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Section DR1: Sample locations and characteristics 29 

Samples were collected in the Esclangon and Faucon du Caire areas (see Fig. 1B, 2A, 30 
2B and Table DR1 for location information) along profiles spanning elevations between 810 31 
and 1175 m. Figure DR1 illustrates the Tertiary stratigraphic succession in the two sampled 32 
areas. In both areas, the Oligo-Miocene molasses crop out in half-windows surrounded by the 33 
Digne thrust-sheet contact, indicating that the Digne thrust-sheet previously overlay these 34 
series. A thin shallow-marine “Nummulitic” sequence is only found in the northern locality of 35 
Faucon du Caire (Dumont et al., 2012, and references therein), unconformably overlying 36 
Jurassic marls (U.1 unconformity). Sandstones in the upper part of this sequence provided 37 
samples DIG14-10A and 10B. These samples were collected in the same formation, less than 38 
50 m apart in two beds with different grain size, to ensure the presence of suitable apatite. 39 
Following a second erosional unconformity (U.2), a much thicker, continental to littoral 40 
Oligo-Miocene sequence (Haccard et al., 1989) provided sample DIG14-9 at Faucon du Caire 41 
as well as samples DIG13-1, 3 and DIG14-4, 5, 8 (collected in the same formation, Fig. 2B) 42 
in the southern locality of Esclangon. In Esclangon, up to ~800 to 1000 m cover extends 43 
above the conglomeratic molasse, including the silty to sandy molasse and the Late-Miocene 44 
continental molasse. The latter is poorly dated around Mid to Late Miocene (Serravalian-45 
Tortonian) and pre-dates Digne thrust-sheet emplacement (Clauzon et al., 1987; Fournier et 46 
al., 2008). Other sandstones in the half-window were also collected but did not yield apatite 47 
suitable for AFT or AHe analysis.  48 

 49 
 50 

 51 
 52 

Figure DR1: Stratigraphic log of the Tertiary succession at the (A) Esclangon and (B) 53 
Faucon du Caire sites; stars indicate stratigraphic positions of samples. 54 
 55 
  56 



DR2: Analytical methods and thermal modeling  57 

Mineral separation 58 

Apatite grains were separated at ISTerre (Université Grenoble-Alpes) from coarse 59 
sandstone samples using standard heavy-liquid and magnetic separation techniques. 60 

Apatite (U-Th-Sm)/He methods 61 

Apatite grains were carefully selected according to their morphology and absence of 62 
visible inclusion and cracks, and placed into a platinum basket for He-extraction at Paris-Sud 63 
University (Orsay, France). Replicates were analyzed using all available apatite grains of 64 
sufficient quality per sample. The platinum baskets were heated using a diode laser allowing 65 
total He degassing; a reheat under the same conditions allowed checking for the presence of 66 
He trapped in small inclusions. The 4He content was determined by comparison with a known 67 
amount of 3He spike added during analysis. After He extraction, platinum baskets were placed 68 
into single-use polypropylene vials. Apatite grains were dissolved for 1 h at 90 °C in a 50 μl 69 
HNO3 solution containing a known concentration of 235U and 230Th, and then filled with 1 ml 70 
of ultrapure MQ water. The final solution was measured for U and Th concentrations by 71 
inductively coupled quadrupole plasma mass spectrometry (ICP-QMS; series CCT Thermo-72 
Electron) at LSCE, Gif-sur-Yvette, France. U and Th measurements followed a procedure 73 
similar to that of Evans et al. (2005). The analysis was calibrated using external age standards, 74 
including Limberg Tuff and Durango apatite, which provided mean AHe ages of 16.4 ± 1.5 75 
Ma and 30.8 ± 1.6 Ma, respectively. These values are in agreement with literature data; that 76 
is, 16.8 ± 1.1 Ma for the Limberg Tuff (Kraml et al., 2006), 31.02 ± 0.22 Ma for Durango 77 
(McDowell et al., 2005). Single ages were corrected using the calculated ejection factor FT, 78 
determined using the Monte Carlo simulation technique of Ketcham et al. (2011); the 79 
equivalent-sphere radius was calculated using the procedure of Gautheron and Tassan-Got 80 
(2010). (U-Th-Sm)/He data are reported in Table 2 and ages are shown as a function of U and 81 
Th content (expressed as eU) in Figure DR2. The 1σ error on single-grain AHe ages should 82 
be considered as 9%, reflecting the sum of errors in the ejection-factor correction and age 83 
dispersion of the standards.  84 

