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The origin of sulfur and other volatile elements on Earth
Understanding the origin of terrestrial planets is a fundamental aspect of planetary sciences. The origin and the timing delivery of Earth’s volatiles remain debated. A substantial fraction of Earth’s volatiles may have been brought during the main stage of planetary growth. They would have been carried by the parent bodies of the Earth and would have never escaped the planet. Alternatively, volatiles could have been delivered late during planet formation to a dry proto-Earth. The provenance of Earth’s volatiles is another open question. Some suggest that volatiles were provided by parent bodies from the inner solar system. Other invoke volatile-rich material from the outer solar system: asteroids from the outer solar system could have been thrown towards the inner disk and contributed to Earth’s accretion. 
Sulfur is a volatile element, with a condensation temperature similar to that of selenium and zinc. Constraining the origin of sulfur on Earth may help disambiguating scenarios of volatile origins. For instance, based on its concentration in the mantle, the budget of terrestrial sulfur has been tied to a late-veneer of the volatile-rich CM chondrites. However, the sulfur isotope composition of CM chondrites shows mass-independent isotopic anomalies that are inconsistent with Earth’s composition. The anomalies challenge scenarios involving CM chondrites as a major contributor to Earth’s volatile inventory. 
The S isotope composition of other carbonaceous chondrites is unknown.  This thesis will determine the isotope composition of sulfur in all chondrite classes, and will establish S isotopes as a proxy for volatile provenance and disentangle the scenarios of volatile accretion. The target is to constrain the sulfur (S) isotope composition of chondrites and compare it to rocks from the Earth’s mantle.  A match or a mismatch with various groups of chondrites will allow determining the origin of S on our planet. In addition, this work will constrain the astrophysical context of the chondrite forming regions. Sulfur isotope anomalies are unique in cosmochemistry, because they trace photochemistry in the early solar system. The observation of anomalies in CM chondrites show that their forming regions underwent UV irradiation. With this thesis, the determination of sulfur isotope anomalies in all chondrite classes will be important not only to determine the origin of sulfur on Earth, but also to establish an irradiation map of the proto-planetary disk.
During their PhD, the recipient will characterize the S isotope compositions of non-carbonaceous and carbonaceous chondrites. First, various ordinary and enstatite chondrites will be measured. Chondrites of L, LL and H types, as well as EH and EL types, will be characterized for their sulfur isotope compositions. A protocol will be developed to increase counting statistics on a gaseous source mass spectrometer already present on campus. This will allow delivering next generation S isotope data for non-carbonaceous chondrites. Then, the student will characterize a wide array of carbonaceous chondrites. Based on previous work, we anticipate that sulfur will occur in various carriers, including oxidized inorganic phases as well as in organic molecules. A protocol will be established to sequentially extract the sulfur-bearing phases for isotopic analysis. This work will determine whether massive S isotope anomalies observed in chondrites of CM type is systematically seen in other carbonaceous chondrites. Meteorites of CR, CV, CK, and CI types will be investigated. Eventually, this work will determine whether sulfur isotope anomalies are narrowly associated with meteorites coming from the outer solar system. This work will establish a fully consistent model combining sulfur with published data on other volatiles to constrain the origin of volatile on Earth.
This work will combine high-precision sulfur isotope measurements with cosmochemical questions. It will be fully undertaken at IPGP, under the supervision of Jabrane Labidi and Frederic Moynier. Jabrane Labidi has co-supervised theses on stable isotope fractionation at high temperature. Frederic Moynier has supervised several thesis dealing with other volatile elements (e.g. Zn, Cu, Sn).
Year 1

-Mass spectrometry development for high-precision techniques

-Isotopic measurements of S in ordinary chondrites
Year 2

-Isotopic measurements of enstatite and carbonaceous chondrites 
-Redaction of a first publication. 
-Presentation of the results by the student at an international meeting (Goldschmidt or AGU)
Year 3

-Model of the astrophysical conditions of solar system formation
-Redaction of a second and third publication. 

-Presentation of the results by the student at an international meeting (Goldschmidt or AGU)
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