene foreland basin deposits were incorporated into
the;)advancing tr|1rust front, ﬁxhumed tothe s?rfaqe and aSAMPLE COLLECTION. PROCESSING
subject to recycling since the Late Miocene (P¢Aner, 198§; '
Schluneggestal, 1997; Kuhlemanst al, 2001). Pliocene ﬁ‘ND DATAHANDLING
deposits are very rare in the northern and western pamventy-four medium to coarse-grained sandstone samples
of the foreland basin. Nevertheless, the Pliocene recordaif4"7 kg eachwere collected in the ¢eld. The sampling strat-
Alpine exhumation is preserved in the ®a@nd Rhine  egy was to obtain samples from diAerent stratigraphic hori-
deltas (Hagtal, 1992; Kuhlemann, 2000). zons of the Eocene to Miocene foreland basin deposits and

Not all the sediment eroded oA the Alpine mountairthe Oligocene to Pliocene hinterland basin deposits. Twelve
beltwas deposited in its foreland basin. From Late Eocersamples from outcrops of turbidite sequences and shallow
to Pliocene times, Alpine derived sedimentwas also depmarine or £uvial sandstone of known stratigraphic position
sited in thick, siliciclastic turbidite sequences in than the western foreland basin (southeastern France) and the
northern Apennines in ltaly (Fig. 1). Turbidite deposition northern foreland basin (southern Germany) were collected
occurred in asymmetric mobile basins developed on co(Fig. 3a). Twelve hinterland samples were collected from tur-
tinental crust of the western Adriatic margin in variousbidite sequences of known stratigraphic age (Fig. 3b). The
palaeogeographic domains. The Upper Oligocene tiratigraphic positions of all sampled units are shown in
Upper Miocene turbidites of the northern ApenninesFig.4. Stratigraphic ages are known on the bases of biozones
were mainly deposited in the Tuscan domain and Umand have an estimated error-bfl Myr.
brian®Marchean domain (e.g. Vai & Castellarin, 1992 and All samples were processed in the same way at the FT
references therein). The turbidite sequences of theTuscéaboratory at Union College, Schenectady, NY. Heavy
domain consist of the Macigno, Monte Modino andminerals were separated with standard heavy liquid and
Cervarola™Falterona sandstones, whereas the Umbriamfagnetic separation techniques after crushing and pulveriz-
Marchean domain is dominated by the Marnoso-arenacésy. Zircon aliquots of each sample were mounted in
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Fig. 2. Bedrock zircon ¢ssion-track (FT) age contour map (modi¢ed from Rehe2001).

Tefor? (Du Pont, Nemors, Luxembourg). Following Nae- RESULTS
seretal (1987) and Bernetal (2004b) a multi-mount tech- , . .
nique with two mounts per sample was used, each mouff'€ range of single grain ages, the mean ages andthe difer-
containing 5001000 grains. Mounts were polished to et pe_a_k ages of (_aach samp_le are presente_d mTabI(_es Landz,
pose £at zircon surfaces and then etched. One mount dgpddltlon to prewogsly published resglts. Single grain ages
sample was etched in a short etch (10 h) and one mount§hall of the ~2000 zircons dated for this study are available
long etch (24 h) in a NaOHAKOH eutectic melt at 228n from the correspor_ldlng author_upon request. Looking at
a thermostatically controlled oven. All samples were ¢rgﬁe data, the following observations are rgmarl_<able: (1) the
pre-etched for 1h to remove metamict zircon, and other imsiprea}d ofages Of. about one order of magnitude in ".i" samples
purities; then they were etched in fresh etchant for the ret ypical f(_)r detrital samples ar_1d each sam_ple failg'the
of the selected etch time. test. Ev_en if every sample contains af_e_w grains that gre_close
Because the external detector method for FT dating Wég or Sl'ghﬂY younger than Fhe deppsmonal age, no |n.d'|ca-
used, pre-annealed, low-uranium mica was attached tign of partial or full resett_lr!g of zircons after deposition
each sample to record induced tracks as an external detl%%§ been c_)bservec_i.The minimumage, the youngest pOPUIa'
tor during irradiation. In general, between 50 and 108°" of grain-ages in each sampl_e 's older than the deposi-
grains were dated per sample. All observed FT grain-a jgnal age. Therefore, all grain-age components are
distributions were decomposed into main grain-age co egarded tc_) re£§ct pre_-depos!tlonal coolmg. (2) The percen-
ponents using the binomial peak- ¢t method after Galtage of grains with Alpine cooling ages, again here de¢ned as
braith & Green (1990) and Brandon (1992, 1996) Peé1<36 Ma, increases overall up-section in both the foreland
ages (P1, P2, P3, etc) were calculated with the BINOM Fna”d hinterland deposits (Hig. 5). (3) The mean ages of each
program from Brandon, as described in Erdéas(2005) sample of the foreland and hinterland suites are shown in