 85 

 86 
Figure DR2: AHe age as a function of the effective uranium (eU) content, for (A) Faucon du 87 
Caire and (B) Esclangon samples. Each dated sample is indicated by a specific color. 88 
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AFT dating methods 89 

For fission-track analysis, apatite grains were mounted in epoxy, polished and etched in 90 
5M HNO3 for 20 seconds at 20±1 °C. AFT ages were obtained using the external detector 91 
method following the zeta procedure (Hurford and Green, 1982) with a zeta value of 359±8 92 
(J. Barbarand) for the CN5 dosimeter glass. Apatite mounts were covered by muscovite foils 93 
as external detectors and irradiated at the Garching facility (München, Germany) with a 94 
nominal fluence of 5×1015 neutrons/cm2. After irradiation, detectors were etched for 20 95 
minutes in 40% HF at 20±1 °C. AFT ages are reported as central ages with ±1σ errors 96 
(Galbraith and Laslett, 1996). Dpar measurements were used to characterize the chemical 97 
kinetic properties of the apatite crystals (Burtner et al., 1994). Track counting and track-length 98 

measurements were performed using a Leica optical microscope at a magnification of 1000. 99 
Track lengths were measured, according to the recommendations of Laslett et al. (1994), 100 
using a digitizing tablet linked to a computer. AFT data were interpreted using the BinomFit 101 
software to statistically decompose sample grain-age distributions (see Brandon, 1996 for 102 
more details). The results are presented in Table DR3; Figure DR3 shows radial plots for each 103 
sample analyzed. 104 

 105 

 106 
 107 

Figure DR3: Radial-plot representation of the AFT counting data of Esclangon and Faucon 108 
du Caire samples. Note that samples DIG14-10A and 10B have been plotted together because 109 
they are from the same formation and location. 110 

 111 



Thermal history modeling 112 

We used QTQt software (Gallagher et al., 2009; Gallagher, 2012) to extract optimal 113 
thermal histories (T-t paths) from the AHe and AFT data by a Markov-Chain Monte-Carlo 114 
(MCMC) sampling method. The inversion code incorporates recent kinetic models of He 115 
diffusion in apatite proposed by Flowers et al. (2009) and Gautheron et al. (2009), and the 116 
multi-kinetic AFT annealing model of Ketcham et al. (2007). The Bayesian transdimensional 117 
inversion approach used in this study (Gallagher, 2012) tries to balance the complexity of the 118 
inferred thermal history models with the fit to the data. This is known as natural parsimony 119 
and is implicit in the adopted method. The idea is to avoid over-interpreting the data or 120 
introducing features (structure in the thermal history) that are not required to fit the data.  121 

For the Esclangon and Faucon du Caire areas, the parameter space (time t and 122 
temperature T, 120±120 Ma; 70±70°C) has been selected to introduce possible different pre-123 
depositional exhumation histories for different grain populations, constituted by detrital 124 
material derived from various sources. They include Late-Eocene to Early-Oligocene fluvial 125 
and Miocene marine molasses, constituted by detrital material probably sourced from: (1) 126 
South Provençal-Corsica-Sardinia and Massif Central basement exhumed during Jurassic-127 
Cretaceous to Paleogene times, as recorded by low-temperature thermochronology (e.g., 128 
Gautheron et al., 2009, and references therein); (2) the internal zones of the western Alps that 129 
were rapidly exhumed in the Late Eocene (e.g. Ford et al., 2006); (3) Eocene foreland-basin 130 
sandstones; and (4) Early-Oligocene volcanics (Jourdan et al., 2012, Schwartz et al., 2012). 131 
Consequently, pre-depositional AFT and AHe ages are expected to range from Triassic to 132 
Oligocene. 133 

