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ABSTRACT

New zircon and apatite fission-track
data, combined with a structural analysis,
provide constraints regarding the large-
scale tectonic evolution of part of the
French/Italian Alps. The observed migra-
tion of cooling toward more external units
is interpreted to be due to thrust propaga-
tion. In the absence of significant amounts
of crustal thinning, the exhumation has
been dominantly by erosion.

The most internal unit investigated (the
Penninic Houillere zone) started to cool at
ca. 35 Ma, after an earlier tectonometa-
morphic event that only affected Penninic
units. Fission-track data from the Cheval
Noir unit (replacing the Valaisan unit in the
south) constrain the age of metamorphism
in these frontal Penninic units to be older
than 32 Ma. There, cooling started with the
onset of a second stage of the tectonic evo-
lution, i.e., with top-to-the-west-northwest
movement along the Roselend thrust at ca.
32 Ma. This Oligocene to early Miocene
thrusting led to burial and metamorphism
in the external massifs and their cover
(Dauphinois unit). During a third tectonic
stage, thrust-related culminations formed
in the external massifs. Between 20 and 15
Ma, this stage led to the onset of exhuma-
tion in the Dauphinois and in the northern
frontal Penninic units (Valaisan units),
caused by erosion that followed tilting in
the backlimb of these culminations.
Northward-increasing amounts of Miocene—
Pliocene shortening in front of and below
the external massifs led to significantly
higher amounts of exhumation in the north.
Finally, and in very recent times (post-5
Ma), the frontal thrust of the Houille're
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zone was reactivated as a normal fault with
moderate offset &3 km).

dense data set over a reasonably wide area is
required for FT analysis, and the FT data must
be supported with tectonic and stratigraphic
control. Both requirements are met in this
study.

Keywords: fission-track dating, Western
Alps, low-grade metamorphism, cooling
history, exhumation history.
GEOLOGIC SETTING
INTRODUCTION
The investigated area extends from the Aos-

Deciphering the cooling and exhumationta valley (Italy) in the northeast to the Arc
history of rocks by means of geochronologicalalley (France) situated-100 km farther to
data has become a common tool applied to the southwest. From internal to external (i.e.,
wide range of geologic settings. Thereforetectonically shallower to deeper), the follow-
fission-track (FT) analysis still forms one ofing tectonic units are involved: Houillezone
the most promising methods with respect tdpart of the Brianonnais units), Subbrigoo-
the near-surface and/or low-temperature partais, Valaisan, Cheval Noir flysch, and Dau-
(i.e., from~320°C to ~60 °C) of the cooling phinois (Figs. 1 and 2).
history. The area is governed by two major tectonic

FT analysis does not date cooling througtboundaries, namely the “Roselend thrust,”
a “closure temperature” (Dodson, 1973). In-also referred to as “Pennine front” (e.g., Mug-
stead, FT studies make extensive use of thaer et al., 1993) or “Penninic frontal thrust”
“partial annealing zone” (PAZ) concept (e.g., Schmid and Kissling, 2000), and the
(Wagner, 1972; Wagner and Van den Hautée;Houiller front” (Figs. 1B and 2), both im-
1992). Together with modeling methods (e.g.aged in the ECORS-CROP (Etude de la Grou
Gallagher, 1995; Willett, 1997), such FT analte continentale et Cemique par Reflexion
ysis provides details concerning the coolingSismique-progetto della Crosta Profonda)
rates over the entire temperature range that deeismic line (Roure et al., 1996). This paper
fines the PAZ. In this work the PAZ temper-uses the term “Roselend thrust,” proposed by
ature ranges are taken to be 60-1ZDfor Ceriani et al. (2001), to refer to a west-
apatite (Green et al., 1989) and 200-32ZD northwest—directed late (post-Priabonian)
for zircon (Tagami et al., 1998). Further, whenthrust, whereas “Penninic basal contact” is
determining a singular temperaturd) (vs. used to denote the boundary between Penninic
time () point during cooling (e.g., when pro- and Helvetic/Dauphinois units in general (Fig.
viding a “central age”), mean values of 9€ 1A). The term “Houiller front” (Fig. 2) sim-
(apatite) and 260C (zircon) are used. ply denotes the western margin of the Houill-

The French-Italian Western Alps represengre zone (e.g., Fgenschuh et al., 1999).
a spectacular young and still-evolving, high- The most internal tectonic unit studied is
relief orogen that comprises numerous tectorthe Middle Penninic Houille zone (e.g.,
ic units, many with distinct structural and ther-Escher et al., 1997). It is predominantly made
mal histories (e.g., Debelmas and Kerckhoveyp of Carboniferous—Permian sedimentary
1980; Choukroune et al., 1986; Ricou and Sidrocks with a minor Alpine metamorphic over-
dans, 1986; Platt et al. 1989). In such a sefprint that ranges from epizonal to lower
ting, conclusions drawn from a local data segreenschist facies in the more internal parts
may not be valid for neighboring areas. A(Debelmas, 1989; Frey et al., 1999; Ceriani,
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2001). Published FT data for the Houike anchizonal conditions (Ceriani, 2001). Apatitedistinct annealing behavior of individual
zone can be found in Soom (1990), Sewar&T ages range between 4.7 and 3.2 Ma (Legrains. The dependence of FT annealing on
and Mancktelow (1994), and ganschuh et large, 1993). chemical composition is well known for apa-
al. (1999). Rb/Sr phengite data from the Petit The external crystalline massifs, and theitite, especially in respect to its F/Cl ratio (e.g.,
St. Bernard pass area yielded ages older tharlesozoic to Tertiary cover (Dauphinois pa-Gleadow and Duddy, 1981; Green et al., 1985,
Middle Jurassic, in agreement with the in-leogeographical domain), display a metamori986). Differences in zircon annealing char-
ferred low grade of Alpine metamorphismphic gradient of Alpine age. Grade increasescteristics are less understood, but composi-
(Freeman et al., 1998). from the top (youngest cover series found betional variation likely plays a minor role be-

The Subbrianennais cover nappes (Fig. 2) hind the massifs) toward the bottom (precause of zircon’s restricted compositional
comprise a throughgoing stratigraphic record\Ipine basement). Superimposed is an alongange (e.g., Brandon and Vance, 1992). Zircon
from Upper Triassic to Upper Jurassic (Barstrike gradient with grade increasing frometching properties are not significantly affect-
bier, 1948). Ceriani (2001) determined a highsouth (Pelvoux) to north (Mont Blanc massif)ed by variations in Hf, the main substitute for
anchizonal metamorphic grade in the Sub¢Desmons et al., 1999). Previously publishedr (Krishnaswami et al., 1974). A systematic
brianmnnais units by means of illite radiometric work in the Dauphinois unit in- study has not been made, although Kasuya
crystallinity measurements, which corre-cludes K/Ar dating of white mica, biotite, and and Naeser (1988) showed that thermal sta-
sponds to temperatures sf300°C (Frey and amphiboles, as well as FT analysis (see Hurbility of FTs in zircon decreases with increas-
Ferreiro-Mdlmann, 1999). No geochronolog- ziker et al. [1992] and Desmons et al. [1999]ng a-radiation damage and that the density of
ical data have been published from this unifor compilations). a-recoil tracks appears to be the controlling
so far. The Alpine tectono-metamorphic evolutionfactor for zircon.

