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Introduction

Ambers result from the fossilization of tree resins and their molecular structure inherited from the resin is often characterized by the predominance of terpenoid structures. The dominant component of amber results from the preservation of macromolecular substances directly inherited from the parent tree resin and from polymerization processes occurring during burial (e.g. [START_REF] Lambert | Chemical signatures of fossilized resins and recent plant exudates[END_REF]. These substances can be investigated by spectroscopic methods comprising infrared (e.g. [START_REF] Beck | Infra-red spectra and the origin of amber[END_REF][START_REF] Nohra | Chemical characterization and botanical origin of French ambers[END_REF] and nuclear magnetic resonance (NMR) spectroscopy (e.g. [START_REF] Lambert | Amber from the Dominican Republic: Analysis by nuclear magnetic resonance spectroscopy[END_REF][START_REF] Clifford | Structural transformations of polylabdanoid resinites during maturation[END_REF][START_REF] Lambert | Chemical signatures of fossilized resins and recent plant exudates[END_REF] or by pyrolysis coupled to gas chromatography mass spectrometry (py-GC-MS) (e.g. [START_REF] Anderson | The nature and fate of natural resins in the geosphere. XII. Investigation of C-ring aromatic diterpenoids in Raritan amber by pyrolysis-GC-matrix isolation FTIR[END_REF][START_REF] Bray | Identification of carboniferous (320 million years old) class Ic amber[END_REF][START_REF] Sonibare | Molecular composition and chemotaxonomic aspects of Eocene amber from the Ameki formation, Nigeria[END_REF]Poulin andHelwig, 2014, 2015;[START_REF] Nohra | Chemical characterization and botanical origin of French ambers[END_REF]. Investigation of the low molecular weight components isolated from amber using gas chromatography-mass spectrometry (GC-MS), though representing generally minor constituents, is likely to provide detailed information concerning the botanical origin of ambers (e.g. [START_REF] Mills | The chemical composition of Baltic amber[END_REF][START_REF] Grimalt | The molecular composition of amber[END_REF][START_REF] Pereira | Molecular composition and chemosystematic aspects of Cretaceous amber from the Amazonas, Araripe and Recôncavo basins, Brazil[END_REF][START_REF] Sonibare | Composition and chemotaxonomic aspects of Miocene amber from the Koroglu mountains, Turkey[END_REF][START_REF] Menor-Salvan | The molecular composition of Cretaceous ambers : Identification and chemosystematic relevance of 1,6dimethyl-5-alkyltetralins and related bisnorlabdane biomarkers[END_REF] which often cannot be obtained by spectroscopic methods or py-GC-MS. However, the development of reliable molecular tools for palaeobotanical studies aimed at elucidating the botanical origin of ambers requires the unambiguous structural elucidation of isolated compounds using, in particular, NMR (cf. [START_REF] Jossang | Quesnoin, a novel pentacyclic ent-diterpene from 55 million years old Oise Amber[END_REF][START_REF] Kimura | Kujigamberol, a new dinorlabdane diterpenoid isolated from 85 million years old Kuji amber using biotechnical assay[END_REF][START_REF] Menor-Salvan | The molecular composition of Cretaceous ambers : Identification and chemosystematic relevance of 1,6dimethyl-5-alkyltetralins and related bisnorlabdane biomarkers[END_REF][START_REF] Wang | Identification of 15-nor-cleroda-3,12-diene in a Dominican amber[END_REF][START_REF] Kawamura | Amberene and 1-methylamberene, isolated and identified from Kuji amber (Japan)[END_REF].

Previous studies have shown that solvent extracts of French and Spanish Cretaceous ambers share close molecular features and are characterized, notably, by the predominance of labdanoid diterpenes (e.g. [START_REF] Nohra | Chemical characterization and botanical origin of French ambers[END_REF][START_REF] Menor-Salvan | Terpenoids in extract of Lower Cretaceous amber from the Basque-Cantabrian Basin (El Soplao, Cantabria, Spain) : Paleochemotaxonomic aspects[END_REF][START_REF] Menor-Salvan | The molecular composition of Cretaceous ambers : Identification and chemosystematic relevance of 1,6dimethyl-5-alkyltetralins and related bisnorlabdane biomarkers[END_REF]. This was considered typical for amber originating from tree resins from the Araucariaceae, Cheirolepidiaceae and Cupressaceae families (e.g. [START_REF] Pereira | Molecular composition and chemosystematic aspects of Cretaceous amber from the Amazonas, Araripe and Recôncavo basins, Brazil[END_REF][START_REF] Nohra | Chemical characterization and botanical origin of French ambers[END_REF][START_REF] Menor-Salvan | The molecular composition of Cretaceous ambers : Identification and chemosystematic relevance of 1,6dimethyl-5-alkyltetralins and related bisnorlabdane biomarkers[END_REF][START_REF] Kawamura | Amberene and 1-methylamberene, isolated and identified from Kuji amber (Japan)[END_REF]. In the frame of palaeobotanical studies further devoted to the investigation of the botanical origin of French Cretaceous ambers, the molecular investigation of the organic extract of the amber from Archingeay (Charente-Maritime, France; Neraudeau et al., 2002;[START_REF] Perrichot | Environnements paraliques à ambre et à végétaux du Crétacé Nord-Aquitain (Charentes, Sud-Ouest de la France[END_REF] of Albian-Cenomanian age revealed the occurrence of a series of yet unreported compounds (1-4; numbers refer to structures in the Appendix). Their identification could provide useful chemotaxonomic information allowing a more precise determination of the botanical source of amber at the family or genus level. In addition, it might also provide more information about the diagenetic fate of terpenoids in amber during burial. Hence, three compounds (1-3, Figure 1) were isolated using a combination of chromatographic methods comprising column chromatography on silica gel and reverse (C18) and normal phase (SiO2) high performance liquid chromatography (HPLC) and their structures determined using comprehensive NMR studies comprising 2D homo-( 1 H-1 H) and heteronuclear ( 1 H-13 C) correlation studies. Determination of the structure of compound 4 (Figure 1) relies, notably, on the comparison of its mass spectrum with those of the compounds 1-3 identified using NMR.

Materials and Methods

Sample

The amber sample that was used to isolate the nor-labdanoids 1-4 originates from the Albian-Cenomanian strata of the quarry of Archingeay (Charente-Maritime, France) (Neraudeau et al., 2002;[START_REF] Perrichot | Environnements paraliques à ambre et à végétaux du Crétacé Nord-Aquitain (Charentes, Sud-Ouest de la France[END_REF].