Fig. 3. Simplited map showing sample locations of the western and northern Alpine foreland basin and of the hinterland basin in the
Northern Apennines (Tables 1 and 2). (a) Foreland basin samples were collected from a variety of locations in southeastern France and
southern Germany. Northern foreland basin samples 99MB42 and 43 were obtained from cores of the Kaufbeuren-1and Siebnach-1
drill holes (courtesy of BEB Hannover). (b) Hinterland samples were collected from turbidite sequences of the Oligocene to Miocene M.
Senario Formation of the sub-Ligurian units, from the Macigno and Cervarola’*Falterona sandstones of theTuscan domain, and from
the Pliocene Borello Sandstone of the Umbrian®Marchean domain (Table 2). Previously published detrital zircon ¢ssion-track (FT)
ages from the Miocene Marnoso-arenacea Formation (AP samples frone&é&r2@01) are shown for completeness.
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Foreland and hinterland stratigraphy and sampled units

western northern foreland
Ma Biozones foreland foreland Molasse stages hinterland
7 pu—
8 — NN11 Sable de
9 —| Tortonian Montvendre
NN10
10 —; Upper
"= | N9 Freshwater Marnoso
12 — A NG Molasse arenacea Fm
13 —| 2 | Serravallian| _NN7 Sable de
14 —] § NNE Valeras Glimmer- |
S NN5
15 — =| Langhian sande
16 —] Ballendorf
17 — .
. r Marin
18 —] NN4 Ueberlingen UpRAel arine
Burdigalian olasse
19 — urclg Cervarola Fm
2? 7 NN3
] NN2
22 — Aquitanian Molasse de
23 —J q NN1 Tamaris
24 —1 Gres Verts Lower Falterona Sst.
25 __| NP25 Freshwater
26 — Chattian | NP24 | Molasse Rouge Molasse
27 — 0 Baustein- . Macigno Fm
28 — I schichten ‘
29 — o NP23 La Poste Fm
30 2 . M. Senario Sst.
37 —| o Lower Marine
32 | Rupelian Molasse
33 —| NP22
34 —
35 —| NP21
36 — % NP20 Gres d'Annot
37 — S | Priabonian | NP19
88— NP18

Fig.4. Simpli¢ed stratigraphic column of
the northern and western Alpine foreland
basin based on Lemcke (1988), Zweigel
(1998) and Pomerol (1980), and for the
Alpine hinterland. Note that only units
and locations sampled for this study are
shown. Sample numbers are givenin
Tables 1and 2. Biostratigraphic zones are
based on Harlangt al (1989) and
Berggreretal (1992).

Table 1. Detrital zircon ¢ssion-track (FT) data from western and northern foreland basin sediments

Deposition Age range
Samples Biozones (Ma) N (Ma) P1 P2 P3 P4
Western foreland basin
99MB13 NN11 8.0 60 115184 12218 28.3+ 51 99.8+ 119
Sable de Montvendre 52% 25% 23%
99MBL16 NN7 13.0 60 14.27195 22.01.8 639+ 98 1218+ 26.7
Sable de Valeras 66% 19% 15%
99MB22 NN4 16.0 60 18.3"142 242.0 66.0+ 10.7 116.4+ 185
Etang du Lavalduc 59% 19% 22%
00MB53 NP24 26.0 11 3197221 no peaks ¢tted
Grés Verts
00MB54 NP23 28.0 60 23.5"266 3H#.8.3 59.7+ 7.7 1529+ 175
Molasse Rouge 45% 26% 29%
00MB55 NP23 30.5 50 22.7°160 32428 60.4+ 10 11114 14.4
La Poste 50% 16% 34%
00oMB52 NP20 36.0 50 35.3"341 60.9.0 122.3+ 195 N
Grdd dOAnnot 51% 49%
Northern foreland basin
oomB57 NN5 14.0 60 17.27196 23:44.2 45,0+ 4.3 82.5+ 19.2 140.2- 64.1
Glimmersande 12% 53% 27% 8%
99MB38 NN4 16.0 60 1297320 25.63.2 69.8+ 85 1443k 177
"berlingen 30% 37% 33%
00MB56 NN4 18.0 60 17.37308 2228 35.8+ 4.8 78.7+ 22.0 129.6- 17.8
Ballendorf 29% 21% 16% 34%
99MB42 NP23 27.0 60 34.3/188 41.3.3 726+ 147 124.9- 14.6
Baustein-schichten 33% 24% 44%
99MB43 NP23 27.0 60 2917293 4249 85.6+ 13.6 1409t 36.2
Baustein-schichten 37% 40% 23%

n5 total number of grains counted; binomial peak- ¢t ages are ¢i\@8E. Also given is the percentage of grains in a specitc peak. All samples were
counted at1258 dry( x 100 objective, 1.25 tube factor, 10 oculars) by M. Bernet using a zeta (CN-5) £ 33422+ 1 SE). Depositional ages after
Pomerol (1980), Lemcke (1988), Evans & Mange-Rajetzky (1991) and Zweigel (1998). Biozones aktaH2989)hnd Berggrenal (1992).
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Table 2. Detrital zircon ¢sion-track (FT) data from hinterland basin sediments

Deposition Age range
Samples Biozones (Ma) n (Ma) P1 P2 P3 P4
00MB50 NN14 37 90 8.8"14 13921 24.2+- 31 38.5+ 79 729+ 221
Borello Sst. 30% 42% 21% 7%
Cc1 NN4 16.0 60 14.4M12 2822.3 821+ 125 A A
Cervarola Sst. 83% 17%
C51 NN4 18.0 100 19.00104 22135 33.2+ 31 729+ 10.3 _
Cervarola Sst. 15% 69% 16%
C2 NN2 215 60 16.1M24 28183.3 43.0+ 6.2 80.24+ 17.2 N
Cervarola Sst. 52% 40% 8%
VALD 12 NN1 22.0 49 22.0M13 291221 396+ 6.5 65.0+ 16.4 106.8- 235
Cervarola Sst. 7% 12% 5% 6%
VALD 2 NP25 24.0 46 231747 2942.7 751+ 71 N N
Falterona Sst. 49% 51%
VALD 6 NP25 25.0 51 20.37M41 2972.2 574+ 90 1039t 22.1 A
Falterona Sst. 70% 20% 10%
GOM-1 NP24 26.0 46 21.2°104 33R.2 57.2+ 81 100. A4 38.6 A
Macigno Fm 83% 14% 3%
GOM-3 NP24 26.0 50 26.0"69 3332.3 509+ 195 A N
Macigno Fm 92% 8%
CAS-3 NP23 28.0 49 28.0"09 FH25 59.0+ 109 111.2- 80.5 N
Macigno Fm 87% 11% 2%
CAS-2 NP23 28.0 49 29.5"53 4L.B3.7 831+ 117 A N
Macigno Fm 65% 35%
C49 NP23 30.0 100 19.27154 32.3.0 50.8+ 9.8 83.9t 14.6 n
M. Senario Sst. 36% 43% 21%