The Valaisan units (Fig. 2) are derived fromof the investigated area is characterized by the Thermal information, particularly the youn-
the more external North Penninic (or Valais)ollowing stages: (1) subduction of the Northgest cluster of ages, is interpretable in samples
oceanic basin (Tmapy, 1955; Frisch, 1979). Penninic (or Valais) trough, followed by final displaying a large spread in single-grain ages
Two different domains have been distin-collision between Briajannais-Subbriaran- (e.g., Seward and Rhoades, 1986; Green,
guished (Fgenschuh et al., 1999; Loprieno,nais units and Dauphinois unit in a sinistrally1989; Brandon and Vance, 1992; Sobel and
2001). The external Valaisan represents atranspressive setting (e.g., Choukroune et alQumitru, 1997; Brandon et al., 1998).
eroded carbonate platform unconformably1986; Ricou and Siddans, 1986;danschuh  Single-grain age distributions are not only
overlain by postrift sedimentary rocks of Bar-et al., 1999); (2) post-Priabonian west-due to the different track retentivity of the in-
remian to Tertiary age (Trapy, 1955; An- northwest—directed thrusting of the previouslydividual grains within one sample, as will be
toine, 1971). It has been affected by greensclstacked internal (mostly Penninic) units ontcassumed in the forthcoming discussion, but
ist-facies metamorphism (Géfeend Bousquet, the European foreland (Dauphinois) along thelso to statistical and geometrical factors. The
1997). In the internal Valaisan (“Versoyen”), Roselend thrust (Schmid and Kissling, 2000Poisson error results from the relatively low
however, identical postrift sedimentary rocksCeriani et al., 2001); and (3) Pliocene tonumber or strongly skewed statistical ratios of
deposited onto an oceanic basementg@fu present-day extensional reactivation of formecounted tracks, whereas the geometrical error
schuh et al., 1999; Loprieno, 2001), are charthrusts indicating east-west—directed extensiois related to the inhomogeneous distribution of
acterized by high-pressure—low-temperaturacross the Western Alps (e.g.;danschuh et U within the original intact analyzed grain.

metamorphism (Schoh, 1987; Goffeand al., 1999; Sue et al., 1999). Together with possible gradients in neutron
Bousquet, 1997). Available geochronological flux during irradiation, the scatter is the su-
data include Ar/Ar and Rb/Sr phengite ageANALYTICAL PROCEDURE perposed result of all these effects.
ranging between 33 and 27 Ma (Cannic, 1996; In nonmetamorphosed sedimentary rocks
Freeman et al., 1998) and FT data (Seward Eighty-two samples were analyzed. A list(Fig. 3A) a large spread is commonly found
and Mancktelow, 1994; Fenschuh et al., of samples is available. for single-grain ages. By applying binomial
1999). peak-fitting methods (Galbraith and Green,
The Cheval Noir unit forms the frontal- INTERPRETATION OF SINGLE-GRAIN 1990; Brandon, 1992), subpopulations (P1 and
most Penninic thrust sheet in the area south ¢fISSION-TRACK DATA P2 in Fig. 3A), likely to represent different
Mol(tiers (Ceriani et al., 2001). This unit source areas, may possibly be distinguished

mainly comprises Priabonian detrital flysch— FT data can be interpreted through a comge g., Spiegel et al., 2000; Bernet et al., 2001).
type sedimentary rocks, which unconformablypination of an apparent age and track-lengtirhe youngest age cluster may be as young as
overlie a Brianonnais-type substratum (Mar- measurements (Gleadow et al., 1986). On th@e stratigraphic age.

tinez-Reyes, 1980). The Cheval Noir unit wadasis of numerous annealing studies of FTs in A second scenario (Fig. 3B) involves slow
formerly attributed to the so-called “Ultradau- Standards and test samples (e.g., Green et algoling of previously fully annealed samples;
phinois” (Gignoux and Moret, 1937; Serre et1986; Laslett et al., 1987; Crowley et al.for zircon FT analysis, temperatures must
al., 1985), together with the Aiguilles d’Arves 1991), thermal histories can be modeled fronhave exceeded 32T for full annealing (e.g.,
flysch of almost identical lithologic composi- track lengths (e.g., Gallagher, 1995; Willett,Tagami et al., 1998). During slow cooling (a
tion, but was subsequently attributed to thél997). Single-grain age distributions (the techfew degrees per million years), individual
Penninic paleogeographical domain by Cerinique used in this study) are affected by thgyrains with distinct amounts o&-radiation

ani et al. (2001). The Cheval Noir unitis sep-— _ _ _ damage are thought to cause differences in
arated from the Aiguilles d’Arves unit by the Zir;%fﬁsgiﬁtgipkosgggfléf;§g?]zf;t?éa?%‘;tt';‘?lsagﬁrack retention (Kasuya and Naeser, 1988). If
Pgnnlnlc baga_l contact (Ceriani et al., 20(_)1)data' is available on the Web at hup://WWW.ﬂ_cgn be gssumed _that t_he sample includes in-
lllite crystallinity data for the Cheval Noir gegsociety.org/pubs/ft2003.htm. Requests may algdvidual zircon grains with maximum~320
yielded values indicative of epizonal to lower-be sent to editing@geosociety.org. °C, corresponding to the upper limit of the zir-
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Figure 2. Tectonic sketch map displaying the location of analyzed samples (see Table DR1), together with their zircon (rectangles) and
apatite (ellipses) fission-track central ages. Profile traces A, B, and C refer to Figures 4, 7, and 8, respectively. M—Misus, PSB—
Petit St. Bernard pass. Data with black symbols are from Seward and Mancktelow (1994).

con PAZ) and minimum (200C, correspond- and youngest grains may only yield minimumpartially annealed samples turned out to be
ing to the lower limit of the zircon PAZ) and maximum ages fd; andt,, respectively. identical with the zircon FT central age of the
track-retention temperatures, and if the A further scenario (Fig. 3C) involves sedi-fully annealed samples. Hence, the youngest
closure-temperature concept of Dodson (1973yentation and lithification, followed by meta- single-grain ages from partially annealed sam-
is valid, the oldest and youngest single grainsnorphism and cooling, peak-metamorphigles may represent cooling ages. In the case
date the passage of the sample through botemperatures (at,) being situated midway of Figure 3C, this cooling age applies to the
ends of the PAZ (times, andt, in Fig. 3B). within the PAZ. By sampling contact- lower temperature limit of the PAZ and post-
However, the retention temperatures of the zirmetamorphosed sedimentary rocks around @ates the peak of metamorphismtat

con grains analyzed in a particular sample arpluton, Tagami and Shimada (1996) provided Figure 3D depicts a two-stage cooling his-
unlikely to cover the entire temperature intera well-documented example illustrating thistory. From the single-grain age distributions
val associated with the PAZ. Hence, the oldestase. The youngest single-grain ages found ialone, this scenario is indistinguishable from

Figure 1. (A) Simplified tectonic map of the Western Alps (redrawn after Bigi et al. [1983] and Ceriani et al. [2001]; location of main
map shown in inset) and (B) geologic profile along the ECORS-CROP transect (after Schmid and Kissling, 2000). BT—Brigommais
thrust; R—Rhone line; S—Simplon line; T—Tonale line. Profile traces W-W, X-X', Y=Y', and Z-Z’ refer to Figure 10.
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Figure 3. Simple thermal histories together with possible single-grain age distributions shown as radial plots (Galbraith, 1990);—
central age (Galbraith and Laslett, 1993). Note that temperature T) increases in a downward direction. (A) Deposition followed by
lithification and then minor heating; t<—stratigraphic age, t,, and t,, refer to the inherited ages of detrital populations 1 and 2, respec-
tively. (B) Slow cooling through the entire PAZ. (C) Same as A, but thermal peak situated within the PAZ at,,. (D) Two-stage cooling
history. For further explanations, see text.
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Figure 4. North- to northwest—trending along-strike profile (vertical exaggeration 2¢) through the Houillere zone (for location, see
profile trace A—A" of Fig. 2). Top—sample location and altitude (Alt). Bottom—apatite (circles) and zircon (squares) central ages and
zircon single-grain ages (crosses). Only those samples located in the hanging wall of the late normal fault depicted in Figure 2 are shown.