Two additional geological constraints have been imposed: (1) depositional ages of 134 
20±2 Ma for Esclangon and 30±8 Ma for Faucon du Caire, during which time the samples 135 
were at surface temperature (10±10°C); (2) overthrusting of the Esclangon and Faucon du 136 
Caire areas by the Digne thrust sheet should be younger than the oldest reset AFT age 137 
(including its uncertainty), which is ~14 Ma for Faucon du Caire and ~13 Ma for Esclangon. 138 
In detail, nearby Esclangon, the youngest dated sediments overlain by the Digne Nappe are 139 
Serravallian-Tortonian in age (Clauzon et al., 1987). Thermal history simulations are the 140 
product of 40,000 iterations, which is a sufficient number to obtain a stable and robust 141 
solution (see discussion in Gallagher, 2012). Chemical composition ranges of the analyzed 142 
apatites have been taken into consideration for both AFT and AHe modeling, by imposing the 143 
mean measured Dpar values for the sample, following Gautheron et al. (2013).  144 

Thermal history simulation results for Faucon du Caire and Esclangon are reported in 145 
Figs. 2E and 2F. The thermal histories results are strongly impacted by the reset AFT data for 146 
the lower-elevation samples in Esclangon and the reset data at Faucon du Caire that impose a 147 
maximum temperature of ~110±5 °C at ~10 Ma (see Table DR3). Additionally, the youngest 148 
AHe ages from both locations impose onset of cooling at ~6 Ma; this is especially well 149 
constrained for the Esclangon area (Figs. 2E, 2F). It is important to note that, while the true 150 
thermal history may be more complex than that inferred by the inverse modeling (Gallagher, 151 
2012), the data do not contain enough information to justify this more complex thermal 152 
history over the simpler one. 153 
 154 



Section DR3: Estimates of the emplacement time and thickness of the Digne thrust-sheet  155 
 156 
Digne thrust-sheet emplacement time 157 
 158 

The emplacement time of the Digne thrust-sheet is not well defined in the Faucon du 159 
Caire area; our thermochronological data and inversion results provide important new 160 
constraints on this timing. As shown in Fig. 2E, the temperature-time path of the Eocene and 161 
Oligocene sediments shows that they reached maximum temperatures around ~12 Ma. 162 
Because of the rapid thermal equilibration during burial under a few-km thick thrust sheet 163 
(<0.1 Ma; Husson and Moretti, 2002), we propose that this timing records the emplacement of 164 
the Digne thrust sheet in the Faucon du Caire area. In the Esclangon area, as illustrated in the 165 
sedimentary log (Fig. DR1), the sampled Early-Miocene sandstones have been buried ~800 to 166 
1000 m below Early- to Late-Miocene sediments. This burial is, however, not sufficient to 167 
affect the AHe and AFT systems, because the samples would only have been heated to 35 - 168 
40°C, for a surface temperature of 10 °C and a geothermal gradient of 25 to 30 °C/km. The 169 
partial to total resetting of both thermochronometers shown by the studied samples is 170 
therefore the result of underthrusting below the Digne thrust-sheet. The thermal modeling 171 
refines the timing of maximum burial to ~9 Ma (Fig. 2F), demonstrating that the Digne thrust-172 
sheet was emplaced above our samples at this time. Our data imply that the (poorly dated) 173 
Valensole series immediately in front of the Digne thrust-sheet were deposited during the 174 
Serravalian-early Tortonian (i.e., before ~9 Ma).  175 
  176 
Digne thrust-sheet thickness estimation 177 

 178 
From the determined thermal history (Figs. 2E and 2F), for a mean surface 179 

temperature of 10 °C and a geothermal gradient ranging from 25 to 30 °C/km, our data show 180 
that the samples were buried to depths of 3.3 to 4.0 km at both sites.  181 