n, total number of grains counted; binomial peak- ¢t ages are ¢i\&8E. Also given is the percentage of grains in a speci¢c peak. All samples were
counted at125¢ dry ( x 100 objective, 1.25 tube factor, 10 oculars) by M. Bernet using a zeta (CN-5) a£334Q22+ 1 SE). Biozones after Harland
etal (1989) and Berggrenal (1992).

&\o, 100 Percentage of grains with Alpine cooling ages Fission-track age (Ma)
3 0 10 20 30 40 50 60 70 80 90 100
% 80 4 ! ! ! ! ! ! !
o Alpine hinterland
£ 10 1
g 601
o 20
= =
<_(o. 40 g 30 A
<
= (0]
s 20 D 40
g = 1 ) 16.m'y'2.4 m.y.
© c .
1G] 0 o Alpine foreland
40 § 10 1
. o
Depositional age (Ma) § 20 -
Fig. 5. Diagram showing the increase of dated grains with Alpine 30 - o
(o 36 Ma) cooling ages in the detrital samples from synorogenic 40 0
and modern river sediment (Bereeal, 2004b). 16 m.y.24 m.y.
50
Fig. 6. Both suites show similar trends of younging up-sec- Central FT ages of detrital zircon

tion. (4) Binomial peak ¢tting revealed thateach sample coRig. 6. This graph shows a mean-age lag-time plot for the

tains three to four main peaks and the diAerent peaks shéweland and hinterland samples. Hinterland samples

similar up-section age trends in both the foreland basin arst¢monstrate a similar trend as the P1and P2 lag-time plots in Fig.
hinterland basin deposits. The younger peaks, P1and P2, drhereas the foreland samples contain a larger fraction of older
moving peaks because they are getting considerablyyour@é‘lmsv which is evidence for the removal of non-reset cover-
up-section (Fig. 7a and b). The older peaks of about 60A"ItS towards the foreland.

140 Ma, usually P3 and P4, show less systematic variation

up-section (Tables 1and 2). The actual peak ages are of mshert-term erosion rates, which are decoupled from long-
importance than peak sizes. Variation in peak sizes fraerm exhumation rates (Bermesl, 2004b).

sample to sample is acommon observation, because in addit should be noted that a peak age (for example P3) of one
tion to sampling error, the actual peak size depends @ample might fall within the age group of a diAerent peak
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Fission-track peak age (Ma)
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Fig.7. Evolution of the youngest grain-age components (P1 and P2) throughout the stratigraphic record in the western and northern
foreland basin, and the hinterland basin. Contour lines indicate lag times (peak age * depositional age). Both, foreland and hinterland
display a fairly steady P1 and P2 evolution since the Late Oligocene/Early Miocene, with relatively constant lag times.

(for example P4) of other samples (seeTable 1 for examplestimate of a mean erosion rate of a drainage area. Consid-
This is a result of labelling peaks with respect to the indiering a landscape with spatially varying erosion rates
vidual sample, and was done to emphasize up-sectiefx;y), wherex andy indicate position within the land-
changes in the two younger age components P1 and P2slcape covering an arAaln this scenario, the detrital
studies where the detrital zircon FT grain-age distribucooling ages in sediment eroded from the landscape are
tions and peak ages from samples of the same depositiamalinly determined by erosion. In other words, the infu-
age are compared P1, P2, etc., are assigned with respeetrioe of tectonic exhumation on the grain age distribution
peak-age groups of all samples to allow for better compas-insigni¢cant.

ison (Berneét al, 2004a). The diAerent peak ages for the It can be argued that given the expected vari-
foreland and hinterland samples given in Tables 1 and&ion in erosion rates, the closure defthcan be

can now be used to gain provenance information (Branddaken to be approximately constant. If correct, it can be
& Vance, 1992; Garvet al, 1999; Berneét al, 2004a; stated that
Stewart & Brandon, 2004), or for calculating lag times

(e.g. Bernet & Garver, 2005). txy) ~ Zemel(x;y) (1)
wheree(x; y)now indicates the long-term average erosion
rate atx, y averaged over the time interval indicated. by

We observe the grain ages as a function of their yield in
the sediment. Thus, the mean of the measured grain ages
t in a sediment sample is given by

THE MEAN EROSION RATE AND LAG
TIME CONCEPTS

Relation between mean age and mean erosion

rate

Z
Even if mean ages of detrital FT samples are generally_ y -1 t(x;y) e(x;y) dA
regarded as meaningless, they can provide a ¢rst-order A

(2
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Exhuming the Alps through time

where the sedimentyieltdfrom A is given by 18 and around 28 Ma in the hinterland (Fig. 6). The mean
7 age lag times translate into average erosion rates of 0.3*
0.2km Myr *during these steady periods.
Y = eXxy)dA 3
A

