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SULFURIZED DITERPENOIDS IN AMBER: OCCURRENCE, FORMATION AND GEOCHEMICAL SIGNIFICANCE

Introduction

Molecular investigation of the organic constituents of amber samples from the Santonian of Piolenc (Vaucluse, France) using gas chromatography-mass spectrometry (GC-MS) led recently to the discovery of a novel series of compounds characterized by a molecular mass of 350 Da (Lenen et al., 2023). Two members of this series were isolated and unambiguously identified as diterpenoid sulfides related to the isopimaric acid series (I, II, Fig. 1a) using nuclear magnetic resonance and high resolution MS (Lenen et al., 2023). These sulfides represent the first evidence for the occurrence of organic sulfur compounds (OSC) in amber and are postulated to be formed by diagenetic sulfurization processes affecting plant resins prior fossilization into amber (Fig. 1a). The occurrence of these diterpenoid sulfides was then investigated using GC-MS in a large set of amber samples from various ages and botanical/geographical origins in order to evaluate the extent of sulfurization processes affecting amber and its significance. In parallel, laboratory experiments involving fresh conifer resins and reduced sulfur species were performed under geochemically relevant conditions to investigate the possible mode of formation of these compounds.

Results

Molecular investigation of ambers from various sites showed that OSC are frequently, though not systematically, present in ambers. It seems that the occurrence of diterpenoid sulfides is not dependent on the botanical origin of the amber since these compounds could be found in ambers deriving from both angiosperm (Oise, France) and conifer resins (e.g. La Garnache, La Buzinie, France; Bitterfeld, Germany). Moreover, the proportion of these compounds relative to non-sulfurized terpenoids varies substantially between the studied sites. For instance, they are major constituents in La Garnache amber (France) (Fig. 1b) whereas they appear in low amounts in the Bitterfeld amber (Germany). These compounds are present at the trace level or absent in ambers from Archingeay (France) and from the Baltic region.

The OSC in amber, as exemplified by the case of the amber from La Garnache (Fig 1b), comprise predominantly sulfurized diterpenic acids (Mw: 350 Da as methyl esters) most likely related to resin acids from the (iso)pimaric (such as I) or abietic acid series, but possibly also to acids from the labdane series. Based on the interpretation of mass spectra, this sample also contains nor-diterpenic sulfides (Mw: 292 Da) resulting from the decarboxylation of the sulfurized diterpenic acids.
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Montpellier, France Numerous OSC have been previously identified in sediments and were proposed to be formed at early stages of diagenesis by reaction of functionalized biological lipids and sulfur species (H2S, polysulfides) formed by microbial sulfate reduction in anaerobic sediments (e.g. Sinninghe Damsté and De [START_REF] Sinninghe Damsté | [END_REF]. This hypothesis relies notably on laboratory experiments involving functionalized biological lipids and sulfur species (H2S, polysulfides) formed by microbial sulfate reduction which have led to the formation of compounds similar to sedimentary OSC (e.g. [START_REF] Poinsot | Chemical Communications[END_REF]Adam et al., 2009). In order to test if the sulfurized diterpenic acids identified by Lenen et al. (2023) are formed following similar processes, experiments have been performed under geochemically relevant conditions using fresh conifer resins as substrates. It could be shown, notably, that the sulfurization of the fresh resin of Cedrus atlantica resulted in the formation of compound I. This result further supports the hypothesis that OSC in amber result from early diagenetic sulfurization processes affecting resins upon deposition in sulfate-rich anaerobic sediments and prior further transformation into amber.

Conclusions

This study shows that OSC are present in a wide variety of ambers, regardless of their botanical origin or age and can be formed under conditions similar to those leading to OSC in sediments. The occurrence of these compounds in amber thus indicates anaerobic conditions in sulfaterich palaeoenvironments of deposition. Therefore, these compounds are likely to be formed under environmental conditions prevailing in marshes or mangroves, notably. The occurrence of OSC in ambers thus gives information about the environments/ecosystems where the resinproducing trees from which the ambers derive were living.

Figure 1

 1 Figure1-a. Mode of formation of OSC identified in the amber from Piolenc (France) by reaction of diterpenoids of the isopimaric series with reduced sulfur species formed by microbial sulfate reduction in anoxic environments(Lenen et al., 2023). b. Gas chromatogram of the organic extract of the amber from La Garnache (France), a sample rich in organic sulfur compounds. Carboxylic acids are analyzed as methyl esters.