Extraction and fractionation of the Archingeay amber.

Extraction

Typically, the amber sample (1.00 g) was finely ground in an agate mortar and the obtained powder was extracted by sonication (20 min, 2 x) with dichloromethane (DCM; 20 mL) at room temperature. The organic phases were recovered after centrifugation (2800 rpm, 10 min), combined and the solvent removed under reduced pressure, yielding the crude organic extract (520 mg). This extraction procedure was repeated on other amber samples from the same location.

Methylation of the amber extract using N,N-dimethylformamide dimethylacetal

Typically, N,N-dimethylformamide dimethyl acetal (DMA/DMF; 2.00 mL; 1.79 g, 15.0 mmol) was added to the amber extract (759 mg, combination of extracts originating from several extractions) dissolved in toluene (26 mL). After heating at 70 °C for 3 hours, the solvent and the reagent were removed under reduced pressure. This derivation procedure was repeated on another aliquot of the amber extract.

Fractionation

For analytical purposes, a small aliquot of the derivatized extract was fractionated on a silica gel column. A first fraction FA was obtained by elution with DCM/ethyl acetate (EtOAc; 8:2 v/v; 3 dead volumes Dv) and was analysed using GC and GC-MS.

The derivatized extract (ca. 975 mg) was fractioned into 18 fractions on a silica gel column. The first fraction (F1) was obtained by elution with cyclohexane/DCM (6:4 v/v, ½ dead volume -Dv-) and 13 additional fractions (F2-F14) were recovered by eluting with 9 Dv of the same eluent. Two further fractions (F15, F16) were then obtained by eluting with 2 Dv of DCM and finally two last fractions (F17, F18) were recovered using DCM/EtOAc (9:1 v/v; 2 Dv). The presence of the compounds of interest 1a-4a in the recovered fractions was checked using GC-MS. The latter were present in the two last-eluted fractions (F17, F18; 48 mg and 166 mg, respectively).

Isolation of compounds 1a-3a

Part of the fractions F17 and F18 were first fractionated by reversed phase HPLC (Agilent Zorbax SB-C18; 4,6 x 250 mm; 5 µm; MeOH/H2O 93:7 v/v, 1 ml min -1 ), yielding subfractions enriched in a mixture of 1a and 2a (Fa17 and Fa18) and a mixture of 3a and 4a (Fb17 and Fb18), respectively. Fa17 and Fa18 were further fractionated by normal phase HPLC (Zorbax Rx-Sil; 2,1 x 250 mm; 5 µm; Heptane/EtOAc 85:15 v/v, 1 mL min -1 ), yielding compounds 1a and 2a (ca. 0.2 mg each) with a purity > 90% (GC) sufficient for determination of their structures by NMR. Fb17, mainly composed of compound 3a (2.3 mg; purity of ca. 90% GC), was investigated by NMR without further purification step. As shown by GC-MS, this fraction contains small amounts of compound 4a (ca. 10% by GC). The presence of this compound did not hamper NMR identification of compound 3a.

Analytical measurements

Gas chromatography

GC analyses were carried out on a Hewlett Packard 6890 gas chromatograph equipped with an on-column injector, a flame ionization detector and a HP-5 fused silica capillary column (30 m x 0.25 mm; 0.25 m film thickness). H2 was used as carrier gas (constant flow mode, 2.5 mL min -1 ), and the oven was programmed as follows: 70 °C (5 min), 70-240 °C (4 °C min -1 ), 240 °C-300 °C (10 °C min -1 ), isothermal at 300 °C.

Gas chromatography-mass spectrometry

GC-MS analyses were carried out on a Thermo Trace gas chromatograph coupled to a Thermo TSQ Quantum mass spectrometer equipped with a programmed temperature vaporizing (PTV) injector and operating in the electron impact mode (70 eV). Chromatographic separations were performed on HP5-MS columns (30 m x 0.25 mm; 0.1 m film thickness or 30 m x 0.32 mm; 0.25 m film thickness) using He as carrier gas (constant flow mode, 1.1 mL min -1 ) and the following temperature program: 70 °C (5 min), 70-240 °C (4 °C min -1 ), 240 °C-300 °C (10 °C min -1 ), isothermal at 300 °C.

High performance liquid chromatography

Isolation of compounds 1-4 was performed on a HPLC device comprising a Waters 590 pump, a Rheodyne injector and a Waters R401 differential refractometer detector. For HPLC columns used for compound separation, see section 2.2. Peaks were detected on a Kipp & Zonen BD40 recorder, and were collected manually.

Nuclear magnetic resonance spectroscopy

NMR analyses were performed on a Bruker Avance I -500 MHz spectrometer operating at an observation frequency of 500 MHz ( 1 H) and 125 MHz ( 13 C). The chemical shifts are reported in ppm relative to tetramethylsilane with the solvent used as internal standard (CDCl3:

 1 H 7.24 ppm;  13 C 77.0 ppm). NMR analyses comprised 1D ( 1 H, 13 C, DEPT) as well as 2D homo ( 1 H-1 H COSY, 1 H-1 H-NOESY) and heteronuclear ( 1 H-13 C-HSQC, and 1 H-13 C-HMBC) experiments.

Results and discussion

Figure 2 shows the gas chromatogram of fraction FA, the apolar fraction separated from the organic extract (DCM) of the amber of Archingeay after methylation of the carboxylic acids using DMA/DMF (Brechbühler et al., 1963, Abdulla and[START_REF] Abdulla | The chemistry of formamide acetal[END_REF].