The mean erosion rate from the drain is de¢ned by .
Lag time concept

bE=vA! (4)  The lag-time concept, de¢ned as the cooling age minus
the depositional age, can be used to determine exhuma-
tion rates from cooling ages. This concept has been de-
scribed in detail by Garvet al (1999) and is reviewed
e~ Zct () here (Fig. 8). Three requirements have to be met to apply
This relationship is directly analogous to that used tahe lag-time concept when using the FT method: (1) the
relate cosmogenic isotope production to the mean erosidatrital grains should not have been partially or fully reset
rate in the drainage (Brovehal, 1995; Grangeatal, 1996).  after deposition due to a subsequent heating event or deep
The sediment eroded from the drainage has a Omean cburial; (2) it is important to know the depositional age of
centrationO that changes approximately proportional withe detrital grains that are dated, at least within the range
time, as represented by a mean of the grain coolinty agesf precision of their determined cooling ages; and (3) it is
or the mean of the cosmogenic isotope concentration. Tlo¢ advantage if no active volcanism is present during the
production process has a vertical length scale over whitime of deposition, which could lead to input ofvery young
the Oconcentration® increases, which is the average closioanic zircons that are not related to exhumational cool-
depthZ; or the attenuation length scale for the cosmoing and might obscure the orogenic signal. If these
genic method. Thus, we can consider that the mean ofraquirements are ful¢lled, as they are through most of the
distribution of detrital cooling ages is approximately prohistory in case of the European Alps, where detrital zir-
portional to the inverse of the mean erosion rate. Whecons have not been reset after deposition in synorogenic
plotting mean ages of each sample on alag-time plot, nagediments, the depositional ages are fairly well con-
or less steady trends starting in the foreland basin arourstrained, and basically no active volcanism occurred since

Combining Eqns (1)(4) gives

rock exposed
at the surface

te= time of erosion
erosion and

Lag time =t; —ty4

ty= time of deposition
- =T decay
NS constant lag time
= | ! construction

simplified — : f
exhumation Fission-track peak age (Ma)
path 0048 12_19?024283236;404448525&}'6064687276
fission-tracks = iy (B)
are retained 2 10 4 : :
5 FEON\N i
5 20 PR\ ;
- g : :
fission-track S %'—‘é" : H
b »—H% :
closure isotherm Clock starts GSJ_ 30 ° Ipea: ages ;
o~ ARy A — lag time
T, = 240;C }f{gg tc=time of closure A contours (Myr)
0 0 e e e
no fission-tracks Lag-time plot
are retained

rock with H
zircons ﬁé

Fig. 8. (a) The basic idea of the lag-time concept is that a rock is exhumed from deeper crustal levels because of erosion, normal faulting ¢
ductile thinning at or near the surface. On its way upwards the rock cools below the closure temperatures of the zircon ¢ssion-track (FT)
system. As soon as this happens the FT clock is started and continues to tick on the way to the surface. Eventually the rockwill reach the
surface where it is subjectto erosion. The exposed rockwill be weathered and eroded and its apatite, zircon and mica grains are released |
sediment and transported by glaciers and rivers into the adjacent basins, where they are deposited. The time for erosion and sediment

transport is regarded as geologically instantaneous @talll#992; Bernedtal, 2004a). Therefore, lag time integrates between the time of

closure and the time of deposition and mainly represents the time needed to exhume the rock to the surface. After deposition the FT clocl
will continue to record the time since cooling below the closure temperature until the grains are heated again close to or above the closur
temperature, which would lead to partial or full resetting. (b) The up-section trend in lag time of diAerent grain-age components or peaks

(here only the youngest peaks are shown) are important for interpreting the exhumational history of the mountain belt.
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Oligocene times (Blanckenburg & Davies, 1995), the 7 P

lag-time concept can be applied. & | —o euecral grains, N30 Ctl. Corydroja sandstong
2 5|

DISCUSSION 2

T T 44

Provenance of individual peaks 2
S 3-

A large number of provenance studies were done in the Alp§

over the years (e.g. Schlanke, 1974; von Eyreitsi1996, e 2]

1999; Schluneggest al, 1998 and references therein; 14
Garzanti & Malusg2008). FT data of detrital zircon can be
used for provenance analysis as well (e.g. Hueffalkd 984, rounded grains, N=54
Hurford & Carter, 1991; Carter, 1999). That s, peak ages ofall 8 ]~ euhedal grains, N=4
samples in Tables 1 and 2 and their associated lag times can” |
be used to identify their potential sources in the Europearg‘" 6 1
Alps by comparing them to present bedrock FT ages (Fig2, 5
2). Zircons in a FT grain-age peak can have been deriveg 4
only from areas where the present bedrock zircon FT age§ 3
are younger or equal to the age of the peak. This relatior 2 |
allows isolating candidate source areas. 1
In general, peak ages between 8 and 36 Ma are mainly
derived from deeply exhumed rocks of the Central and
Western Alps, and the external massifs, or the Tauern 6 1
Window in the Eastern Alps (Fig. 2). Input of volcanic zir- % 5 4
con with cooling ages 6£30 Ma from Oligocene volcan- §
ism is insigni¢cant. In Fig. 9, a comparison of FT cooling j;
ages of euhedral and rounded zircons is shown for thre§ 3
samples that were deposited between 30 and 16 Ma in thg 5.
hinterland basin. Because volcanic zircons have in general
an euhedral grain shape, we would expect to ¢nd a strong 1
shape-age relation of euhedral grains with only 30Ma , | |
cooling ages, if volcanic input is signi¢cant. While each 1 10 100
sample contains euhedral grains with 30 Ma cooling ages, Fission-track grain age (Ma)