that of Figure 3B. The interpretation of theages, however, increase significantly from casamples indicate temperatures in excess of
youngest and oldest single-grain ages, how20 Ma in the north to almost 100 Ma in the320°C. Freeman et al. (1998) provided an up-
ever, is identical. south. Samples yielding old central ages arper temperature limit of 456C for this area,
characterized by a large spread in single-graibased on mineral assemblages. Thepaths
PRESENTATION AND DISCUSSION OF ages and by their failure of the chi-square tesfiscussed subsequently assume, g of 400

FISSION-TRACK DATA (Table DR1). Hence, it is concluded that this= 50 °C for the northern part of the Houille
marked increase in zircon central ages mainlygone.
Houillére Zone reflects a change from fully annealed samples PossibleT-t histories for the Houillee zone
in the north to only partially annealed samplesre illustrated in Figure 5A. For the northern
The ET data from the 33 Houilte zone in the south. Houillére zone, aT-t path may be derived by

samples (locations in Fig. 2) cover some 80 lllite crystallinity (IC) data from the south- using the zircon (260C) and apatite (90C)
km along strike and are mostly located within€rn part of the Houillee zone (Ceriani, 2001) FT central ages only (solid line). Alternative-
1 km of the Houiller front (Fig. 2). Three sam- indicate epizonal conditions, whereas the zirly, the T-t path can be constructed by addi-
ples (01, 02, and 94) are located in the imcon FTs are only partially annealed in thetionally using the information provided by the
mediate footwall of a late normal fault over-same area (Fig. 4). Hence, metamorphic tensingle-grain ages (cf. Fig. 5B). ThiEt path
printing the Houiller front (Fig. 2). All other peratures were above 27Q, as indicated by (dashed line) assumes that the oldest and
samples are located in its hanging wall. FTthe IC data (lowermost possible limit of theyoungest zircon single-grain ages date cooling
ages on apatite range between 18 and 4.3 M@&pizone, Ferreiro-Mamann, 1996), but be- through 320°C and 200°C, respectively (see
those on zircon fall between 98 and 19 Malow 320 °C (upper temperature limit of the Fig. 3B). By linearly extrapolating a constant
Generally, older ages are observed in th&ircon PAZ, Tagami et al., 1998), according tocooling rate above 32T, the estimated peak-
south (Fig. 2). the large spread in zircon single-grain ages imetamorphic temperatures of 46050 °C are
The along-strike profile of Figure 4 displaysthe southern Houille zone. For the recon- inferred to have started to decrease no later
FT ages and zircon single-grain age distribustruction of the temperature vs. time{) path than 35 Ma. Note that th&-t path, which is
tions from Houillee zone samples. Apatite FT discussed later (Fig. 5), a mean temperature sblely derived by using the zircon and apatite
ages range between 13 and 7.1 Ma in the nor295°C was chosen. In the northern part of the=T central ages (solid line), only partly coin-
and slightly increase to values between 16 andouillere zone, no exact temperature esticides with the alternative path. It allows us to
18 Ma in the farthest-south samples. Zircormates are available. The fully annealed zircopropose a constant cooling rate over the entire
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Figure 5. (A) T-t paths for the northern and southern parts of the Houillere zone, respectively (cf. Fig. 4). Solid linesFt paths deduced
from central ages; dashed lines—Ft paths incorporating single-grain age data. For the northern Houillee zone, the means of the zircon
and apatite central ages (solid line) and zircon single-grain ages (dashed line) of samples shown(@aption continued on p. 000.)
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Figure 6. Proposed exhumation history of the Houillee zone depicted on the along-strike profile of Figure 4 and based on thEt paths
shown in Figure 5, assuming a geothermal gradient of 30C/km. Gray field refers to time of differential exhumation (cf. Fig. 5). Some
5.5 km of additional exhumation in the north resulted in a # tilting. Note that the 0 °C isotherm is arbitrarily located at the valley
bottoms and refers to the present-day altitude of 1 km.

temperature interval above 9. Also, it south profile (Fig. 6). This reconstruction use®.2 km/m.y. at the southern end of the profile,
would either indicate unrealistically high peaka geothermal gradient of 3t/km. Field geo- whereas they decreased later and less mark-
temperatures at 35 Ma or, alternatively, an aglegic evidence indicates that the investigateédly at the northern end.
for peak temperature conditions of some 3@art of the Houillee zone represents a ho- The zircon data, together with estimates on
Ma, which is too young (see later discussiormogeneously cooled and exhumed rigidgrade of metamorphism, allow us to conclude
of data on the Cheval Noir unit). block. These two assumptions (the geothermahat significantly deeper levels of the Houill-

The T-t path of the southern specimens iggradient and the homogeneous nature of thére zone are currently exposed in the Petit St.
less well constrained. It may either followstudy area) indicate a tilt of-4° around a Bernard pass region, compared to the Arc val-
only the apatite central ages (solid line) or in-northwest-southeast—oriented axis, i.e., norméy farther south. On the basis of a reconstruc-
clude the youngest zircon single-grain ages db the general strike of the units, during extion of the cooling and exhumation history,
ca. 21 Ma (cf. Fig. 5C, sample WA 31), datinghumation. Tilting started at ca. 17 Ma, i.e., thehis difference in original depth of5.5 km
cooling through 200C (dashed line). The ear- time when the cooling rate for the southerris interpreted to be due to late-stage tilting
ly parts of theT-t paths are again assumed toarea started to significantly slow down. Dur-around an axis normal to the strike of the
intersect peak temperatures (previously esting tilting (gray area in Fig. 5A), the southernHouillere zone.
mated at~295°C) at 35 Ma, i.e., contempo- samples remained close to, or below, the low-
raneously with the northern Houilie zone. er limit of the apatite PAZ, whereas the north-Subbriangonnais Unit

The T-t paths using the zircon single-grainern samples cooled down to and through the
ages (Fig. 5A, dashed lines) provide the basiapatite PAZ (Figs. 5 and 6). Figure 6 shows Unfortunately, only one sample from the
for reconstructing the exhumation historythat at ca. 17 Ma, the average exhumatiosubbrianonnais (WA 8, see Table DR1)
along the same northeast-southwest to nortlates of ~0.45 km/m.y. decreased to belowcould be dated. This Middle Jurassic lime-

Figure 5. (Continued.) (Caption continued from p. 000) Figure 5B are used. Linear extrapolations of the inferred cooling rates to the
peak-metamorphic temperature of 400 + 50 °C yields an age of ca. 35 or 30 Ma for the onset of cooling. For the southern Houilie

zone, the mean of the apatite central ages (samples WA 30, 31, and 32) is used. The dashed line additionally shows ages of the youngest
zircon single grains in sample WA 31 (Fig. 5C). Error bars for ages are &. Gray field indicates time of differential cooling and
exhumation of southern and northern samples. (B) Radial plots of zircon samples used to construct tAet path of the northern samples

(for plot legend, see Fig. 3A; ages on right are in Ma*2¢ error on central age is shown by left-hand error bars, andx-axis shows
precision [1/o7]). (C) Radial plots of zircon sample WA 31 used to construct thel-t path of the southern samples. Samples WA 30 and

