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[bookmark: _93jivuy855qk]S1. Paleosols and pedogenic carbonate nodules in the Digne-Valensole basin
Calcite pedogenic carbonates nodules form commonly in soils of subhumid to semi-arid regions with well-defined wet-dry cycles over the year (Breecker et al., 2009). The formation process of pedogenic carbonates results from the dissolution of Ca-bearing minerals or eolian input. The latter release Ca2+ ions, which are subsequently transported downward and re-precipitate in various phases (Breecker et al., 2009; Quade et al., 2007; Zamanian et al., 2016). Carbonate precipitation and dissolution in soils are highly influenced by changes in soil temperature, moisture, and CO2 that may vary daily or seasonally (Peters et al., 2013). While pedogenic carbonates tend to form during warm and dry seasons, it has been highlighted that carbonate formation can occur in different climates whenever the soil reaches supersaturation at different times of the year (Breecker et al., 2009; Gallagher et al., 2019). The use of pedogenic carbonate as a proxy in paleoclimate environment studies involves therefore considering implications of seasonal bias and comparing results with available analogous records (atmospheric CO2, 𝛿18O and 𝛿13C values).  
The paleosols in the DVB developed in continental and coastal domains, the associated carbonate nodules formed therefore in floodplain and marshland deposits (Bialkowski, 2002). The carbonate content of the paleosols at the Châteauredon section is about 50% and can reach 90% in Bk horizons (Cojan et al., 2013). Carbonate nodules are abundant in the pedogenic horizon Bk as a result of downward migration from the above leaching horizon. The Châteauredon carbonate-bearing units, which developed on floodplain alluviums of the Digne-Valensole basin have a thickness ranging from a few meters to tens of meters (Fig. S3). 
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Figure S1: Typical examples of thin sections of pedogenic carbonate nodules with dominant micritic texture. (A) Sample 99CH14. (B) and (C) Sample 98GR29.
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Figure S2: Microscopic images of a thin section from sample 98GR22. (A) and (B) depict a clotted micritic texture crosscut by sparry calcite veins, which might result from diagenetic alteration. (C) and (D) show a close-up of a sparry calcite vein, which locally includes detrital quartz grains. The sample is not considered in the discussion of our results because the Δ47 results likely represent a mixture of temperatures that reflect carbonate formation temperatures during soil formation (micritic calcite) and diagenesis (sparry calcite). 
[bookmark: _6ijhyzuvjqsk]S2.    Carbonate clumped isotope (Δ47) measurements
Carbonate clumped isotope thermometry allows to determine the growth temperature of carbonate minerals (Bernasconi et al., 2018; Eiler, 2011). The method relies on the determination of the temperature-dependent excess abundance of rare carbon and oxygen isotopes (13C-18O) bonds, so-called clumping, in the carbonate lattice which results in CO2 molecule of mass 47, 13C18O16O2-2 ion group (Eiler, 2011). The clumped isotope value, that corresponds to the difference between the excess abundance of mass 47 isotopologues and to a stochastic distribution in CO2 evolved from phosphoric acid digestion of carbonate, is reported as ‘Δ47’ per mil. 
The Δ47 value can be expressed as:
 
where Ri corresponds to the mass of the minor isotopologue relative to the mass of the isotopologue of mass 44, and Ri* is the expected stochastic ratios, calculated using the measured abundance of oxygen and carbon rare isotopes in the sample (Bernasconi et al., 2018). 
Accordingly, the measured abundance with a mass 47 in a certain sample with regard to the mass spectrometer working gas is indicated as:
         
 
Geochemical data were performed at the Joint Goethe University-Senckenberg BiK-F Stable Isotope Facility (Frankfurt, Germany). Measurements were applied on a Kiel IV Carbonate Device paired to a MAT 253plus IRMS. Our analytical methods generally follow the methodology reported in previous work (Bernasconi et al., 2018; Müller et al., 2017; Tagliavento et al., 2023). The Kiel device was modified from its original configuration by adding two water sinks and a different heating-cooling system on the purification trap (see Tagliavento et al., 2023). After cutting and drilling at low speed each sample, for each replicate and depending on the carbonate content, 90 to 190 µg of powdered sample was reacted with 105% orthophosphoric acid at 70ºC for 5 minutes starting from the last acid drop. In each sequence, ETH carbonate standards (Bernasconi et al., 2021) were measured for half of the analyses, with ETH 1, 2 and 3 run respectively in a relative distribution of 1:1:2, and ETH4 analyzed less frequently and treated as an unknown sample. Raw intensity data was corrected for the negative pressure baseline using the m/z47.5 signal and scaling factor method (Bernecker et al., 2023; Fiebig et al., 2021) applied on ETH-1 and ETH-2. Standardization was carried out by utilizing D47crunch (Daëron, 2021) in pooled sessions mode with ETH standards as carbonate anchors (∆47 I-CDES, Bernasconi et al., 2021). The resulting Δ47 values were converted into temperature using the calibration from Anderson et al. (2021):