The lipid distribution was rather complex and several series of compounds which previously have been detected in Cretaceous ambers were evident [START_REF] Pereira | Molecular composition and chemosystematic aspects of Cretaceous amber from the Amazonas, Araripe and Recôncavo basins, Brazil[END_REF][START_REF] Nohra | Chemical characterization and botanical origin of French ambers[END_REF][START_REF] Menor-Salvan | The molecular composition of Cretaceous ambers : Identification and chemosystematic relevance of 1,6dimethyl-5-alkyltetralins and related bisnorlabdane biomarkers[END_REF][START_REF] Kawamura | Amberene and 1-methylamberene, isolated and identified from Kuji amber (Japan)[END_REF]. They comprise a series of aromatic hydrocarbons deriving from labdanoid diterpenes such as amberene 5 (Figure 2), whose structure has been firmly established by [START_REF] Menor-Salvan | The molecular composition of Cretaceous ambers : Identification and chemosystematic relevance of 1,6dimethyl-5-alkyltetralins and related bisnorlabdane biomarkers[END_REF], as well as related aromatic compounds (e.g. 6-7) or unsaturated hydrocarbons (e.g. 8), occurring also in Cretaceous ambers from various locations in Spain [START_REF] Menor-Salvan | Terpenoids in extract of Lower Cretaceous amber from the Basque-Cantabrian Basin (El Soplao, Cantabria, Spain) : Paleochemotaxonomic aspects[END_REF][START_REF] Menor-Salvan | The molecular composition of Cretaceous ambers : Identification and chemosystematic relevance of 1,6dimethyl-5-alkyltetralins and related bisnorlabdane biomarkers[END_REF], Japan [START_REF] Kimura | Kujigamberol, a new dinorlabdane diterpenoid isolated from 85 million years old Kuji amber using biotechnical assay[END_REF][START_REF] Kawamura | Amberene and 1-methylamberene, isolated and identified from Kuji amber (Japan)[END_REF], Brazil [START_REF] Pereira | Molecular composition and chemosystematic aspects of Cretaceous amber from the Amazonas, Araripe and Recôncavo basins, Brazil[END_REF] and France [START_REF] Nohra | Chemical characterization and botanical origin of French ambers[END_REF]. The distribution also comprises a series of carboxylic acids corresponding to those tentatively identified by [START_REF] Menor-Salvan | The molecular composition of Cretaceous ambers : Identification and chemosystematic relevance of 1,6dimethyl-5-alkyltetralins and related bisnorlabdane biomarkers[END_REF] in amber from northern Spain as 19-norlabdadienoic acids 9 related to agathic acid 10 (black diamonds in Figure 2). These structural assignments were proposed by [START_REF] Menor-Salvan | The molecular composition of Cretaceous ambers : Identification and chemosystematic relevance of 1,6dimethyl-5-alkyltetralins and related bisnorlabdane biomarkers[END_REF] based on the interpretation of the mass spectra and were supported by the occurrence in the same samples of compounds identified as E and Z isomers of agathic acid 10-11. The latter also occur in the amber from Archingeay, but careful examination of their mass spectra ([M +°] ion at m/z 362; analysed as methyl esters) showed that they displayed slightly different mass spectra to that of an authentic agathic acid dimethyl ester standard 9 (NIST Database; [START_REF] Van Den Berg | Molart Report 10 -Analysis of Diterpenoid Resins and Polymers in Paint Media and Varnishes: With an Atlas of Mass Spectra[END_REF][START_REF] Steigenberger | The Vigani Cabinet. Analysis of historical resinous materials by gas chromatography mass spectrometry and infrared spectroscopy[END_REF]. They possibly differ by the location of the double bond from the exomethylene group at C-8(17) (for carbon numbering of diterpenoids, see Appendix) which might have migrated to a more stable position (12-13) upon diagenesis. Tricyclic diterpenoids comprising dehydroabietic acid 14 as well as diterpenoids from the pimaric or isopimaric series bearing one or two double bonds such as 15-16 were also detected in small amounts (Figure 2). Their identification as (iso)pimaric derivatives rather than abietic derivatives relies, notably, on the occurrence of a typical [M + -29] fragment corresponding to the loss of an ethyl group in their EI mass spectra.

Other C-ring aromatic diterpenoids frequently encountered in ambers (e.g. [START_REF] Anderson | The nature and fate of natural resins in the geosphere. XII. Investigation of C-ring aromatic diterpenoids in Raritan amber by pyrolysis-GC-matrix isolation FTIR[END_REF][START_REF] Pereira | Molecular composition and chemosystematic aspects of Cretaceous amber from the Amazonas, Araripe and Recôncavo basins, Brazil[END_REF][START_REF] Sonibare | Molecular composition and chemotaxonomic aspects of Eocene amber from the Ameki formation, Nigeria[END_REF][START_REF] Sonibare | Composition and chemotaxonomic aspects of Miocene amber from the Koroglu mountains, Turkey[END_REF] were also tentatively identified in the Archingeay amber based on the comparison of mass spectral data and relative retention times with those published by [START_REF] Anderson | The nature and fate of natural resins in the geosphere. XII. Investigation of C-ring aromatic diterpenoids in Raritan amber by pyrolysis-GC-matrix isolation FTIR[END_REF], [START_REF] Sonibare | Molecular composition and chemotaxonomic aspects of Eocene amber from the Ameki formation, Nigeria[END_REF]2014) and [START_REF] Knight | A new Upper Cretaceous (Santonian) amber deposit from the Eutaw Formation of eastern Alabama, USA[END_REF]. They comprise 16-nor-and 16,17-dinor-analogues of dehydroabietic acid 14 (17, 18, respectively) and of callitrisic acid 19 (20, 21, respectively). A compound with a mass spectrum similar to that of callitrisic acid methyl ester 19a (cf. [START_REF] Simoneit | Compositions of resins from Callitris species (Cupressaceae)[END_REF] was detected in the derivatized extract of the Archingeay amber. However, since this compound has a longer GC retention time than dehydroabietic acid methyl ester 14a while callitrisic acid methylester 19a is reported to elute before 14a [START_REF] Anderson | The nature and fate of natural resins in the geosphere. XII. Investigation of C-ring aromatic diterpenoids in Raritan amber by pyrolysis-GC-matrix isolation FTIR[END_REF][START_REF] Simoneit | Compositions of resins from Callitris species (Cupressaceae)[END_REF] using the same GC stationary phase, the presence of 19 can be ruled out in the Archingeay amber sample.

Finally, a diterpenic phenol, ferruginol 22, was identified based on its typical mass spectrum ([M +°] at m/z 286 and occurrence of a predominating fragment at m/z 189; [START_REF] Métayer | An unprecedented condensation pathway leading to the formation of phenolic C40 bis-diterpenoids in sediments from the Lower Oligocene of the Rhine Rift Valley[END_REF]. In addition, the molecular distribution of the organic extract of the amber of Archingeay comprises four predominant compounds (1a-4a, Figure 2) which have never been reported to our knowledge. Based on the analogy of the mass fragmentation pattern of 1a and 2a (Figures 3a,b) and, respectively, 3a and 4a (Figures 3c,d), they represent two pairs of obviously related compounds. The mass spectra of 1a and 2a are characterised by a molecular ion [M +°] at m/z 322. The latter is barely visible in the mass spectra of compounds 3a and 4a

and the [M +°-15] fragment at m/z 307 predominates. The presence of a fragment at m/z 304 ([M +°-18]) corresponding to the loss of H2O in the mass spectra of compounds 1a and 2a suggests the possible presence of a hydroxyl group. It was however difficult to obtain more structural information from the sole interpretation of the mass spectra and it was therefore decided to carry out chromatographic isolation of the dominant compounds from this novel diterpenoid series in order to determine their precise structures using NMR characterization.