32 from the south are shown for comparison.
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stone yielded an apatite FT age of 11 Ma an@‘Roselend phase”). This interpretation isformer isotherms along an axis parallel to
a zircon age of 78 Ma. The apatite age mostompatible with studies on the deformationstrike; the tilting differentially exhumed the

likely represents a cooling age. The zircorhistory on a larger scale, including stratigraphexternal group | during or after cooling

age, however, represents a “mixed” age, théc arguments, indicating that the west-through the FT annealing zone, i.e., certainly
single-zircon grain ages in this sample rangingorthwest—directed Roselend thrust is of midater than 20 Ma.

between 163 and 42 Ma, the oldest ages codle Oligocene to early Miocene age (Ceriani, Although group Ill, including all southern
responding to the stratigraphic age of the san2001). samples, is situated at considerably lower al-
ple. The inferred temperature range (200-320 titude compared to group I, these two groups
°C) is compatible with illite crystallinity data Valaisan Units exhibit almost identical zircon FT cooling
indicating high-anchizonal conditions (Ceri- ages. This result corresponds to a tilt of the
ani, 2001), i.e., between 250 and 280. A total of 16 zircon and 6 apatite ages wergyaleoisotherm on the order of a few degrees
derived from the Valaisan units. The smallaround an axis perpendicular to strike. This
Cheval Noir Unit number of apatite ages, which range from 6.&ference is supported by geologic evidence

to 2.0 Ma, does not provide enough informathat indicates that the internal Valaisan (i.e.,

The Cheval Noir unit yielded five apatite tion concerning the details of the late coolingthe Versoyen) units axially plunge toward the
and six zircon ages, ranging from 9.2 to 3.@history. However, it is clear that cooling is sig-southwest underneath the tectonically higher
Ma and from 70 to 20 Ma, respectively. Thenificantly younger compared to the adjacenexternal Valaisan units and the Houilkezone
sample localities are projected onto a sche-ouillere zone. (see Fgenschuh et al. [1999] and Loprieno
matic cross section through the Cheval Noir The larger number of zircon FT data allows[2001]).
unit (Fig. 7), essentially characterized by &or more detailed information. Zircon central
syncline formed during local D2 deformationages, ranging between 16.9 and 9.1 Ma, af@auphinois Unit
and postdating an earlier schistosity (D1). Iralso younger than those found in the Houile
a broader context this local D2 is related tozone. Radial plots are displayed in Figure 8A. The 14 new FT data from the external mas-
the “Roselend phase” associated with westCentral ages are plotted against altitude isifs and their cover range between 15.5 and
northwest—directed thrusting (D3 according td=igure 8B. Figures 8A and 8B also include7.6 Ma (zircon) and between 5.7 and 3.1 Ma
Ceriani, 2001). Four samples are from thehree samples (samples WA 01, 02, and 94apatite), with mean track lengths of 13 to 14
stratigraphically youngest formation exposedor locations, see Fig. 3) from that part of theum. These data are discussed in a broader re-
in the core of this syncline (WA 3, 10, andHouillere zone that is, together with the Va- gional context and together with literature data
11) and toward the limb (WA 9). Two come laisan units, located in the footwall of a latefrom outside the study area (Fig. 3).
from the basal breccia and wildflysch forma-normal fault (Fgenschuh et al., 1999) and On the Aar and Mont Blanc massifs, a large
tions (WA 33 and 130) in the fold limbs. that therefore exhibit a similar exhumationnumber of zircon and apatite FT data and ra-

Apatite central ages for all samples displayhistory. diometric ages are available (Schaer et al.,
a clear age vs. altitude correlation, indicating Zircon single-grain ages range between 23975; Wagner et al., 1977; Soom, 1990; Mich-
a common exhumation rate of 0.18 km/m.y.and 7 Ma. They exhibit a similarly small alski and Soom, 1990). On the basis of the
(Fig. 7). Zircon central ages for samples fronspread in ages all along strike within the Va-age vs. altitude relationships, Michalski and
the limb of the syncline (WA 9, 33, 130) arelaisan, in contrast to the findings in the Houill-Soom (1990) concluded that the Aar massif
younger than stratigraphic age, whereas thosge zone (compare Fig. 4). All samples pasgFig. 1) was exhumed at rates of 0.5-0.6 km/
from the core of the Cheval Noir synclinethe chi-square test. Hence, all samples am.y. between early and late Miocene (7 Ma);
yielded central ages (54—70 Ma) that are oldethought to be fully annealed and to represengxhumation rates possibly increased after that
than the stratigraphic age. Hence, the zirconooling ages. Peak-metamorphic temperaturégne. Concerning the Mont Blanc massif,
data clearly indicate that grade of metamormust have been-320 °C everywhere within Soom (1990) proposed that cooling and ex-
phism in the youngest sedimentary rocks irthe Valaisan units. humation started no later than 15-12 Ma and
the core of the syncline is significantly lower, In spite of full annealing, no age vs. altitudethat exhumation rates were as high as 0.9-1.0
which is confirmed by studies on illite crys- correlation emerges from Figure 8B, indicatkm/m.y. since 7 Ma. In the Belledonne and
tallinity from the same area (Ceriani, 2001).ing that the isotherms (and related isochronsFhatelard massifs, still farther south, apatite
Therefore, D2 folding must have postdated thelid not remain horizontal everywhere becaus€T data by Lelarge (1993) indicate cooling
peak of metamorphism associated with D1lof postannealing deformation, assuming iniand exhumation since the late Miocene at rates
This metamorphism predates the onset dially horizontal isotherms. Surprisingly, nobetween 0.4 and 0.7 km/m.y., again with a
cooling at ca. 32 Ma (zircon age of sampleclear along-strike trend is visible either, as wapossible increase during the past few million
WA 130). Because the reset zircon ages frombserved in the Houille zone (Fig. 4). How- years.
the limbs depend on altitude (exhumation ratever, some interpretation is possible after sub- The fission-track data provided by this
of 0.12 km/m.y., Fig. 7), subsequent exhudividing the samples into three geographicastudy clearly support the interpretations given
mation either postdated folding, or alternativegroups (I, I, and 1lI; see Fig. 8). by the aforementioned authors. The age vs.
ly, folding was accompanied by erosion and Group | includes the northern samples, loaltitude plot (Fig. 9) shows that all external
thus coeval with exhumation. Because fullycated closest (within 2 km) to the Roselendnassifs display a remarkably similar pattern.
annealed and moderately to nonannealed saitirust. These samples clearly display distinctlfCooling and exhumation started in the Mio-
ples are found at the same present-day elevgeunger ages compared to sample group Igene. The steeper slope defined by the apatite
tions, the second model is favored. We conincluding northern samples found in a moredata indicates that cooling and exhumation
clude that post-32 Ma exhumation isinternal position and at only slightly higherrates indeed accelerated at or after 10 Ma.
associated with the local D2 deformationelevation. This age pattern suggests a tilt of South of the study area depicted in Figure
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2, the zircon data are significantly different. Aar Mont Blanc Belledonne
Zircons from the southern Pelvoux area (Sew-

ard et al., 1999) are apparently only partially literature data a + <>
annealed and display a large spread in single-

grain ages; central ages range between 170 this study ] ‘k ’

and 38 Ma. The change from fully annealed

zircons in the north and northeast to only par- 3500
tially annealed zircons farther south and in the apatite o + +
Pelvoux area indicates an along-strike change 3000 o =
in degree of metamorphism, as was also found~ o ¥ o &
for the Houilleae zone. This result agrees with E 2500 8 =
other estimates on grade of metamorphisng 2000 o d g
(Desmons et al., 1999). Apatite ages, howeveg o o
become only slightly older in the PelvouxzZ 1500 ZeS Ogn ©
area, indicating Miocene cooling and exhu- H ﬁ&‘)n ° 4
mation also for this area; the rates wet8.5 1000 g s * 8
km/m.y. (Seward et al., 1999). a® ©a +0
500 0+ 8P =
Inferences Regarding the Tectonic +
Contacts Between the Different Units of 0 ' ' '
the Western Alps 0 5 10 15 20
Age (Ma)