Each sample was measured in 8 to 18 replicates and the errors are reported as both 68% (1SE) and 95% (2SE) confidence intervals. 
Raw carbonate stable isotope data and summary of clumped isotope measurements can be downloaded as separate supplementary files.
[bookmark: _i6vb56jcvbos]S3.    Carbon and oxygen isotopic values 
Carbon and oxygen isotopic values (𝛿13C and 𝛿18O) of the carbonate nodules were measured on the Kiel IV Carbonate Device according to PDB standards. 
The conversion to SMOW standard was calculated following the equation from Kim et al. (2015):
𝛿18OVSMOW (‰) = 1.03091 ×  𝛿18OVPDB  + 30.92         
Our 𝛿13C and 𝛿18O pedogenic carbonate values are in agreement with isotopic analyses conducted by Bialkowski (2002). 
 
[bookmark: _93i3mlr2vfc9]S4.    Oxygen isotopic values of soil water
The oxygen isotopic composition of the soil water (𝛿18Ow) from which the pedogenic carbonate formed was calculated for each nodule of the Digne-Valensole basin listed in Table 2. 
The 𝛿18Ow values were calculated from oxygen isotopic values of the carbonate (𝛿18OSMOW) applying the measured Δ47-based carbonate formation temperatures and the calcite-water fractionation of Kim et al. (2007):
                                          (4)
where T corresponds to the Δ47-based carbonate formation temperature (in Kelvin).
 
Table S1. Section of origin (Les Granges, GR; Les Ruines, RU; Beynes, BE), depth (m), age (Ma), carbon (𝛿13C, ‰, vPDB) and oxygen (𝛿18O, ‰, vSMOW) stable isotope values and clumped isotopes measurements of the pedogenic carbonate nodules.
*Sample withdrawn
	Sample ID
	Interval
	Section
	Depth (m)
	Age (Ma)
	Age err.
(Ma)
	n
	Δ47-CDES
(‰)
	± σ (‰)
	± 1 SE (‰)
	T(Δ47) (°C)
	-1 SE (°C)'
	+ 1 SE (°C)'
	- 2 SE (°C)'
	+ 2 SE (°C)'
	𝛿13Cc (‰, vPDB)
	𝛿18Oc(‰, vSMOW)
	𝛿18Ow (‰, vSMOW)

	99CH03
	IV
	GR
	516
	13.178
	+0.1,
-0.5
	16
	0.619
	0.038
	0.012
	16.76
	3.47
	3.74
	6.94
	7.48
	-9.9
	23.67
	-6.29

	99CH01
	IV
	GR
	510
	13.365
	0.1
	13
	0.607
	0.083
	0.014
	20.51
	4.11
	4.49
	8.22
	8.98
	-8.66
	24.10
	-5.07

	99CH16
	IV
	GR
	497
	13.771
	0.1
	14
	0.568
	0.034
	0.012
	34.28
	4.31
	4.70
	8.62
	9.41
	-6.15
	25.19
	-1.23

	99CH14
	III
	GR
	494.5
	13.871
	0.1
	11
	0.571
	0.055
	0.014
	33.24
	4.835
	5.35
	9.67
	10.69
	-8.24
	26.10
	-0.51

	98GR34
	III
	GR
	485.5
	14.232
	0.1
	17
	0.567
	0.044
	0.011
	34.69
	3.895
	4.22
	7.79
	8.43
	-6.24
	24.59
	-1.75

	99CH10
	III
	GR
	474.5
	14.614
	0.1
	17
	0.589
	0.023
	0.011
	26.83
	3.675
	3.97
	7.35
	7.93
	-6.28
	24.95
	-2.92

	98GR29
	III
	GR
	464.5
	14.948
	+0.1,
-0.5
	17
	0.607
	0.042
	0.011
	20.61
	3.47
	3.74
	6.94
	7.47
	-6.56
	24.85
	-4.29

	98GR24
	III
	GR
	445.5
	15.582
	0.1
	11
	0.588
	0.042
	0.014
	26.87
	4.57
	5.02
	9.14
	10.04
	-6.9
	24.95
	-2.91

	98GR22*
	III*
	GR*
	442.5*
	15.621*
	0.1
	17*
	0.555*
	0.042*
	0.011*
	39.23*
	4.065*
	4.41*
	8.13*
	8.81*
	-7.59*
	24.78*
	-0.70*