Compounds 1a-3a were isolated by a sequence of chromatographic steps comprising fractionation of the organic extract after methylation of the acids on a silica gel column and further fractionation of the fractions enriched in compounds 1a-3a by, successively, reverse (Agilent Zorbax SB-C18) and normal (Agilent Zorbax Rx-Sil) phase HPLC. It is worth noting that methylation of the acids was carried by a rather unusual reaction involving DMA/DMF (see experimental section) since the methylation procedures generally used and involving acidic treatment such as MeOH/H2SO4 or BF3/MeOH have been shown to result in the partial degradation/isomerisation of some of the diterpenoids bearing double bonds. The quantities obtained for 1a, 2a and 3a were sufficient to allow their identification by extensive NMR investigation comprising 1D ( 1 H,13 C, DEPT) experiments and of homo-(COSY, NOESY) and heteronuclear (HMBC, HSQC) correlation experiments. 1D 1 H-and 13 C-NMR spectra and 1 H-

Figures S1-S9.

Identification of compounds 1a-4a

Compound 1a

The EI mass spectrum of compound 1a shows a significant fragment [M + -18] at m/z 304 corresponding to the loss of H2O (Figure 3a), which suggests the presence of a non-derivatized hydroxyl group. In this respect, the signal at 71.3 ppm in the 13 C-NMR spectrum of compound 1a (Table 1) is compatible with that of a carbon atom bearing a hydroxyl group. Since this signal could not be detected on the DEPT spectrum, the alcohol functionality must be located at a tertiary position. The signal at 178.2 ppm in 13 C-NMR spectrum (Supplementary Figure S2) could correspond to the carbonyl of an ester which is confirmed by the detection of signals at 3.61 ppm ( 1 H spectrum) and 51.1 ppm ( 13 C spectrum) (Supplementary Figures S1,S2) characteristic of a methyl group on a carbomethoxy group. In addition, the presence of a double bond is shown by signals at 126.8 and 138.7 ppm ( 13 C spectrum, Supplementary Figure S2).

The absence of vinylic protons in the 1 H-NMR spectrum indicates that the double bond is completely substituted.

Finally, the complete carbon skeleton of compound 1a could be established mainly based on the long-range ( 2,3 J) 1 H-13 C correlation pattern (HMBC experiment; Supplementary Figure S3). The carbon sequence established for compound 1a based on the HMBC experiment using, in particular, correlation starting from protons located on methyl groups is shown in Figure 4a.

Connectivity between structural moieties which could not be linked based on the longrange ( 2,3 J) 1 H-13 C correlation pattern was established using the COSY experiment. The relative configuration at C-4 could not be established based on the NOESY experiments since no clear nuclear Overhauser effects could be observed either between the methyl group (C-18) or the methoxy (C-1') group located at C-4 and the C-20 methyl group. Nevertheless, the value of the 13 C chemical shift of the methyl group (C-18) located at C-4 at 28.5 ppm (Table 1) suggests that the methyl group is equatorial. Indeed, the 13 C chemical shift of the methyl group located at C-4 is strongly dependant on the occurrence of -gauche effects involving CH3-20 [START_REF] Beierbeck | The semiempirical derivation of 13 C nuclear magnetic resonance chemical shifts. Hydrocarbons, alcohols, amines, ketones, and olefins[END_REF]. Thus, in the case of diterpenoids with similar A/B ring structural moieties as compound 1a, the 13 C chemical shift of a methyl group at C-4 is around 16.8 ppm when axial (same side of ring A as CH3-20) as is the case for dehydroabietic acid ( 14) derivatives (e.g. [START_REF] Gigante | 13 C and 1 H NMR assignments for a series of dehydroabietic acid derivatives[END_REF], whereas it is higher (around 28.5 ppm) in the case of communic acid (23) derivatives and related structures having an equatorial methyl group at C-4 (e.g., Zinkel et al., 1985;[START_REF] Fang | Diterpenes from the bark of Juniperus chinensis[END_REF]. Finally, almost all the 1 H and 13 C chemical shifts could be attributed (Table 1).

Compound 2a

The EI mass spectral fragmentation pattern of compound 2a (Figure 3b) is very similar to that of compound 1a, suggesting a close structural relationship between these two compounds.

In particular, the mass spectrum of 2a presents a significant fragment [M +°-18] at m/z 304 indicating the presence of a non-derivatized hydroxyl group. Some main fragments present in the mass spectrum of compound 2a, however, correspond to fragments occurring in the mass spectrum of compound 1a but shifted upwards by 14 amu (m/z 175 →m/z 189; m/z 229 → m/z 243). The 1 H-and 13 C-NMR spectra of 2a (Supplementary Figures S4,S5) also present many similarities with that of compound 1a, indicating the presence of a tertiary alcohol and a tetrasusbtituted double bond. However, a carbomethoxy group could not be detected, whereas the characteristic signals of an alcohol formate group was evident given the presence of the typical signal of a proton located on the formate carbonyl group at 8.08 ppm (Table1; Supplementary Figure S4) and that of the carbon atom on the related carbonyl group at 161.5 ppm (Table 1; Supplementary Figure S5). Protons located on the methylene bearing the formate group appear as two doublets at 3.95 and 4.36 ppm (Table 1; Supplementary Figure S4) indicating that it must be located at a neopentylic position. These elements clearly suggest that compound 2a could correspond to an analogue of compound 1a where the carbomethoxy group at C-4 is replaced by a methylene bearing a formylated alcohol functionality. This hypothesis was fully confirmed by detailed investigation of the spectra from the other NMR experiments, in particular by the detailed investigation of the long-range ( 2,3 J) 1 H-13 C correlation pattern of the HMBC experiment, which allowed the carbon sequence to be unambiguously established (Figure 4b; Supplementary Figure S6) and the chemical shifts of all the protons and carbon atoms to be determined (Table 1). The occurrence of a formylated alcohol functionality at C-19 of compound 2 is remarkable. Although the derivatization agent used (DMA/DMF) is not known to transform alcohols into formates, it is likely that formylation was due to the conditions used for derivatization and that the alcohol group at C-19 of the original diterpenoid occurred as a free alcohol in the Archingeay amber prior to derivatisation. This possibility was unambiguously confirmed by acetylating a small aliquot of the amber extract after methylation with diazomethane, which resulted in the formation of an acetylated analogue of compound 2 detected by GC-MS and the absence of compound 2a among the derivatized compounds.