Fission-track analysis, in combination with
structural evidence, provides information on
the nature and age of major tectonic contacts. 3509
Hence, we now discuss a series of northwest- zircon +
trending profiles, perpendicular to the tectonic 3000 o
contacts between the different units (for lo-__ +
cations of profile traces, see Fig. 1). £ 2500 o +

In a study of the Penninic basal contacto o
separating the Valais units from the Dauphi-5 2000
nois unit, Seward and Mancktelow (1994)= 1500 o + Og
published FT data for a section through the * o, 'n
Rhone valley near Martigny, i.e., northeast of ;45 + +
our study area (Fig. 10A). These authors XS a o 4+ a
wrote: “the results suggest that there may be  sqg of - -
a limited discrete jump in the zircon fission-
track ages at the Frontal Pennine thrust as part 0 r r T
of a broader gradient.” This statement was of- 0 5 10 15 20
ten overinterpreted as providing evidence for Age (Ma)

significant normal faulting across the Penninic
basal contact (e.g., Sue et al., 1999). Our neWigure 9. Age vs. altitude correlation of zircon and apatite fission-track data from the

data (Figs. 10B and 10C) do not support d\ar, Mont Blanc, and Belledonne external massifs. This plot includes all the data from
discrete jump in the Frontal Pennine thrusthis study and literature data from Soom (1990), Michalski and Soom (1990, and refer-
(i.e., the Penninic basal contact of this papergnces therein), Lelarge (1993), and Seward and Mancktelow (1994). Note different age vs.
Figures 10A—10D clearly depict an overallaltitude correlation for the apatite and zircon data, respectively, indicating accelerating
gradient of steadily not abruptly increasingeXhumation rates at ca. 10 Ma.

zircon ages across the Penninic basal contact

and toward more internal units. Moreover,

normal faulting is in contradiction to structural Ceriani et al., 2001) and indicate tilting of theRoselend thrust and the Penninic basal contact
observations, which indicate that the Penniniésograds around a strike-parallel axis. We in{Figs. 10B-10D) display the same trend of
basal contact is characterized by top-to-theterpret this tilting to be related to late Miocenesteadily increasing zircon FT ages. Yet, be-
west-northwest movement along the Roselenfbost—13 Ma) to early Pliocene thrusting ofcause unsuitable lithologies allowed for dis-
thrust (Fgenschuh et al., 1999; Ceriani et al.the external massifs, i.e., synchronous witltontinuous sampling only, there are consid-
2001; Loprieno, 2001). Note that this lateJura folding (Burkhard and Somaruga, 1998)erable gaps in the data. Hence, it is not easy
thrust coincided with, and reactivated, theTilting occurs in the backlimb of the thrust- to decide on the basis of the FT data alone
Penninic basal contact, as shown in Figurefaulted external massifs (see profile of Figwhether the ages change continuously or dis-
10A-10C. The steadily increasing zircon andlB); exhumation results from erosionalcontinuously across the Penninic basal con-
apatite ages in Figure 10 postdate top-to-thasnroofing. tact. However, the structural evidence for top-
west-northwest thrusting (see discussion in The three southernmost profiles across th®-the-west-northwest thrusting across the
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Figure 10. Apatite (circles) and zircon (squares) FT ages, projected onto four schematic northwest-southeast—oriented sections across
major tectonic contacts: RT—Roselend thrust; PBC—Penninic basal contact; SBF—Subbrigrmnnais front; HF—Houiller front. (A) Val

des Bagnes section taken from Seward and Mancktelow (1994). (B) Cormet des Roselend section frohgénschuh et al. (1999), com-
plemented by new data. (C) Bozel section running through Matiers. (D) Vallée de I'Arc section. For profile traces, cf. Figure 1. Diamonds
located at the 30 Ma line indicate partially annealed zircon samples. Numbers above diamonds give ages in Ma.
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boundary between the Penninic and DaupH
nois units is unambiguous (Ceriani et al
2001; Ceriani, 2001; Loprieno, 2001).

The more internal part of the profile de
picted in Figure 10B, however, is documente
by very closely spaced FT data over the Vai—] 5539
laisan/Brianonnais boundary. The new datg
confirm the discrete jump offsetting both zir;
con and apatite ages across the Houiller fro
in the area near the Petit St. Bernard pass,
proposed by Fgenschuh et al. (1999). Pub
lished structural observations indicate norm
faulting at the Houiller front, along a steeply
southeast-dipping plane, downfaulting th
Houillere zone parallel to a former thrust (Fu
genschuh et al., 1999; Loprieno, 2001). On th
basis of the available fission-track data, th
vertical offset across this fault is on the orddg
of 2-3 km. Normal faulting also offsets thd
apatite ages and is therefore very your
(younger than 5 Ma).

The third profile (Fig. 10C) runs through
Moltiers and additionally crosses the Sub-
brianmnnais unit. Toward the southeast, apg-
tite ages markedly increase, whereas zirc
ages pass from fully annealed to partially an-
nealed. The poor resolution of the data dogs
not permit an interpretation of the tectoni¢
contacts based on fission-track data alor
However, structural evidence indicates that an
equivalent late-stage normal fault (cf. Fig.Figure 11. Contoured isochron map of the
10B) overprints the Subbrigonnais front in  Western Alps including data from Fiigen-
the area of the profile of Figure 10C (see Figschuh et al. (1999), Hurford and Hunziker
2). Hence, the changes of zircon and apatit¢1989), Hurford et al. (1991), Lelarge
ages are probably discontinuous across th{d993), Sabil (1995), Seward and Manckte-
normal fault. low (1994), Seward et al. (1999), Soom

The fourth profile (Fig. 10D) runs parallel (1990), Tricart et al. (2001), and this work.
to the Maurienne valley and is located neaFission-track ages are not corrected for
the cross section depicted in Figure 7. Heresample elevation, and data points are indi-
the Roselend thrust no longer coincides witttated by black dots, interpolation was by
the Penninic basal contact, but forms a sedriging.
ond, more externally located tectonic thrust
within the Dauphinois domain (Fig. 2; Ceriani

I~apatite
' o0-5
B 5-10
[ 10-15

4%

@ircon

G 0-10
il 10-20
I 20-30
1 3040
d—1 40-50
[ s0-60
1 s0-90
>90

Ma. Migration of the time of enhanced cool-
ing toward more external units can be inferred
from comparing Figures 5 and 9. Although
rapid cooling in the Houillee zone predated
10 Ma everywhere, it accelerated after 10 Ma
in the external massifs.

We interpret migration of cooling (and ex-
humation) toward external units to be related
to thrust propagation. In the absence of sig-
nificant normal faulting, exhumation was pri-
marily by erosion. Exhumation followed tilt-
ing of more internal units in the backlimb of
thrust-related culminations, such as that of the
external massifs during the last stage of the
tectonic evolution (see profile of Fig. 1B and
kinematic reconstruction in Fig. 8 of Schmid
and Kissling, 2000). Earlier (i.e., pre—20 to 15
Ma) cooling, as observed in the Penninic
units, is most likely related to thrusting along
the Roselend thrust. This late-stage thrusting
was initiated in middle Oligocene times, i.e.,
at ca. 32 Ma. It caused burial and metamor-
phism in the external Dauphinois unit (see dis-
cussion in Ceriani et al., 2001), which was
exhumed very much later.

