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Life during the Precambrian has left only subtle traces in the geological record because living organisms were most often microscopic. Biominerals, closely associated with residual organic matter, are among the best evidence for ancient microbial activity. Magnetite (Fe3+2Fe2+O4) is an ubiquitous mineral in modern environments and can be found in some of the oldest (meta)sedimentary rocks on Earth. Determining the biological origin of magnetite recorded in recent and ancient sedimentary rocks is a fundamental question in biogeosciences because it can shed light on specific metabolic activities in the present-day and early Earth and thus on life evolution.
Several biological pathways can lead to the formation of magnetite nanoparticles (Jimenez-Lopez et al., 2010). The two main pathways are (1) induced biomineralization by dissimilatory iron reducing bacteria, producing magnetite as extracellular metabolic byproduct, or (2) genetically-controlled biomineralization by magnetotactic bacteria (MTB), which synthesize magnetite crystals within their cells (Lefèvre and Bazylinski, 2013). Magnetite crystals can be found in ancient sedimentary rocks, thus representing potential remnants of past MTB activity (Kopp and Kirschvink, 2008).
In this PhD project, we will extend, test and apply new chemical and isotopic tracers for identification of MTB in the rock record (e.g. Amor et al., 2015, 2016). Three main tasks will be achieved:

(1) laboratory experiments to explore chemical and isotopic signatures of magnetites from MTB, 

(2) analysis of magnetites from MTB in their environment to determine if the conclusions derived from laboratory experiments can be translated to natural systems,

(3) a study of magnetites contained in well-characterized Precambrian samples to test potential biological derivation from MTB.

For each task of the project, we will perform detailed (i) mineralogical work (mostly by TEM) at all stages of the process from in situ bacterial magnetite to highly purified crystals, (ii) analyses of trace element concentrations and multiple isotope compositions of Fe. For the chemical and isotopic analyses, three types of samples will be studied: bacteria growth medium (task 1) or water from natural environment (task 2), bacterial lysate (i.e. plasmic membranes, periplasm and cytoplasm) and magnetite crystals (tasks 1 and 2). The comparison between these different samples will constrain the chemical and isotopic patterns specific to MTB that will then be usable for studying magnetite from the rock record (task 3).

Task 1: Geochemical analyses of biomagnetite produced by controlled laboratory cultures
Laboratory cultures of a new strain will be performed to explore a different form of magnetite crystals biomineralized by MTB. Preliminary work on MTB was based on the strain AMB-1, which produces cubooctahedral magnetite prisms under microaerophilic conditions (Amor et al., 2015, 2016) and the strain MV-1, which biomineralizes elongated prismatic magnetite (Mathon, 2021). In the present project, we will cultivate the strictly anaerobic, sulfate-reducing strain Desulfovibrio magneticus RS-1 (Sakaguchi et al., 1993), which produces elongated bullet-shaped magnetite crystals. The experiments will be made for evaluating how different culture conditions (Fe redox state, concentration) and growth mechanisms resulting in different morphologies will translate into differences and common features in terms of chemical and isotopic imprint of the magnetite crystals. Cultures of strain RS-1 have already started in February 2022 during a master internship. The PhD will be in the continuity of this work. Attention will be paid to grow MTB under chemically well-controlled conditions at the CEA Cadarache laboratory. 

Task 2: Geochemical analyses of biomagnetite harvested from a natural environment

So far, no biogeochemical studies of MTB magnetites collected in a natural environment have been carried out in part due to the difficulties to obtain a sufficient amount of magnetite. The modern aquatic system that we selected to overcome this barrier is Lake Pavin (Massif Central, France) because (i) it is a ferruginous meromictic lake (deep permanent anoxic layer), (ii) the physicochemical conditions of the lake and associated sediments have been studied extensively, and geochemical cycles are well constrained (e.g. Michard et al., 1994; Busigny et al., 2014) and (iii) recent exploratory field trips at Lake Pavin demonstrated that MTB are exceptionally abundant in concentration and biodiversity in the water column and in the sediment, and can be concentrated using a “magnetic traps” (Busigny et al., 2021). For the purpose of this project, MTB and associated water samples will be collected along a depth profile in the water column, with high-resolution sampling at the redox boundary. The strong and stable gradient of Fe concentration at the redox boundary is perfect to assess its potential effect on shape, size and organization of magnetite crystals encapsulated in MTB, and on trace element and Fe isotope composition of magnetite crystals produced by MTB.

Task 3: Searching for MTB fossils in Precambrian sedimentary rocks

After having established robust chemical and isotopic criteria for MTB identification from laboratory experiments and lake Pavin systematic analyses, we will apply these criteria to Precambrian samples. One main target will be the carbonate sequence from the 2.7 Ga-old Tumbiana Formation in the Fortescue Group, Western Australia. In this carbonate sequence, stromatolites from the Meentheena Carbonate Member contain magnetite grains of single domain size, which have been attributed to possible MTB origin (Kopp and Kirschvink, 2008). Stromatolite samples from the Tumbiana Formation are available at IPGP and will be used in this PhD project. Samples will be specifically selected by preliminary magnetic analyses, the presence of magnetite being easily detected. Then, thin section observations by SEM and TEM will be carried out on the selected samples to describe shape and size distributions of magnetite crystals. Bulk rock digestion by acetic acid will remove carbonates and magnetite contained in the residue will be magnetically separated and concentrated. Trace element concentrations, together with Fe isotope compositions, will be determined on the carbonate and magnetite fractions. The leached-carbonate fraction will provide information about the fluid composition (Amor et al., 2015). 
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