Indeed, the molecular ion [M +°] at m/z 336 as well as some typical fragmentations (e.g. m/z 235 →m/z 249; m/z 304 → m/z 318) are shifted upwards by 14 amu relative to that of 2a. It should also be noted that the tertiary alcohol function at C-13 of 2a was not formylated, likely due to steric hindrance.

Compound 3a

The molecular weight of this compound is identical to that of compounds 1a and 2a and the fragment [M +°-15] at m/z 307 predominates (Figure 2c), indicating the presence of a methyl group at a position that easily fragments in mass spectrometry. The EI mass spectrum also has a fragmentation [M +°-15-18] at m/z 289, indicating the presence of an oxygenated functionality giving rise to the loss of H2O. In contrast to compounds 1a and 2a, the 1D 13 C-NMR spectrum (Table1; Supplementary Figure S8) clearly indicates that compound 3a does not bear any double bond (no signal between 110 and 160 ppm). As was the case for compound 1a, the signals at 177.9 and 51.2 ppm in the 13 C-NMR spectrum (Supplementary Figure S8) and the signal at 3.61 ppm ( 1 H spectrum, Supplementary Figure S7) indicate the presence of a carbomethoxy group (Table 1; Supplementary Figures S7,S8). There are, in addition, two carbon atoms with chemical shifts at 74.5 and 71.2 ppm which have typical chemical shifts for oxygen bearing carbon atoms. Furthermore, since these carbon atoms are quaternary, as shown by comparison of the 1D 13 C-NMR spectrum and the DEPT spectrum, it appears that the structure bears an oxygen atom in the form of an ether bridge between two fully substituted carbon atoms. This hypothesis was supported by the detailed investigation of the long-range ( 2,3 J) 1 H-13 C correlation pattern of the HMBC experiment which allowed the structure of compound 3a to be established as a 8,13-epoxy-15-nor-labdanoid acid with an ether-bearing six-membered ring (Figure 4c, Supplementary Figure S9). Such a structural moiety is similar to that of manoyl oxide and related compounds (e.g., [START_REF] Fernandez | Diterpenes from Sideritis nutans[END_REF][START_REF] Anderson | Manoyl oxide acid from resin of Pinus sylvestris needles[END_REF][START_REF] Cioffi | Secondary metabolites from the aerial parts of Salvia palaestina Bentham[END_REF], the remaining part of the hydrocarbon skeleton being similar to 1a and 2a. All the 1 H and 13 C chemical shifts were determined and are reported in Table 1.

Compound 4a

Compound 4a could not be isolated and occurred in rather small amounts (ca. 10%) in the purified fraction used for the NMR studies of compound 3a. Its identification as an analogue of compound 3a where the carbomethoxy group at C-4 is replaced by a methylene bearing a formylated alcohol (Figure 1) relies on comparison of its EI mass spectrum with that of 3a (Figures 3c,d). Thus, the mass spectrum of 4a displays a very small molecular ion [M +°] at m/z 322 and intense fragmentations at m/z 307 and 289. In addition, important fragmentations present in the mass spectrum of 3a are shifted upwards by 14 amu (m/z 121 →m/z 135; m/z 229 → m/z 243) in the spectrum of 4a as for the mass spectra of 1a and 2a. In addition, small, but typical signals corresponding to a methylene bearing a formylated alcohol similar to those observed in the spectrum of compound 2a, were observed in the 1 H-NMR spectrum of compound 3a which contains ca. 10% of compound 4a. (methylene bearing the formyl group (CH2-19):  13 C 161.5 ppm;  1 Ha 4.29 ppm,  1 Hb 3.93 ppm. Formate (C-1'):  13 C 66.7 ppm  1 H 8.07 ppm) (cf. Supplementary Figures S7,S8).

Mode of formation of nor-labdanoids 1-4

Structural determination of 1a-4a clearly shows that these compounds possess a bicyclic diterpenic carbon skeleton related to that of labdanoids bearing a carboxyl or a hydroxymethylene group at C-4. The functionalities are located on the same side of the A/B ring system as the methyl group at C-10, similarly to labdanoids occurring in conifer resins (e.g., communic 23, agathic 9 and cupressic acid 24 as well as torulosol 25, communol 26 and agathol 27) as free compounds or bound to the labdanoid-based copolymer constituting the macromolecular core of resins and ambers. It can thus be envisaged that compounds 1-4 are diagenetic transformation products of labdanoids of biosynthetic origin bearing oxygen functionalities at C-8 and/or C-13 as those occurring in conifer resins. Hence, cupressic acid 24 or torusolol 25, which bear a hydroxyl group at C-13, are clearly related to the 15-norlabdanoids 1 and 2. They occur in conifer resins from Cupressaceae [START_REF] Cartoni | GC-MS characterisation and identification of natural triterpenic resins employed in works of art[END_REF]Hanary et al., 2002;[START_REF] Cox | Oxygenated, di-and tricyclic diterpenoids of southern hemisphere conifers[END_REF][START_REF] Wang | Diterpenoids from the pericarp of Platycladus orientalis[END_REF][START_REF] Olate | Resin diterpenes from Austrocedrus chilensis[END_REF], Taxodiaceae [START_REF] Su | Labdanes from Cryptomeria japonica[END_REF][START_REF] Simoneit | Terpenoids of the swamp cypress subfamily (Taxodioideae), Cupressaceae, an overview by GC-MS[END_REF] and Araucariaceae [START_REF] Cox | Oxygenated, di-and tricyclic diterpenoids of southern hemisphere conifers[END_REF]Abdel-Satter et al., 2009;[START_REF] El-Tantawi | Could Araucaria heterophylla resin extract be used as a new treatment for toxoplasmosis[END_REF][START_REF] Santos | Isolation of diterpenes from Araucaria sp Brazilian brown propolis and development of a validated high-performance liquid chromatography method for its analysis[END_REF] and, to our knowledge, only to a limited extent in the tree resins from Podocarpaceae and Pinaceae [START_REF] Cox | Oxygenated, di-and tricyclic diterpenoids of southern hemisphere conifers[END_REF]. There is, however, no straightforward diagenetically relevant transformation pathway linking directly cupressic acid 24 or torusolol 25 to nor-labdanoids 1 and 2. Such a pathway (Figure 5a) would require the oxidative C-C cleavage of the  14 double bond followed by a reductive step. This pathway comprising successively an efficient oxidation process and a reductive step seems rather unlikely in the case of a material like amber which is unlikely to have undergone important variations of redox conditions during burial except perhaps at its outer surfaces.