Additionally, we documented an along-
strike gradient. This gradient is very pro-
nounced in the Houille zone of the Brian-
connais. As shown in Figure 11, particularly
the zircons indicate a marked increase in ap-
parent ages toward the south. The interpreta-
tion of single-grain ages in the Houitkezone
indicates that this increase in age primarily re-
flects decreasing grade of metamorphism.
Hence, the southernmost areas were less deep-
ly buried. In the case of the Houilie zone,
this interpretation results in a tilt around a
strike-perpendicular axis (Fig. 6), which start-
ed at ca. 17 Ma. The age of the onset of this
tilting coincides with the estimated onset of
cooling in the external massifs between 20
and 15 Ma. The latter show a similar, although
less pronounced, age trend along strike, zir-

et al., 2001). According to structural evidenceincrease was documented to be discontinuowns in the Pelvoux massif being only partly
normal faulting reactivated former thrusts(Fig. 10B) and related to post-5 Ma faultingreset. By interpreting cooling in the external
such as the Subbriaacnais front, whereas the that reactivated former thrusts but had a nomassifs to also result from a combination of
Houiller front was not reactivated by normalmal sense of movement. thrusting and erosional unroofing, we suggest
faults here (Ceriani, 2001). Hence, apart from that the lower amount of exhumation in the
a possible discontinuity across a normal fautCONCLUSIONS Pelvoux massif is related to decreasing
reactivating the Subbrignanais front, both amounts of Miocene—Pliocene shortening to-
the increase in apatite fission-track ages and The late cooling pattern of the Western Alpsward the south. Hence, northward-increasing
the change from fully annealed to nonanis characterized by decreasing cooling ageshortening in the Dauphinois, independently
nealed zircon samples seen in Figure 10D areom internal toward external units (Fig. 11,documented by Gratier et al. (1989), would be
again systematic and continuous within thesf. Hunziker et al., 1992). With the exceptionthe cause of tilting around an axis perpendic-
resolution of the available age data. of one documented offset by post-5 Ma norular to strike.

In summary, the increase of FT ages towardhal faulting, this increase in ages is a steady
more internal zones is interpreted to be prione. The steady nature suggests a systemafieKNOWLEDGMENTS
marily_due to' tilt_in_g, fpllowed by ero_sional migration' of the time of cooling, and hen_ce We acknowledge the significant contributions of
unroofing. This tilting is related to Miocene exhumation, toward more external unitsg the other members of the Basel “Western Alps
thrusting of the external massifs. Locally, thisCooling in the Houillee zone started at ca. 35 team”: Romain Bousquet, Stefan Bucher, Stefano
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Ceriani, Andrea Loprieno, and Ghislain Trullenque. Schweizerische Mineralogische und Petrographische  assessed by apatite fission track analysis: Geological

Also lively exchange of ideas and yearly field trips Mitteilungen, v. 79, p. 89-110. _ _ Society [London] Journal, v. 146, p. 755-773.

with our French, Italian, and Swiss colleagues fron'POdson' M.H.,l1973, Closure t_emperature in cooll_ng geoGreen, PF, Dudqy, lI.R., Gleadow, AJW anq Tingate,

f M . 9 f chronological and petrological systems: Contributions PR., 1985, Fission track annealing in apatite: Track

the informal “Groupe Brianonnais” were instru- ! ;
LC - L by I. Dunkel. J. J to Mineralogy and Petrology, v. 40, p. 259-274. length measurements and the form of the Arrhenius

mental. OnStrU(_:t'Ve rewews_ y N unkel, . a'Escher, A., Hunziker, J.-C., Marthaler, M., Masson, H., Sar- plot: Nuclear Tracks, v. 10, p. 323-328.

cobs, and the editors substantially improved this pa-  tori, M., and Steck, A., 1997, Geologic framework and Green, PF, Duddy, I.R., Gleadow, A.J.W,, Tingate, PR.,

per. Finally, we acknowledge the continuous structural evolution of the western Swiss-lItalian Alps, and Laslett, G.M., 1986, Thermal annealing of fission

funding of this and other studies in the French- in Pfiffner, O.A., et al., eds., Deep structure of the tracks in apatite: 1. A qualitative description: Chemi-
Italian Alps by the Swiss National Science Foun- Swiss Alps: Results of NRP 20: Basel, Birkiszr, cal Geology, v. 59, p. 237-253.
dation since 1994 (projects 20-42132.94, 20-  p. 205-222. ) Green, PF, Duddy, LR., Laslett, G.M., Hegarty, KA,
49558.96, 20-55559.98, and 20-63391.00). Ferreiro-Malmann, R., 1996 Das_ Dlagenese—Mt_atamor— Gleadqw, A.J.W.: and Love_rlng, J._F., 1989, Th_ern_1a|
phose-Muster von Vitrinitreflexion und lllit-“Kristal- annealing of fission tracks in apatite: 4. Quantitative
linitat” in Mittelbinden und im Oberhalbstein: Teil 2. modelling techniques and extension to geological
Korrelation kohlenpetrographischer und mineralo- timescales: Chemical Geology, v. 79, p. 155-182.
REFERENCES CITED gischer Parameter: Schweizerische Mineralogischelunziker, J., Desmons, J., and Hurford, A.J., 1992, Thirty-
und Petrographische Mitteilungen, v. 76, p. 23-47. two years of geochronological work in the Central and
Antoine. P.. 1971. La zone des breches de Tarentaise entI?Erjeeman, S.R., Butler, R.W.H., CIiff, R.A., Inger, S., and Western Alps: A review on seven maps? Meires de
Bohrg”—Saint—’Maurice (vallede I'sire) et la frontiee Barnicoat, A.C., 1998, Deformation migration in an Geéologie Lausanne, v. 13, 59 p. )
Italo-Suisse: Laboratoire @tgique UniversiteGre- orogen—sc_ale shee_1r zone array: An example from theiurfo_rd| AJd., a_nd Green, PF, 1983, The zeta age calibra-
noble Memc;ire 9, 367 p Basal Brianonnais thrust, internal Franco-Italian tion of fission track dating: Isotope Geoscience, v. 1,
Barbier, R., 1948 Les’ zones.ultradauphinoise et subbrian- Alps: Geological Magazine, v. 135, p. 3497367' p. 285-317. . .
g:ohnaﬁse en’tre 'Arc et I's@ [Ph.D.thesis]: Stras- rhey, M., and Ferreiro-Mamann, R., 1999, Alpme meta- Hurfor_d| AJ., and Hunziker, J., 1989, A |_'eV|_sed the(mal
bourg, France, Maoires Service .Cairte'g&).giques morphism of the Central Alps: Schweizerische Mi- history for the Gran Paradiso: Schweizerische Miner-
' ; neralogische und Petrographische Mitteilungen, v. 79, alogische und Petrographische Mitteilungen, v. 69,
de France, v. 37, 291 p. p. 135-154. p. 310-329.