	98GR18
	III
	GR
	413
	16.007
	0.1
	18
	0.591
	0.047
	0.011
	25.83
	3.495
	3.76
	6.99
	7.52
	-6.74
	24.99
	-3.08

	98GR08
	II
	GR
	362
	16.674
	0.15
	18
	0.565
	0.019
	0.011
	35.21
	3.81
	4.11
	7.62
	8.23
	-6.86
	24.77
	-1.47

	98GR02
	II
	GR
	323.6
	17.286
	0.15
	15
	0.577
	0.052
	0.012
	30.77
	4.05
	4.41
	8.1
	8.81
	-7.14
	24.65
	-2.45

	98RU32
	II
	RU
	264.5
	18.318
	1.0
	14
	0.568
	0.042
	0.013
	34.35
	4.345
	4.75
	8.69
	9.5
	-7.32
	23.76
	-2.64

	98RU30
	II
	RU
	246.5
	18.632
	1.0
	10
	0.587
	0.028
	0.015
	27.49
	4.77
	5.27
	9.54
	10.54
	-7.38
	24.11
	-3.63

	98RE46
	I
	BE
	103
	21.138
	0.15
	8
	0.583
	0.034
	0.016
	28.78
	5.335
	5.97
	10.67
	11.94
	-7.74
	24.30
	-3.19

	98RE30
	I
	BE
	42
	22.337
	0.15
	10
	0.590
	0.039
	0.015
	26.49
	4.755
	5.25
	9.51
	10.5
	-7.48
	23.95
	-3.99
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Figure S3: Pedogenic carbonate clumped isotope temperatures, oxygen and carbon stable isotopic values and calculated soil water 𝛿18Ow values. Lithostratigraphy of the Ruines-Grange (CR) and Beynes (BE) sections. Modified after Bauer (2006), Bialkowski (2002), and Cojan et al. (2013). 
[bookmark: _ldkjwomftzel]S5.    Age Model
As described in the main text, we adopt and update the initial age model of Bialkowski et al. (2006) by tying the 𝛿13C curve of the BCR composite section to the LOESS smoothed benthic deep-sea foraminifera carbon isotope curve from Westerhold et al. (2020). Tuning of the curves was performed using the QAnalySeries software (Kotov and Paelike, 2018). Absolute ages for epochs and stages of Neogene follow the astronomically tuned time scale of Hilgen et al. (2012). 

Table S2. Tie points age model GTS 2012
	Tie point
	Sample ID
	GTS 1995 (Ma)
	GTS 2012 (Ma)
	Stratigraphic height (m)

	12
	98GR37
	12.5
	12.3
	537.5

	11
	99CH03
	13
	13.1
	516

	10
	99CH16
	13.5
	13.8
	497

	9
	99CH14
	14
	13.9
	494.5

	8
	98GR24
	15.5
	15.6
	445.5

	7
	98GR05
	16.9
	16.8
	348.5

	6
	98RU20
	20.7
	19.8
	180.5

	5
	98RE45
	21.8
	21.3
	93.8

	4
	98RE36
	22.3
	21.9
	60

	3
	98RE31
	22.8
	22.3
	43.5

	2
	98RE23
	23
	23
	23.5

	1
	98RE05
	23.3
	23.3
	-0.5


 
Table S3. Biostratigraphic, palynologic and dynocyst-based constraints (from Bialkowski (2002) and Cojan et al. (2013) with stratigraphic height and age range. 
	Constraint
	Stratigraphic height (m)
	Age range (Ma)

	Micromammal fossil F5
	547
	13.1–11.2

	Pollen or dynocyst (98GR38)
	510
	15.9–11.6

	Pollen or dynocyst (98GR34)
	485.5
	15.9–11.6

	Pollen or dynocyst (98GR27)
	456.5
	15.9–11.6

	Pollen or dynocyst (98GR25)
	447
	15.9–11.6

	Pollen or dynocyst (98GR24)
	445.5
	15.9–11.6

	Micromammal fossil F4
	407–417
	17.1–16.7

	Pollen or dynocyst (98GR16)
	375
	17.5–15.1

	Micromammal fossil F3
	100–105
	21.7–19.5

	Micromammal fossil F1
	95
	21.7–19.5

	Pollen or dynocyst (RU3)
	54.5
	23.03–20.44
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Figure S4: Correlation between the 𝛿13C curve of the BCR composite section (Bialkowski, 2002) and the reference marine data (Westerhold et al., 2020). 
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