Alternatively, it can be envisaged that cupressic acid 24 or torusolol 25 occurring as free compounds in conifer resins were progressively sequestered within the macromolecular component of amber upon diagenesis (structures A and B, Figure 5b) via a process comprising, notably, radical reactions involving C-C bond formation at the  14 double bond position.

Finally, although not reported in the literature, it cannot be excluded that conifer resins already containing macromolecular constituents with subunits made of diterpenoids bearing an oxygenated functionality at C-13, structurally related to cupressic acid 24 and torulosol 25 occur.

The nor-labdanoids 1 and 2 could then have been released by C-C bond cracking reactions upon diagenesis as described in Figure 5b. It is worth mentioning that the double bond from the exo-methylene group of cupressic acid 24 and torulosol 25 would have migrated to a more substituted position during burial following a process already described for labdanoid subunits bound to macromolecular constituents of ambers (e.g. [START_REF] Anderson | The nature and fate of natural resins in the geosphere. II. Identification, classification, and nomenclature of resinites[END_REF][START_REF] Clifford | Structural transformations of polylabdanoid resinites during maturation[END_REF].

15-nor-labdanoids 3 and 4 could then be formed by further cyclization of 1 and 2 or of their macromolecularly-bound precursors (Figure 5b), rather than from the diagenetic transformation of biogenic 8,13-epoxylabdanoids. Indeed, 8,13-epoxylabdanoids bearing a carboxy or a hydroxymethylene group at C-4 related to 3 and 4 such as structure 28 have, to our knowledge, never been reported to occur in conifer resins, although 28 was identified in the tree needles from Pinaceae (Zinkel and Clarke, 1985;[START_REF] Anderson | Manoyl oxide acid from resin of Pinus sylvestris needles[END_REF]. Hence, the possibility that there are conifers able to produce a resin containing macromolecular 8,13epoxylabdanoid subunits (structures C and D, Figure 5b) cannot be disregarded.

Some of the other tentatively identified low molecular weight constituents of the

Archingeay amber in this study might have been formed by further diagenetic transformation of compounds 1-4 (Figure 6). This is the case, notably, of diunsaturated nor-labdanoid acids (black diamonds in Figure 2). These compounds were initially tentatively identified by Menor- More specific transformation products detected in the amber from Archingeay are 15,19-dinor-mannoyl oxide derivatives 31 and 32 (2 epimers at C-4, Figure 2). Their tentative identification is based on the strong analogy of their EI mass spectra (Supplementary Figure S10a) with that of compound 3 (showing a downward shift of 58 amu of the molecular ion and some fragments due to loss of the carbomethoxy group) and with those of manoyl oxide isomers [START_REF] Demetzos | A simple and rapid method for the differentiation of C-13 manoyl oxide epimers in biologically important samples using GC-MS analysis supported with NMR spectroscopy and computational chemistry results[END_REF]. Similarly, decarboxylated analogues of compound 1 (33, 34) were also detected based on their mass spectra (Supplementary Figure S10b).

Botanical origin of Archingeay amber

As discussed in section 3.2, identification of compounds 1-4 in the Archingeay amber strongly points to an origin from Cupressaceae s.l. or Araucariaceae since the C-13 oxygenated labdanoids are related to cupressic acid 24 and torulosol 25 which have been reported as predominant compounds in conifer resins from these families, as opposed to resins from Pinaceae or Podocarpaceae. The large predominance of labdanoids as compared to abietane and (iso)pimarane derivatives also argues against Pinaceae as a possible botanical source (e.g. [START_REF] Nohra | Chemical characterization and botanical origin of French ambers[END_REF]. In addition, the limited contribution of phenolic diterpenoids (totarol 37, ferruginol 22 and related oxidized derivatives), reduced in the present study to ferruginol 22, further excludes Podocarpaceae (e.g. [START_REF] Cox | Oxygenated, di-and tricyclic diterpenoids of southern hemisphere conifers[END_REF][START_REF] Nohra | Chemical characterization and botanical origin of French ambers[END_REF]. It should, however, be noted that [START_REF] Nohra | Chemical characterization and botanical origin of French ambers[END_REF], who also investigated amber samples from the Archingeay site, did not identify ferruginol 22.

Evidence firmly linking our amber sample from Archingeay to the Cupressaceae family, such as the detection of terpenoids with a high chemotaxonomic value like callitrisic acid 19 [START_REF] Anderson | The nature and fate of natural resins in the geosphere. XII. Investigation of C-ring aromatic diterpenoids in Raritan amber by pyrolysis-GC-matrix isolation FTIR[END_REF][START_REF] Knight | A new Upper Cretaceous (Santonian) amber deposit from the Eutaw Formation of eastern Alabama, USA[END_REF][START_REF] Simoneit | Compositions of resins from Callitris species (Cupressaceae)[END_REF] or cuparene 36 [START_REF] Otto | Sesqui-, di-, and triterpenoids as chemosystematic markers in extant conifers -A review[END_REF], could not be found, although callitrisic acid 19 has been reported to occur in amber samples from Archingeay [START_REF] Nohra | Chemical characterization and botanical origin of French ambers[END_REF]. 16,17-dinor-callitrisic acid 21, present in substantial amounts in the Archingeay amber, has previously been proposed to be a chemotaxonomic biomarker of Cupressaceae [START_REF] Pereira | Molecular composition and chemosystematic aspects of Cretaceous amber from the Amazonas, Araripe and Recôncavo basins, Brazil[END_REF][START_REF] Sonibare | Composition and chemotaxonomic aspects of Miocene amber from the Koroglu mountains, Turkey[END_REF].