Bernet, M., Zattin, M., Garver, J.I., Brandonl, M.T., and Frey, M., Desmons, J., and Neubauer, F, 1999, MetamoHurford, A.J., and Hunziker, J., and "Stert, B., 1991,
Vance, J.A., 2001, Steady-state exhumation of the Eu- . . o - h : ) ;
phic map of the Alps: Schweizerische Mineralogische Constraints on the late thermotectonic evolution of the

Bigi rgpeér;sléllﬁnt?;fes)log)gliv.’\ig,Ppérg?tf%l Sartori. R und Petrographische Mitteilungen, v. 79/1, scale 1: Western Alps: Evidence for episodic rapid uplift: Tec-

and Scandone, P., 1983, Structural model of ltaly, . 500,000, 1 sheet. . . . tonics, v. 10, p. 758-769.

RN ! - . Frisch, W., 1979, Tectonic progradation and plate tectoni&asuya, M., and Naeser, C.W., 1988, The effecivafam-
sheet Nr. 1: Florence, Italy, Consiglio Nationale delle Iuti f th IDs: hvsi t fissi K i L ) |
Ricerche. scale 1: 500 000 evolution of the Alps: Tectonophysics, v. 60, age of fission-track annealing in zircon: Nuclear

! ' ' p. 121-139. Tracks and Radiation Measurements, V. 14,

Brandon, M.T., 1992, Decomposition of fission-track grain-
age distributions: American Journal of Science,
V. 292, p. 535-564.

Brandon, M.T., and Vance, J.A., 1992, Tectonic evolution
of the Cenozoic Olympic subduction complex, Wash-
ington State, as deduced from fission-track ages for

Fugenschuh, B., Loprieno, A., Ceriani, S., and Schmid, p. 477-480.

S.M., 1999, Structural analysis of the Subbriameais  Krishnaswami, S., Lal, D., and Prabhu, N., 1974, Charac-
and Valais zone in the area of Mier (Savoy, West- teristics of fission tracks in zircon: Applications to
ern Alps): Paleogeographical and tectonic conse- geochronology and cosmology: Earth and Planetary
guences: International Journal of Earth Sciences, Science Letters, v. 22, p. 51-59.

detrital zircons: American Journal of Science. v. 292 v. 88, p. 201-218. Laslett, G.M., Green, P.F, Duddy, I.R., and Gleadow,
565-636. " ‘Galbraith, R.F,, 1981, On statistical models for fission track ~ A.J.W., 1987, Thermal annealing of fission tracks in
P i counts: Mathematical Geology, v. 13, p. 471-478. apatite: 2. A quantitative analysis: Chemical Geology,

Branﬂgpé géﬁé;?gizmﬁéti'\g#{)’f ?r?g CC; ig’:é}a‘];&:;?fﬁ@albraith, R.F.,_1990, The radial plot: Graphical as;essment v. 65, p. 1-13. _
ary wedge in the Olympic Mountains, northwest of spread in ages: Nuclear Tracks and Radiation Meakelarge, L., 1993,_Thermochrono|og|e par ldthde des
Washington State: Geological Society of America Bul- sqrements, v- 17, p. 207-214. N traces de f|55|qn d'une marge passyenﬂbode Eqnta
letin, v. 110, p. 985-1009. Galbraith, R.F, anq Gregq, P.F._, 1990, Estimating the com-  grossa, SE Bil) et au sein _d'une chae ce collision )

Burkhard’ M. aﬁd Somaruga, A., 1998, Evolution of the ponent ages in a finite mixture: Nuclear Tracks and (zone externe de I‘ar_c alpm, France) _[Ph.D.theS|s]:
west’ern ’Swiss Molasse b’asin’: Struétural relations Wiﬂb Radlatlon Measurements, v. 17, p. 19772Q6. ‘Grenoble, France, Unlvgréltk)seph Fourier, 252 p.
the Alps and the Jura belin Mascle, C., et al., albralth,'R.F., anq Laslett, G.M., 1993, Statistical models_oprleno,lA., 2001, A comblrjed structural a}nd sedimen-
eds., Cenozoic foreland basins of Western Europe: for mixed fission track ages: Nuclear Tracks and Ra- tological approach to decipher the evolution of the Va-

f ; - ; diation Measurements, v. 21, p. 459-470. lais domain in Savoy, Western Alps [Ph.D.thesis]: Ba-
‘(ieg;()ggﬂgglzg.Soc:lety of America Special Paper 134'Gallagher, K., 1995, Evolving temperature histories from sel, Switzerland, UniversitaBasel, 304 p.

Cannic, S., 1996, Deolution magmatique et tectono’me apatite fission-track data: Earth and Planetary Sciencélartinez-Reyes, J.,_1980, Contributiofiétude g’@lqgique
tamorphique du substratum du domaine valaisan . Letters, v. 136, p. 421-435. o _ des AIp_Eas occidentales entrg Arc et_rlseréglon du
(Complexe du Versoyen, Alpes occidentales): |mp"_G|gnoux, M.,_and M_oret, L., 1937, Descriptionaegique Mont N_|dqrd et du Cheval No_|r, Savqe), Le probleme
cations dans I'histoire alpine [Ph.D.thesis]: Grenoble, du ba§sm supeeurlde la Durance: Travayx du La- des ,unlltes dlysch [Ph.D.theS|s]: Paris, France, Univ-
France, Universitdoseph Fourier, 215 p. boratoire de Gelogie de la Faculteles Sciences de ersitePierre et Marie Curie, 146 p.

Ceriani, S., 2001, A combined study of structure and meta- Grenoble, v. 21, p. 1-295. Michalski, 1., and Soom, M., 1990, The Alpine thermo-
morphism in the frontal Penninic units between theGleadow, A.J.W., 1981, Fission-track dating methods: What tectonic evolution of the Aar and Gotthard massifs,
Arc and ISee valleys (Western Alps): Implications for are the real alternatives?: Nuclear Tracks, v. 5, central Switzerland: Fission track ages on zircon and
the geodynamic evolution of the Western Alps p. 3-14. apatite and K-Ar mica ages: Schweizerische Miner-
[Ph.D.thesis]: Basel, Switzerland, UnivefsiBasel, Cleadow, A.J.W., and Duddy, I.R., 1981, A natural long- alogische und Petrographische Mitteilungen, v. 70,
180 p. term annealing experiment for apatite: Nuclear Tracks, p. 373-387.

Ceriani, S., Fgenschuh, B., and Schmid, S.M., 2001, Mul- v. 5, p. 169-174. Mugpnier, J.-L., Loubat, H., and Cannic, S., 1993, Correla-
ti-stage thrusting at the “Penninic front” in the West- Gleadow, A.J.W., Duddy, |.R., Green, PF, and Lovering, tion of seismic images and geology at the boundary
ern Alps between Mont Blanc and Pelvoux massifs: J.F., 1986, Confined fission track lengths in apatite: A between internal and external domains of the Western
International Journal of Earth Sciences, v. 90, diagnostic tool for thermal history analysis: Contri- Alps: Bulletin de la Socig Geologique de France,
p. 685-702. butions to Mineralogy and Petrology, v. 94, v. 164, p. 697-708.