younger and_older euhedral grains were observed as Wel#%_sg. Probability density plot of one M. Senario and two

rounded grains with the same age spectrum. Therefore (& yarola samples, comparing zircon grain shapes (euhedral vs.
strong shape-age relation is not con¢rmed, which meapgnded) with ¢ssion-track (FT) cooling ages. There is no

that not all euhedral grains with 30 Ma cooling ages wekggni¢cant correlation between grain shape and cooling age. Both
necessarily derived from Oligocene volcanism (also sgein shapes represent the whole age range in the observed grain
Dunkl etal, 2001). Combined FTand U/Pb dating on the age distribution. Therefore, euhedral grains cannot be directly
same grains is needed to identify grains of Oligocerﬁ@ated tovolcanic input, but could also be derived from

volcanic origin (e.g. Carter & Moss, 1999), and should b&humationally cooled meta-sedimentary units or granites (also
the objective of future research. see Dunketal, 2001).

Peak ages between 40 and 50 Ma are likely derived fram ) R
Austroalpine units that were eroded oA the Central Alpg!Tcon FT data from modern-river samples of the@o
during the Oligocene, but still occur today in parts of theRIver (Berneetal, 200'4a).and theTicino River (Bereet
Eastern Alps (Kuhlemanet al, 1999). This result is al.,, 2001) were added in Fig. 7f0rgmore complete Qata set.
supported by other provenance studies using white mica_Ove_rall, Pllag tlmes_showafawly stable trend since the
ArMAr dating (von Eynattest al, 1996, 1999), or the work mid-Miocene (~18 Ma) in the foreland samples and since

by Schianke (1974) and Schlunegget (1998). All older the Oligocene{28 Ma) in the_hinterland sample; (Fig.7a
peaks 0f~60°140 Ma or older are related to material from2nd D). Such constant lag-time trends are evidence for

the less deeply exhumed units of the Alps, including IOOg_ircon with consistently young cooling ages being shed to

sible recycling from partially or non-reset cover units ang©th sides of the orogen. This result can be interpreted in
synorogenic sediment (Fig. 2, Berettl, 20044). two ways. The ¢rst option is that certain source areas were

rapidly exhumed at a speci¢c time, providing zircons with
short lag times, but than fast exhumation changed to
a diAerent area from where young zircons with short
The evolution of P1 and P2 lag times in the foreland an¢hg timeswere supplied to the basins.The second, and here
hinterland deposits through time provides insight intopreferred interpretation of the data is that in some parts of
the long-term exhumational history of the Alps (Fig. 7).the Central and maybe even the Western Alps zircons have

(@
&%
Sl

rounded grains, N=61
O— euhedral grains, N=39

Long-term exhumation
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cooled in a fairly steady fashion. Willett & Brandon (2002)axation. The external massifs, which are important
det¢ned such a thermochronologic exhumational steadpurces of zircons with Alpine cooling ages, seem to be lit-
state as the time invariant production of cooling ages witttle or non-eAected at all by the Oligocene periadriatic
in a specited spatial domain. In other words, zircothermal event (Fregtal, 1999, and papers therein). There-
sources existedwhich were continuously exhumed at faiflyre, this thermal event seems to have little infuence on
constantrates. The average lag time of P1for the Oligocetie exhumation signal of the Alps derived from the sedi-
or mid-Miocene to present exhumation periods in bothmentary record.

the foreland and hinterland is' 7.4+ 1.3 Myr. This aver- Why is a longer constant P1trend observed in the hinter-
age lag time can be translated into a long-term average &ad basin than in the foreland basin (Fig. 7)? The obvious
humation rate of ~0.7+ 01kmMyr % using a one- answer is that sample coverage is more complete in the hin-
dimensional (1D) advective thermal model (AgeTloEdaterland basin, but more important is that the hinterland
programme of Brandon, as described in Ehétral, samples are exclusively collected from turbidite sequences
2005), assuming an initial average geothermal gradientwdfich have the advantage of being better mixed and more
~301C km~t and a zircon FT closure temperature oflikely to contain all major FT grain-age components
2401C for the Central Alps (Hurford, 1986). Such exhuma-exposed in the source area on a regional scale. Samples
tion rates must have been established earlier than doaepllected closer to the source reEect a more local signal,
mented by the ¢rst occurrence of zircon with-8Myr  maybe only from a single drainage area, depending on sam-
lag time, because to see young cooling ages in the sealé location, which is not necessarily representative of the
mentary record, the non- or partially reset cover-unit§Tages of the whole orogenic system (Batrett2004a).