At Faucon du Caire, the samples may have been partially reset by sedimentary burial 182 
before emplacement of the Digne thrust-sheet, but were subsequently completely reset for 183 
both thermochronometers. The inferred thermal history (Fig. 2E) demonstrates burial to 184 
110±5 °C, implying that the Digne thrust-sheet was up to 3.3 to 4.0 km thick at Faucon du 185 
Caire. For Esclangon, the thermal history (Fig. 2F) reveals that the samples were buried at 186 
maximum to 110±5 °C, similar to Faucon du Caire. However, at Esclangon, Miocene 187 
sediments are present in the syncline stratigraphically above our samples (see Fig. 2B). One 188 
can estimate that the samples were buried by ~1 km of Miocene sediments, indicating a 2.3 to 189 
3 km thick Digne thrust-sheet at this site. These estimates for lateral along-strike variations in 190 
the thickness of the Digne thrust sheet is similar to that proposed by Ford et al. (1999). 191 

 192 
 193 



 
 

 
 

Table DR1: Sample descriptions and locations 194 

Sample name Age / rock type Latitude 
(N) 

Longitude 
(E) 

Elevation 
(m) 

Esclangon  

DIG13-1 Miocene green marine molasse 44°12’30" 6°16’44" 1114 

DIG13-3 Miocene green marine molasse 44°12'36" 6°16'22" 810 

DIG14-4 Miocene green marine molasse 44°12’53" 6°15’53" 1175 

DIG14-5 Miocene green marine molasse 44°12’53" 6°15’59" 1138 

DIG14-8 Miocene green marine molasse 44°12'40" 6°16'24" 812 

Faucon du Caire 

DIG14-9 Oligocene Molasse Rouge fm. 44°23'6.03" 6° 4'40.34" 875 

DIG14-10A Upper Eocene Nummulitic fm. 44°23'37.84" 6° 5'36.05" 960 

DIG14-10B Upper Eocene Nummulitic fm. 44°23'38.30" 6° 5'39.40" 1005 

 195 
  196 



 
 

 
 

Table DR2: Apatite (U-Th-Sm)/He data 197 

Sample  Weight 
(µg) 

FT Rs $ 
(µm) 

4He 
(nmol/g) 

U 
(ppm) 

Th 
(ppm) 

Sm 
(ppm) 

eU 
(ppm) 

Th/U Age 
(Ma) 

Age c * 
(Ma) 

Esclangon 

DIG13-1A 3.5 0.74 52 0.67 23 37 117 32.3 1.6 3.9 5.0±0.5 
DIG13-1B 4.0 0.76 59 1.11 35 202 254 83.9 5.7 2.5 3.1±0.3 
DIG13-1bisA 3.4 0.78 52 0.54 14 38 471 22.9 2.7 4.3 6.1±0.5 
DIG13-1bisD 6.2 0.77 53 2.99 18 24 150 24.1 1.3 23.0 29.3±2.6 
DIG13-1bisC 7.1 0.79 54 0.82 20 11 193 23.2 0.6 6.5 8.4±0.8 
DIG13-1bisB 7.6 0.79 55 0.54 27 7 165 28.4 0.3 3.5 4.6±0.4 
            
DIG13-3DD 8.7 0.81 72 2.05 59 71 57 75.6 1.2 5.1 6.1±0.5 
DIG13-3FF 8.5 0.80 71 0.63 32 12 196 34.7 0.4 3.3 3.9±0.4 
            
DIG14-4A 5.4 0.83 82 0.07 3 5 258 4 1.8 3.1 3.8±0.2 
DIG14-4B 1.6 0.74 54 2.43 98 41 487 108 0.4 4.0 5.4±0.5 
DIG14-4D 2.6 0.72 48 1.15 33 12 354 35 0.4 5.6 7.8±0.7 
DIG14-4F 2.0 0.74 54 3.83 77 137 217 110 1.8 6.4 8.6±0.8 
            
DIG14-5A 3.2 0.81 76 2.21 17 61 296 31 3.7 12.2 15.0±1.3 
DIG14-5B 4.2 0.80 71 34.19 103 265 383 167 2.6 37.4 46.9±4.2 
DIG14-5C 5.2 0.82 78 0.11 1 4 275 2 4.8 8.9 10.9±1.0 
DIG14-5E 6.6 0.84 91 2.57 47 7 218 48 0.1 9.5 11.3±1.0 
DIG14-5F 7.5 0.82 81 1.29 39 13 238 42 0.3 5.4 6.5±0.6 
DIG14-5G 5.0 0.81 77 2.40 29 3 223 30 0.1 14.1 17.3±1.6 
            