However, this compound cannot be considered as an unambiguous biomarker for this family as already stressed by [START_REF] Anderson | The nature and fate of natural resins in the geosphere. XII. Investigation of C-ring aromatic diterpenoids in Raritan amber by pyrolysis-GC-matrix isolation FTIR[END_REF]. Indeed, 16,17-dinor-callitrisic acid 21has been identified in ambers devoid of callitrisic acid 19 which, based on the biomarker distribution, could not be clearly related to Cupressaceae (e.g. [START_REF] Sonibare | Molecular composition and chemotaxonomic aspects of Eocene amber from the Ameki formation, Nigeria[END_REF]. In addition, there is no straightforward diagenetic transformation processes leading from callitrisic acid 19 to 16,17dinor-callitrisic acid 21. Indeed, two sequential demethylation steps at the single C-15 position of callitrisic acid 19 represent an unlikely process for the formation of 21, as is the case for branched positions of isoprenoids like phytane or hopanes (e.g. [START_REF] Peters | Biomarkers and Isotopes in Petroleum Exploration and Earth History[END_REF] illustrated, notably, by the low abundance of C17 isoprenoid hydrocarbons and 29,30-demethylated hopanes in the geological record. However, as proposed by [START_REF] Simoneit | Compositions of resins from Callitris species (Cupressaceae)[END_REF], it cannot be excluded that 16,17-dinorcallitrisic acid 21 can derive from 4-epi-pimaric acid 38, a compound tentatively identified in the conifer resin from the Callitris genus [START_REF] Simoneit | Compositions of resins from Callitris species (Cupressaceae)[END_REF]. The transformation pathway would comprise dealkylation and aromatization processes similar to those postulated to account for the formation of 16,17-dinor-abietic acid 18 from diterpenoids from the (iso)pimaric series such as sandaracopimaric acid 39. Nevertheless, taking into account the frequent occurrence of 16,17-dinor-callitrisic acid 21 in amber, whereas diterpenoids from the 4-epi-pimaric series appear to be rather rare in conifer resins [START_REF] Simoneit | Compositions of resins from Callitris species (Cupressaceae)[END_REF], it seems more likely that 16,17-dinor-callitrisic acid 21 derives from labdanoid precursor molecules (e.g., communic acid 23 or cupressic acid 24), which have the same stereochemical configuration at C-4 as callitrisic acid 19, following diagenetic processes involving cyclisation and aromatization ( Figure 7).

Despite the absence of unambiguous molecular markers from Cupressaceae s.l., the presence of ferruginol 22 supports the hypothesis that this amber originates from Cupressaceae rather than from Araucariaceae as it is abundant in Cupressaceae, but has only been reported in one species of Araucariaceae [START_REF] Otto | Sesqui-, di-, and triterpenoids as chemosystematic markers in extant conifers -A review[END_REF][START_REF] Cox | Oxygenated, di-and tricyclic diterpenoids of southern hemisphere conifers[END_REF]. In addition, labdanoidspecific biomarkers strictly limited to Araucariaceae among conifers, such as derivatives from clerodane 35 (e.g. [START_REF] Caputo | Diterpenes from Araucaria bidwilli[END_REF][START_REF] Otto | Sesqui-, di-, and triterpenoids as chemosystematic markers in extant conifers -A review[END_REF][START_REF] Cox | Oxygenated, di-and tricyclic diterpenoids of southern hemisphere conifers[END_REF] were absent. Nevertheless, the possibility that Archingeay amber originates from Cheirolepidiaceae should not be discarded, since the occurrence of macrofossil remains of conifers from this family have been reported in the site of Archingeay [START_REF] Perrichot | Environnements paraliques à ambre et à végétaux du Crétacé Nord-Aquitain (Charentes, Sud-Ouest de la France[END_REF][START_REF] Gomez | Assemblages floristiques de l'Albien-Cénomanien de Charente-Maritime (SO France)[END_REF].

Comparison of the molecular composition of the amber with that of a modern resin analogue is not possible as Cheirolepidiaceae are extinct.

Conclusion

The structure of four novel fossil diterpenoids from the Cretaceous Archingeay amber (Charente-Maritime, France) were determined as 13-hydroxy-and 8,13 epoxy-nor-labdanoids 1-4 using GC-MS and detailed nuclear magnetic resonance studies. These compounds are structurally related to C-13 oxygenated labdanoids (i.e., cupressic acid and torulosol) which sometimes occur as predominant constituents in resins from Cupressaceae s.l. and Araucariaceae. A possible diagenetic pathway for the formation of these newly identified norlabdanoids has been established. It involves the incorporation of diterpenoids related to cupressic acid and torulosol into the macromolecular constituents of amber during burial, 
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  [START_REF] Menor-Salvan | Terpenoids in extract of Lower Cretaceous amber from the Basque-Cantabrian Basin (El Soplao, Cantabria, Spain) : Paleochemotaxonomic aspects[END_REF] and[START_REF] Menor-Salvan | The molecular composition of Cretaceous ambers : Identification and chemosystematic relevance of 1,6dimethyl-5-alkyltetralins and related bisnorlabdane biomarkers[END_REF] as compounds with the generic structure 9.However, they could likely correspond to nor-labdanoid dienes (such a 29) bearing a carboxy function at C-4 (rather than as C-15) and two double bonds, one of them resulting from the elimination of the hydroxyl group at C-13 from compound 1. By analogy, compounds labelled with squares in Figure2could correspond to the generic structures 30 resulting from the elimination of the hydroxyl group at C-13 on compound 2. Compounds 29 and 30 could of course also be formed by the release via C-C bond cracking reactions of bound subunits related to communic acid 23 and communol 26, respectively. Further decarboxylation of compounds 29 and 30 might then account for the formation of the C18 diinsaturated dinor-labdanoids hydrocarbons 8 detected among the low molecular weight constituents of the organic extract (Figure2).

Figure 1 :

 1 Figure 1 : Structures and carbon numbering of nor-labdanoids 1-4 identified in the Archingeay amber (Charente Maritime, France).

Figure 2 :

 2 Figure 2 : Gas chromatogram (GC-MS, EI, 70 eV) of the apolar fraction (FA) separated from the DCM extract of the Archingeay amber after derivatization using DMA/DMF. : Unsaturated labdanoid acids as methyl ester derivatives; : Unsaturated labdanoid alcohols as formate derivatives.

Figure 3 :

 3 Figure 3: Mass spectra (GC-MS, EI, 70 eV) of compounds 1a-4a.

Figure 4 :

 4 Figure 4: Carbon sequence (bold lines) established for compounds (a) 1a; (b) 2a; (c) 3a based on 2,3 J 1 H-13 C correlation experiments (HMBC) (cf. also Supplementary Figures S3, S6, S9).

Figure 5 :

 5 Figure 5: Molecular precursors and possible modes of formation of compounds 1-4. (a) Direct diagenetic pathway starting from cupressic acid 24 and torulosol 25. (b) Pathway involving amber macromolecular structural subunits related to cupressic acid 24 and torulosol 25.

Figure 6 :

 6 Figure 6: Structure of diagenetic transformation products (8, 31-34) formed from compounds 1-4 occurring in the Archingeay amber and diagenetic relationship between these compounds and compounds 1-4.