need to be removed ¢rst. One obvious question is how P2 lag-time trends are more variable and show more scat-
stable was the thermal structure of the Alps since the Eder than the P1data, especially in the foreland basin samples
cene, on the scale of the whole orogen, to justify this inte(Fig. 7). The onset of relatively constant lag times for P2 in
pretation? The thermal structure could be perturbed byhe hinterland was around 22 Ma, which is consistent with
relief change and growing topography, fast exhumation e P1lag time. Sources areas for P2 zircan36fMa can

a thermal event such as widespread magmatism. Whba located in the Central and Western Alps today (Fig. 2),
discussing the exhumation in terms of apatite FT thermoand are not directly aAected by exhumation due to normal
chronology it is necessary considering the infuence of daulting, but only by erosion. They have average long-term
humation rates and topography on the closure deptixhumation rates 0f0.420.1km Myr %, based on the lag
(Styweetal, 1994; Braustal, 2006). For the zircon FTsys- times presented in this study. These values correspond to
tem, however, the closure depth seems to remain fairtiie long-term exhumation rate estimates of Grasemann
uniform over a range of exhumation rates, up to 1.5& Mancktelow (1993) for the Central Alps before the onset
2kmMyr~1 Given the exhumation rates calculated her@f the Simplon Fault and subsequently in the hanging wall
the closure depth was probably not much perturbed andf the fault. Kuhlemanrt al (2001) determined that 88%
stayed at around 7*8km depth. The closure isotherm isf the exhumation of the entire Alps since the Oligocene
also deep enough so that it is not signi¢cantly aAected tsas controlled by erosion. Grains of the older P2 peaks
Alpine topography. More important could be the thermal(4 50 Ma in Tables 1 and 2) are possibly derived from only
perturbation of the Alps by magmatic activity followingpartially reset cover units, similar to the partially or non-rest
slab-break oA during the Oligocene. One can argue thatcons that make up P3 and P4 in all the samples.

the cooling recorded in zircon FTages is at leastto someThe fraction of grains with Alpine cooling ages
part the result of thermal relaxation following perdiadria{o 36 Ma) increases over time (Fig. 5), which could mean
tic magmatism, and not related to exhumational coolinghat the area of exposed bedrock that contains zircon with
This argument is likely to be true for zircons derived di-Alpine cooling ages may have increased over time, at least
rectly from periadriatic intrusions, and may be true for zirrelatively with respect to areas with pre-alpine cooling
cons with Oligocene FT ages from areas close to tlames, because exhumation rates have remained fairly con-
intrusions (contact aureoles). However, on the basis of tegant. With the available data, it is not evident how this
available detrital and bedrock FT data, it cannot be distinrelates to a possible change in size of the mountain belt as
guished how much cooling of such zircons was post-maguggested by others. For example Schlunegger & Willett
matic and/or exhumational. Post-magmatic cooling seer(t®99) proposed growth of the Alps at the end of the Oli-
not applicable to most zircons with Miocene or youngegocene/early Miocene on the basis of thermochronologic
cooling ages. At least so far, the thermal overprint relatethta and dynamic modelling, and Cedertatal (2004)

to slab break-oA and periadriatic magmatism remaimstulated a narrowing of the orogenic system from uplift
poorly constraint and is only locally documented in partand recycling of foreland basin sediments to the north of
of the Southern and the internal Western Alps (Desmonthe Alps since the Pliocene.

etal, 1999). The Lepontine dome of the Central Alps, the

most important P1 source area was undoubtedly aA(?CtE‘;(humation rates vs. sediment yield

by post-metamorphic cooling related to exhumation
(Hunzikeret al, 1989; Frey & M!hlman, 1999, and refer- Exhumation rate estimates for the fastest exhuming areas
ences therein) rather than by post-magmatic thermal r@f 0.420.7 km Myr %, and average erosion rate estimates of
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. Mean erosion rates determined from
0. { Mmean detrital zircon fission-track ages Fig. 11. Lag-time plot of detrital zircon FT data collected from
E alluvial fans in the Swiss Molasse basin (data from Sggtegel
s 0.5 |=— hinterland erosion rate 2000).
3 === foreland erosion rate
% 0.4 1
= of foreland basin sediments. This at least would be
I ~. expected for a reduction in the width of the Alps, which
o = -~ .
o 02 . \\ " would cause uplift at the £anks of the range, as argued by
N —— v Cederbonetal (2004). These sediments would have a mix
0.1 ; ; ; . . . of detrital zircon ages and thus would not show well an in-

o 5 10 15 20 25 30 35  creasein erosion rate. Therefore, the increase in sediment
yield did not come only from the P1 areas given the steady
Fig. 10. Comparison of sedimentyield data of the Alps (a) (afterlag times. If the entire Alps, including the P1and P2 source
Kuhlemanretal, 2001) with smoothed erosion rate estimates areas, would be eroded much faster since the Pliocene
derived from central ages of detrital zircon FTGA distributions (4 1.4 km Myr~ 1), because of climate change, as proposed
of the foreland and hinterland (b). Note that no increase in by Cederbonet al (2004), or for other reasons, then the
erosion ra_tes is see_n in th_e PIiocene,_as would pe expected by’gnss should have a much deeper relief today. In addition,
proposed increase in sediment £ux since that time. itis surprising that zircons with Pliocene cooling ages are
not detectable in modern river samples (Bestedl,
0.270.3km Myr * derived from mean age lag times, are2004a, b). It seems that the zircon FT data are not sensitive
comparable with exhumation rate and overall erosion raémough to pick up this relatively recent increase in erosion
estimates from other studies (e.g. Clark & Jlger, 1968ates and sediment yield. Therefore, while the Alps are
Hinderer, 1999, 2001; Kuhlemaetal, 2001; Schlunegger being eroded more rapidly over the past 5Myr, erosion
et al, 2001). At ¢rst glance the constant lag times andas noteUcientenough to remove suUcient rock towidely
constant exhumation rates seem to be in con£ict with thexpose zircons with Pliocene or younger cooling ages.
considerable variation in sediment yield that Kuhlemann
(2000) and Kuhlemanet al (2001, 2002) determined by
detailed sediment budget calculations for the Centraf
Western and Eastern Alps over the same period 0
time (Fig. 10). However, sediment yield can vary withouSpiegekt al (2000, 2002, 2004) presented detrital zircon
actually changing exhumation rates, but because BT datafrom Oligocene to Miocene clastic alluvial fan de-
changes in erodibility of exposed lithology (Schluneggerosits in the Swiss part of the northern foreland basin.
& Willett, 1999; Kyhni & P¢Aner, 2001; Schlunegefe,  Zircon FT data of Spiegedt al (2000, 2002, 2004) from
2001; Kuhlemanet al, 2002) or changes in drainage sizéhe Honegg-Napf fan (30"14 Ma depositional age) for ex-
and/or a shift in the drainage divide. Kuhlemann (2000ample show a similar trend as our results presented here,
and Kuhlemannet al (2001, 2002) postulated a steepwith an average P1 lag time 8.5 Myr between 21 and
increase in erosion rates from increasing sediment yield Ma (Fig. 11). However, samples collected from alluvial
starting from about 5Ma onwards. Even though arfans farther to the east (Rigi-Hphrone fan, Hprnli fan,
increase in erosion rates is also refected in bedrock apatite, see Fig. 1 in Spieggatlal, 2000), have an average lag
FT data form the Central and Western Alps (Verebal, time of the youngest age component 9.8 Myr
2008), itis not detected in the detrital zircon FT data pre-between 31 and 13 Ma, which is much closer to the average
sented here. One explanation for this outcome is that tHe2 lag time of 16 Myr of this study. Spieglal (2000,
increasing sediment yield is not derived form the P1 an?002) interpreted this as a result of episodic exhumation,
P2 source areas alone, but is coming also from recyclibgt it is possible that the eastern alluvial fans just did not