Choukroune, P., Ballee, M., Cobbold, P., Gautier, Y., p. 405-415. Platt, J.P., Behrmann, J.H., Cunningham, P.C., Dewey, J.F,
Merle, O., and Vuichard, J.P., 1986, Deformation andGoffé, B., and Bousquet, R., 1997, Ferrocarpholite, chlor- Helman, M., Parish, M., Shepley, M.G., Wallis, S.,
motion in the western Alpine arc: Tectonics, V. 5, itoide et lawsonite dans les tagdites des unite du and Weston, P.J., 1989, Kinematics of the Alpine arc
p. 215-226. Versoyen et du Petit St. Bernard (zone valaisanne, Al- and the motion history of Adria: Nature, v. 337,

Crowley, K.D., Cameron, M., and Schaefer, R.L., 1991, Ex- pes occidentales): Schweizerische Mineralogischeund  p. 158-161.
perimental studies of annealing of etched tracks in Petrographische Mitteilungen, v. 77, p. 137-147. Ricou, L.E., and Siddans, A.W.B., 1986, Collision tectonics

fluorapatite: Geochimica et Cosmochimica Acta,Gratier, J.-P., Meard, G., and Arpin, R., 1989, Strain-dis- in the Western Alpsin Coward, M.P,, and Ries, A.C.,

v. 55, p. 1449-1465. placement compatibility and restoration of the Giesm eds., Collision tectonics: Geological Society [London]
Debelmas, J., 1989, Notice explicative de la feuille Mou Subalpines of the western Alps) Coward, M.P., et Special Publication 19, p. 229-244.

tiers a1/50 000: Orlans, eitions du BRGM, 53 p. al., eds., Alpine tectonics: Geological Society [Lon-Roure, F., Bergerat, F., Damotte, B., Mugnier, J.-L., and
Debelmas, J., and Kerckhove, C., 1980, Les Alpes franco-  don] Special Publication 45, p. 65-82. Polino, R., 1996, The ECORS-CROP Alpine seismic

italiennes: Gelogie Alpine, v. 56, p. 21-58. Green, P.F, 1981, A new look at statistics in fission track traverse: Memoires de la Sotée Geologique de
Desmons, J., Aprahamian, J., Compagnoni, R., Cortesogno, dating: Nuclear Tracks, v. 5, p. 77-86. France, v. 170, 113 p.

L., and Frey, M., 1999, Alpine metamorphism of the Green, P.F, 1989, Thermal and tectonic history of the Eas$abil, N., 1995, La datation par traces de fission: Aspects

western Alps: |. Middle to highT/P metamorphism: Midlands shelf (onshore UK) and surrounding regions methodologiques et applications thermochronolo-

Geological Society of America Bulletin, November 2003



LATE STAGES OF DEFORMATION AND EXHUMATION IN THE WESTERN ALPS

giques en contexte alpin et de marge continentale E.A., and Meckel, L.D., 1999, Preliminary results of P, and De Corte, F, eds., Advances in fission-track
[Ph.D.thesis]: Grenoble, France, Univefsileseph fission-track analyses in the southern Pelvoux area, SE  geochronology: Dordrecht, Netherlands, Kluwer Ac-
Fourier, 238 p. France: Memorie di Scienze Geologiche, v. 51, ademic Publishers, p. 99-112.

Schaer, J.P., Reimer, G.M., and Wagner, G.A., 1975, Actual p. 25-31. Tricart, P, Schwartz, S., Sue, Ch., Poupeau, G., and Lar-
and ancient uplift rate in the Gotthard region, SwissSobel, E.R., and Dumitru, T.A., 1997, Thrusting and ex-  deaux, J.-M., 2001, La ‘dedation tectonique de la
Alps: A comparison between precise levelling and fis-  humation around margins of the western Tarim Basin ~ zone ultradauphinoise et linversion du front brian-
sion-track apatite age: Tectonophysics, v. 29, during the India-Asia collision: Journal of Geophysi- gonnais au sud-est du Pelvoux (Alpes occidentales):
p. 239-300. cal Research, v. 102, p. 5043-5063. Une dynamique miogee aactuelle: Bulletin de la So-

Schmid, S.M., and Kissling, E., 2000, The arc of the WestSoom, M.A., 1990, Abkhlungs- und Hebungsgeschichte _ Cl€te Géologique de France, v. 172, p. 49-58.
ern Alps in the light of geophysical data on deep crust-  der Internmassive und der penninischen Decken beidl/UmpPy; R., 1955, Remarques sur la céation des units
al structure: Tectonics, v. 19, p. 62—85. seits der Simplon-Rhone Linie seit dem Olijoza penniques externes entre la Savoie et le Valais et sur

Schiurch, M.L., 1987, Les ophiolites de la zone du versoy- Spaltspurdatierung an Apatit/Zirkon und K/Ar Dati- IGO,”?'H‘? desdna'gpes pedgtlrr}es. Bglletlnzi(; IZ?’Sloae
en: Tanoin d'une bassin &volution ma@amorphique erungen an Biotit/Muskovit (Westliche Zentralalpen)W eog%_l\quleg?; Trﬁnce, | ISB\ll t’ p. : t'_ f‘f' .
complexe [Ph.D. thesis]: Gewe, Switzerland, Univ- [Ph.D.thesis]: Bern, Switzerland, Univergit8ern, agner, G.A, i » Ihe geological interpretation ot fission

e N track ages: Transactions of the American Nuclear So-
ersitede Geneve, 157 p. . . 120 p. . ciety, v. 15, p. 117.

Serre, A., Toury, A, Rampno.ug, J.-'P., Martmez-Rexeg J.Spiegel, C., Kuhlemann, J., Dunkl, I., Frisch, W.', Von.Eyn'Wagner, G.A., and Van den Haute, P., 1992, Fission-track
{:md Tardy, M., 1985, Indlv!dgallzatjon'de deux usite atten, H., and Balogh,l K., 2000, The eroglo_n history dating: Stuttgart, Enke Verlag, 285 p.
a.ﬂ)fsch nummulltllque t{’?rlglnes peﬂl@)mgraphlques of the Central Alps: Ewdenpe fror‘r_1 Z|rcor.1 fission traCkWagner, G.A., Reimer, G.M., andgr, E., 1977, Cooling
différentes au sein de “I'ecaille ultradauphinoise des data of the foreland basin sediments: Terra Nova, ™ ages derived by apatite fission-track, mica Rb-Sr and
Aiguilles d’Arves” (région de Saint-Jean de Maurien- v. 12, p. 163-170. K-Ar dating: The uplift and cooling history of the
ne, Savoie): Comptes Rendus de I'Acade des Sci- Sue, C., Thouvenot, F, Feket, J., and Tricart, P., 1999, Central Alps: Memorie degli Istituti di Geologia e Mi-
ences, v. 301, p. 637-642. Widespread extension in the core of the Western Alps neralogia dell'Universitali Padova, v. 30, p. 1-27.

Seward, D., and Mancktelow, N.S., 1994, Neogene kine- revealed by earthquake analysis: Journal of Geophysaillett, S.D., 1997, Inverse modeling of annealing of fis-
matics of the central and western Alps: Evidence from ical Research, v. 104, p. 25,611-25,622. sion tracks in apatite 1: A controlled random search

fission-track dating: Geology, v. 22, p. 803-806. Tagami, T., and Shimada, C., 1996, Natural long-term an-  method: American Journal of Science, v. 297,
Seward, D., and Rhoades, M., 1986, A clustering technique  nealing of the zircon fission track system around a p. 939-969.
for fission track dating of fully to partially annealed granitic pluton: Journal of Geophysical Research,
minerals and other non-unique populations: Nuclear v. 101, p. 8245-8255. REVISED MANUSGRIPT RECEIVED 22 May 2003
Tracks and Radiation Measurements, v. 11, Tagami, T., Galbraith, R.F,, Yamada, R., and Laslett, G.M.M
. . S - ."MANUscRIPTAccepTED12 JUNE 2003
p. 259-268. 1998, Revised annealing kinetics of fission tracks in
Seward, D., Ford, M., Bugisser, J., Lickorish, H., Williams, zircon and geological implications Van den Haute,  Printed in the USA

MANUSCRIPT RECEIVED BY THE SOCIETY 20 DECEMBER 2001

Geological Society of America Bulletin, November 2003