DIG14-8A 1.3 0.67 42 5.35 18 12 476 21 0.7 40.6 60.4±5.4 
DIG14-8B 3.4 0.74 53 0.20 6 23 71 11 3.8 3.1 4.1±0.4 
DIG14-8C 1.5 0.69 44 3.22 32 32 106 40 1.0 14.7 21.5±1.9 
DIG14-8D 5.1 0.77 61 2.29 49 4 214 50 0.1 8.2 10.6±1.0 

Faucon du Caire 

DIG14-10B-A 3.0 0.79 67 1.80 68 164 263 107 2.4 3.1 3.9±0.4 
DIG14-10B-B 5.7 0.84 87 0.20 5 43 164 15 9.0 2.5 2.9±0.2 
DIG14-10B-C 3.0 0.79 68 0.71 26 59 358 40 2.3 3.1 3.9±0.3 
            
DIG14-10A-A 6.4 0.82 81 0.40 9 125 218 39 13.7 1.8 2.2±0.2 
DIG14-10A-1 10.9 0.82 77 0.46 13 82 160 33 6.3 2.5 3.1±0.3 
DIG14-10A-3 5.7 0.83 82 0.60 32 164 229 71 5.1 1.6 1.9±0.2 
DIG14-10A-4 3.2 0.74 54 2.33 72 209 314 122 2.9 3.5 4.7±0.4 
DIG14-10A-6 5.3 0.81 76 0.60 11 70 362 28 6.5 3.7 4.5±0.4 
 198 
$ Rs is the sphere equivalent radius calculated using the code of Gautheron and Tassan-Got 199 
(2010).  200 
* AHe age corrected for the ejection factor (Ketcham et al., 2011). 201 
  202 



 
 

 
 

Table DR3: Apatite fission-track data 203 

 n s  105 
(tracks/cm2) 

(Ns) 

i 105 
(tracks/cm2) 

(Ni) 

d 105 
(tracks/cm2) 

(Nd) 

U  
(ppm) 

P(χ2) D 
(%) 

Central age 
(Ma) 

Dpar 

(m) 

Esclangon 

DIG14-4 12 0.555 
(183) 

0.630 
(208) 

5.307 
(5612) 

15 0 74 62±16 1.3±0.4 

DIG14-5 21 0.447 
(381) 

0.812 
(692) 

5.363 
(5612) 

18 0 54 60±8 1.4±0.4 

DIG14-8 19 0.103 
(77) 

1.109 
(832) 

5.474 
(5612) 

25 0 60 11±2 1.3±0.2 

Faucon du Caire 

DIG14-9 26 0.107 
(120) 

1.158 
(1294) 

5.529 
(5612) 

26 1.7 39 10±1 1.6±0.3 

DIG14-10A 21 0.106 
(112) 

0.868 
(916) 

5.58 
(5612) 

19 8.8 13 12±1 1.8±0.5 

DIG14-10B 25 0.056 
(71) 

0.480 
(604) 

5.640 
(5612) 

10 29.7 29 12±2 1.9±0.5 

 204 

Notations: n: number of apatite crystals counted; ρ: track density (105 tracks/cm²); subscripts s, 205 
i and d denote spontaneous, induced and dosimeter, respectively; U: mean uranium content; 206 
P(χ2): probability of obtaining Chi-square value (χ2) for n degrees of freedom (where n = 207 
number of crystals - 1); D: age dispersion (Galbraith and Laslett, 1996); Dpar: mean maximum 208 
diameter of fission-track etch figures parallel to the c-axis. Central ages have been reported for 209 
each sample with a confidence interval of ±1σ and are calculated using the zeta-calibration 210 

method (Hurford, 1990) with  = 359 ± 8 (J.B.) on CN-5 glass. 211 
 212 
  213 
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