omparison with other detrital
permochronologic studiesin the Alps
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receive OP10 zircons, and apparently only sampled OP20 areasiE 8iE 10{E 12(E
in the Central Alps. Given the proximity of the alluvial fans —
to their source area this is a feasible explanation. The -

—
e —/7
. . P \0%?_'-—"
closer the location is selected to the source, the more loca- .-3;52{\&2?’;,.?
-

lized is the information and it is possible to miss the areasn -~ (.~ ——Central v
that experience the fastest exhumation. The local variation — S ey
) ; . ) — i A K
in exhumation of the Alps has been shown with a series of 7 _ V7 /A . ‘g/
samples from modern rivers that drain the orogen to its _X‘{S:te;, g " (Senezia |
foreland and hinterland today (Beregél, 2004a, b), and /' om¢ T~P’B—--’ . PoPlain | &
it is more than likely that the same spatial variation in the G N [ Adatie A
exhumation signal existed in the past. " f"i\\ sl 1 Marmoso.
The detrital zircon FT data from the hinterland basin 44N {—— ’_/ “\X\\Q ' \ 5.\4'. arenacea
presented here con¢rm the results of a study on sediment 7 lguiansea | SENGHIN L
from the Macingo formation in the northern Apennines oA "*'kll N\ SN
by Dunkletal (2001). These authors found the same zircon |~ N B T NN
FT cooling-age clusters of Palaeogene age (31734 Ma), — .
Late Cretaceous age (60"70Ma) and Jurassic age (140~ | [ Molasse basins % E:;T:;Vizri;l:omamcs
160 Ma). Dunklet al (2001) also found the same relation £ Helvetio and ultrahelvetio. |/ cennini foredesp
between euhedral and rounded grains as we found in our | £ Pernineunits - (= Tortiary Piedmont basin
samples from the hinterland basin. For that reason, FTre- :zz‘t;‘:z'::u“n?: o Ticino River sample
sults of detrital zircon are very robust and results from dif- DM = Dora Maira

ferent FT Iaporator'es are compatible. . Fig.12. Simpli¢ed geologic map of the Alps indicating the
FTanal t th I thod of detrital th
analysis 1s not the only method ot detrital thermo - cation of the Marnoso-arenacea Formation in the Northern

chronology applied to study provenance and exhumatiofhennines (sample location of Berete, 2001 and this paper),

in the Alps, but als8°Ar/*%Ar analysis on detrital mica is andtheTertiary Piedmont basin (sample location of Cagtaha
widely applied (e.g. von Eynattetal, 1996, 1999; von Ey- 2003) Black arrows indicate sediment provenance of each basin.
natten & Wijbrans, 2003; Moratgl, 2008). An example of

a regional episodic exhumation event in the Western Alps

was clearly demonstrated by Carrapal (2003) with a that make up part of the Apennines today (Fig. 12,
static peak at~38 Ma of*°Ar/*?Ar ages of detrital mica Garzanti & Malu$a2008).

collected from the Tertiary Piedmont basin (TPB) in
northern Italy, to the east of the Western Alps. The stati . . ‘s .

38 Ma*“Ar/*%Ar cooling age, which can be found through—byrlamIC modelling, GPS and seismic studies

out the stratigraphic record of the TPB, marks the end obynamic numeric modelling of the Central Alps by
rapid exhumation that caused thick layers of crustal rocRchlunegger & Willett (1999) and suggesteddklatma-