Figure 7 :

 7 Figure 7: Possible diagenetic mode of formation of 16,17-dinor-callitrisic acid 21 from labdanoid precursor molecules occurring in the Archingeay amber.
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Figure S7 :

 S7 Figure S7: 1 H-NMR spectrum (500 MHz, CDCl3) of compound 3a (a) 0.0-8.5 ppm range; (b) 0.5-3.8 ppm range. Numbers in blue color refer to compound 4a.

Figure S8 :

 S8 Figure S8: 13 C-NMR spectrum (500 MHz, CDCl3) of compound 3a (a) 80-190 ppm range; (b) 10-80 ppm range. Numbers in blue color refer to compound 4a.

Figure S9 :

 S9 Figure S9: 1 H-13 C long range ( 2,3 J) correlation pattern (HMBC, 500 MHz, CDCl3) starting from methyl protons for compound 3a (a) 0.5-4.0 ppm range / 20-190 ppm range; (b) 0.5-1.4 ppm range/ 20-90 ppm range.

Figure S10 :

 S10 Figure S10: Mass spectra (GC-MS, EI, 70 eV) of (a) compound 31; (b) compound 33.

Figure S2 :

 S2 Figure S2: 13 C-NMR spectrum (125 MHz, CDCl3) of compound 1a (a) 80-190 ppm range; (b) 10-80 ppm range.

Figure

  Figure S3: 1 H-13 C long range ( 2,3 J) correlation pattern (HMBC, 500 MHz, CDCl3) starting from methyl protons for compound 1a (a) 0.5-4.0 ppm range / 20-190 ppm range; (b) 0.6-1.7 ppm range / 20-190 ppm range.

Figure S5 :

 S5 Figure S5: 13 C-NMR spectrum (500 MHz, CDCl3) of compound 2a (a) 80-170 ppm range; (b) 15-80 ppm range.

Figure S6 :

 S6 Figure S6: 1 H-13 C long range ( 2,3 J) correlation pattern (HMBC, 500 MHz, CDCl3) starting from methyl protons for compound 2a (0.7-1.8 ppm range/ 10-150 ppm range).

FigureFigure S8 :

 S8 Figure S7: 1 H-NMR spectrum (500 MHz, CDCl3) of compound 3a (a) 0.0-8.5 ppm range; (b) 0.5-3.8 ppm range. Numbers in blue color refer to compound 4a.

Figure S9 :

 S9 Figure S9: 1 H-13 C long range ( 2,3 J) correlation pattern (HMBC, 500 MHz, CDCl3) starting from methyl protons for compound 3a (a) 0.5-4.0 ppm range / 20-190 ppm range; (b) 0.5-1.4 ppm range / 20-90 ppm range.

Figure S10 :

 S10 Figure S10 : Mass spectra (GC-MS, EI, 70 eV) of (a) compound 31; (b) compound 33.

  

Table caption Table 1 :

 caption1 1 H (500 MHz) and 13 C (125 MHz) chemical shifts for compound 1a, 2a and 3a recorded in CDCl3.

				Macromol.	OH
	OH	Diagenesis	OH	Cracking	R
				Isomerization	O
	Oxygenated labdanoids R	R		Cyclization	R
	RESIN Cupressaceae Cheirolepidiaceae	ARCHINGEAY AMBER R=CO 2 H or CH 2 OH

Table 1 :

 1 1 H (500 MHz) and 13 C (125 MHz) chemical shifts for compound 1a, 2a and 3a

	recorded in CDCl3.								
			1a			2a			3a	
	Position*	 C	 H	 H	 C	 H	 H	 C	 H 	 H 
	1	37.3	1.82	1.12	37.0	1.84	1.17	39.4	1.64	0.89
	2	19.6	1.81	1.50	18.6	1.47	1.51	19.2	1.83	1.44
	3	37.5	2.18	0.97	36.8	1.72	0.96	38.2	2.13	0.99
	4	43.9	-	-	35.8	-	-	43.9	-	-
	5	53.6	1.29	-	52.6	1.28	-	56.8	1.13	-
	6	20.9	1.92	1.70	19.2	1.74	1.41	21.5	1.85	1.76
	7	34.3	1.98	1.91	33.8	2.00	1.92	43.1	1.76	1.26
	8	126.8	-	-	126.0	-	-	74.5	-	-
	9	138.7	-	-	139.5	-	-	57.7	1.10	-
		39.8	-	-	39.0	-	-	37.3	-	-
		22.6	2.07	1.91	22.6	2.08	1.92	15.9	1.54	1.44
		44.0	1.51	1.51	44.0	1.51	1.51	39.3	1.44	0.89
		71.3	-	-	71.3	-	-	71.2	-	-
		29.0 a	1.22	-	29.0 b	1.22	-	33.8	1.13	-
		29.1 a	1.22	-	29.1 b	1.22	-	28.8	1.22	-
		19.7	1.57	-	19.4	1.55	-	24.2	1.25	-
		28.5	1.17	-	27.2	0.97	-	28.6	1.15	-
		178.2	-	-	66.6	4.36	3.95	177.9	-	-
		17.8	0.75	-	20.7	0.94	-	13.3	0.57	-
	1'	51.1	3.61	-	161.5	8.08	-	51.2	3.61	-
	a,b signals can be interchanged; * numbers refer to the numbering of the carbon atoms as indicated in Figure 4.

C long range ( 2,3 J) correlation patterns of compounds 1a-3a are available in Supplementary

Acknowledgement

Estelle Motsch (University of Strasbourg) is thanked for mass spectrometry analyses, Maurice Coppe (University of Strasbourg) for NMR analyses, André Nel (Museum National d'Histoire Naturelle, Paris) for the gift of Archingeay amber samples, and Bernard Gomez (University of Lyon I) for discussions. The "Centre National de la Recherche Scientifique" and the "Université de Strasbourg" are thanked for financial support. The two anonymous reviewers are thanked for their constructive comments.

followed by their progressive release via a process comprising C-C bond cracking and cyclization reactions. Since C-13 oxygenated labdanoids have mainly been identified in resins from Cupressaceae s.l. and Araucariaceae, the newly identified nor-labdanoid fossil molecules could be considered as potential biomarkers for ambers originating these families of conifers.

Additional terpenoid biomarkers identified in the same amber favour an origin from Cupressaceae s.l.. Nevertheless, since biomarkers exclusive to Cupressaceae s.l. were absent, the Cretaceous Archingeay amber may originate from Cheirolepidiaceae as macrofossil remains from Cheirolepidiaceae (an extinct family of conifers) reported in this site.
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