to be quickly cooled below 350"4B0 the closure tem- tion of the metamorphic core of the Central Alps (Lepon-
perature of th&°Ar/>°Ar system for white mica (von Eynat- tine dome, Fig. 1) was variable, with higher rates before
ten & Wijbrans, 2003), when these rocks reached mi@0 Ma. Although their study is consistent with very rapid
crustal levels. This exhumation event was driven by erdectonic exhumation of the Lepontine dome around
sion in the southern part of the Western Alps and the0 Ma, they cannot rule out higher rates of erosional exhu-
Ligurian Alps (Carrapatal, 2004), coeval with the end of mation over alonger period of time. Therefore, Schluneg-
HP-metamorphism of the Dora Maira massif in the Wesger & Willett (1999) concluded that total exhumation was
tern Alps (e.g. Avigaetal, 1993). Zircon FT cooling ages of driven by a combination of extensional tectonics and
20”30 Mafrom bedrock exposed internal Western Alps toerosion, which is consistentwith the view presented in this
day (see data repository of Beraeél, 2001; Schwartz study. Schlunegger & Willett (1999) also proposed a
etal, 2007; Vernoet al, 2008), indicate that cooling and balance between erosion and convergence mass £ux for
exhumation considerably slowed down after the rocks halde early stages of Alpine evolution, but postulated that
reached mid-crustal levels, and they were continuousfjrosion rates and overall exhumation rates may have de-
exhumed at rates of 0.270.3 km Myrever since. Unfor- creased since the Early Miocene, maybe because of a
tunately, the Tertiary Piedmont basin does not retain thehange in climate. These authors argued that erosion failed
exhumational history of the Central Alps or the northerrnto keep up with mass accretion by convergence, causing
part of the Western Alps because its source lay exclusivekoadening of the width of the orogen to accommodate
in the southern part of the Western Alps and the Liguriarsurplus material. The conclusions drawn by Schlunegger
Alps, as shown by Carraptaal (2004). Therefore, fast & Willett (1999) state that the area of fast exhumation
continuous exhumation of zircon in the Central Alps sincenay have been reduced, but is still large enough to produce
the Oligocene cannot be detected in the sedimentadetectable amounts of relatively fast cooled zircons in the
record of the TPB. This exhumational signal by-passedtratigraphic record. However, the data of this study show
the TPB and was preserved in the turbidite sequences thfat the contribution of zircon with synorogenic cooling
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ages has increased over time (Fig. 5), whereas the exhunsanot true for the Central and Eastern Alps. Overall a
tion rate remained constant. A newer study by Wittt ~ decay of the Alps is not seen in the detrital zircon FTre-
(2006) argued that erosion rates in the Alps have signi€erd yet (also see Bereeal, 20044, b).
cantly increased since the Messinian Salinity Crisis
( ~5.6 Ma) as a result of baselevel drop in the hinterland
and erosion of the Southern Alps, and extensive erosigDONCLUSIONS
of the Northern Foreland basin at the same time. Both, )
erosion of the Southern Alps, which still expose mainijP€trital zircon FTresults of 24 sandstone samples and
rocks with Jurassic cooling ages or older, and recyclingfeviously published data from stratigraphically con-
the Northern Foreland basinwill contribute to the increas&0!led sections of the Alpine foreland and hinterland were
in sedimentyield that has been postulated by KuhlemanS€d to determine sediment provenance and long-term
(2000), but it does not mean that long-term average exh@verage exhumation rates of the Eurqpean Alps. Individual
mation rates have changed so far in the Central Alps geak ages canbe related to sourcesin the CentraI,We_stern,
that therefore the zircons with young Alpine cooling agelgastern and Southern Alps. Relatively constant lag times
in the metamorphic core of the Central Alps would beéfthe twoyoungest peaks in each sample from the foreland
exhumed diAerently than before. Kjhni & P¢Aner (2001§1pd hinterland mdlcate cqntlnuous exhumatpn of zircon
used numeric modelling to predict the topographic evoluWith young cooling ages in the fastest exhuming parts of
tion of the Central Alps and to detect shifts in drainagdn® Central and Western Alps by a combination of erosion
divides. Their ¢ndings are not in contradiction with our @nd normal faulting since the Late Oligocene/Early Mio-
results, con¢rming that the Alps have been a fairly synf:€ne- It is remark_able that the long-term exhumational
metric mountain belt with equal amounts of orographi$ignals preserved in the western and northern foreland ba-
precipitation and erosion on both sides of the mai§inS and the hinterland basin are similar through time.
drainage divide since at least the middle Miocene. ‘The data presented in this paper are in good agreement
Naylor & Sinclair (2007) and Hotét al (2007) high- with othe_rdetrltal_zwcon FT_studles_lntheAIps_. However,_
lighted the punctuated deformation of thrust sheets durS® far_ neither an increase in erosion rates since the Plio-
ing frontal accretion in doubly vergent orogenic wedges€ne is detected, nor a decrease of exhumation due to the
such as the European Alps, using numeric and analogl?ék ofconvergenge, as.suggested by current GPS and seis-
modelling respectively. Frontal accretion and thrust deforMic data. The detrital zircon FT data presented here do
mation clearly infuence localized surface uplift and exhlot Provide any indication of major long-term changes of
mationwhich in turn has an impact on the cooling historyf€ctonic or climatic forcing during the evolution of the
of the crustal rocks that will eventually be exposed at tHlIPS Since continental collision, and they seem to be in-
surface. Their models predict that rates of surface uplif§€nsitive to £uctuations on time scales 6Myr. Future
frontal accretion and exhumation are punctuated on time¥0Tk is needed to ¢nd a better consensus between detrital
scales of 0.175 Myr. This time scale of punctuation is df?’€rmochronologic data, dynamic modelling, and sedi-
least 30% shorter than the long-term average lag time §}€nt budget estimations.
the P1 zircons in the Alpine orogenic sediments. There-

fore, such punctuations may not easily be detected in the
detrital zircon FT record. Obviously further research isACKNOWLEDGEMENTS
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