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            Abstract
It is widely accepted that Earthâ€™s early atmosphere contained less than 0.001 per cent of the present-day atmospheric oxygen (O2) level, until the Great Oxidation Event resulted in a major rise in O2 concentration about 2.4 billion years ago1. There are multiple lines of evidence for low O2 concentrations on early Earth, but all previous observations relate to the composition of the lower atmosphere2 in the Archaean era; to date no method has been developed to sample the Archaean upper atmosphere. We have extracted fossil micrometeorites from limestone sedimentary rock that had accumulated slowly 2.7 billion years ago before being preserved in Australiaâ€™s Pilbara region. We propose that these micrometeorites formed when sand-sized particles entered Earthâ€™s atmosphere and melted at altitudes of about 75 to 90 kilometres (given an atmospheric density similar to that of today3). Here we show that the FeNi metal in the resulting cosmic spherules was oxidized while molten, and quench-crystallized to form spheres of interlocking dendritic crystals primarily of magnetite (Fe3O4), with wÃ¼stite (FeO)+metal preserved in a few particles. Our model of atmospheric micrometeorite oxidation suggests that Archaean upper-atmosphere oxygen concentrations may have been close to those of the present-day Earth, and that the ratio of oxygen to carbon monoxide was sufficiently high to prevent noticeable inhibition of oxidation by carbon monoxide. The anomalous sulfur isotope (Î”33S) signature of pyrite (FeS2) in seafloor sediments from this period, which requires an anoxic surface environment4, implies that there may have been minimal mixing between the upper and lower atmosphere during the Archaean.
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                    Figure 1: Examples of fossil micrometeorites recovered in this study.[image: ]


Figure 2: Results of the atmospheric oxidation model.[image: ]


Figure 3: Profile of the modern atmosphere.[image: ]


Figure 4: A recent model of the Archaean atmosphere that includes methane, showing the effects of CO2 photolysis on O2 and CO concentration.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Geological map showing the context of the sampling location (red star), and examples of the samples used in the study.
The samples in photos a and b show examples of the fine laminations that occur in some layers of this unit. In a, buff coloured zones along cracks highlight examples of modern day oxidative weathering, whereas the grey colouration of the remainder of the sample indicates that it was not weathered, allowing survival of the micrometeorites. Weathered rock was removed using a diamond saw before micrometeorite separation. The geological map (top) is provided courtesy of the Geological Survey of Western Australia, Department of Mines and Petroleum. Copyright State of Western Australia, 2016.


Extended Data Figure 2 Examples of modern iron-type micrometeorites collected from the Antarctic ice sheet.
a, b, Secondary electron images showing the typical exterior morphology. c, d, Back-scattered electron (BSE) images of polished cross-sections of two other micrometeorites, highlighting the interior mineralogical variation. e, BSE image showing an example of a partially weathered modern micrometeorite in cross-section where the metal (outlined by the dashed yellow line) has been replaced by iron oxides and iron oxyhydroxides after arriving on the surface; expansion has led to cracking in the surrounding wÃ¼stite and magnetite, which would destroy the micrometeorite if continued. Note that the wÃ¼stite and magnetite are unaffected by the weathering. All imaging by M.G.


Extended Data Figure 3 Results of laser Raman spectroscopy confirming the identity of wÃ¼stite.
WÃ¼stite is metastable below 570â€‰Â°C and decomposes to haematite when higher laser power is used, whereas magnetite does not decompose in this fashion32. The iron oxide in the sectioned micrometeorite shown in Fig. 1f gave the spectrum shown in a at 1.5â€‰mW and decomposed to produce the spectrum shown in a at 7.5â€‰mW laser power, consistent with the characteristics of wÃ¼stite. Panel b shows the characteristic spectra of magnetite and wÃ¼stite from ref. 32; note the arrowed bumps that characterize magnetite, which are missing in wÃ¼stite, and the broadened main peak of wÃ¼stite. Panel b is modified from ref. 32 with permission from John Wiley and Sons, license number 3850481150510.


Extended Data Figure 4 Two synchrotron powder X-ray diffraction patterns, each collected from a single micrometeorite, and reference positions of magnetite peaks.
Not all major Bragg peaks for magnetite are detected, and deviation from the expected relative intensities of peaks is observed, as a consequence of poor particle size statistics (PDF 01-071-8338 refers to a Powder Diffraction File from the International Centre for Diffraction Data database; http://www.icdd.com/).

Source data



Extended Data Figure 5 Equilibrium modelling of the oxidizing conditions imposed by different atmospheres relative to the stability fields of haematite, magnetite and wÃ¼stite.
These models (oxygen fugacity versus temperature) represent the stability fields at equilibrium and do not consider the time needed to attain equilibrium (refer to Extended Data Fig. 6). In a, the top of each coloured band represents the conditions imposed by the maximum dynamic ram pressure (0.02 bar) experienced by micrometeorites, which applies to the largest and fastest micrometeorites; the bottom of each band is more relevant to the small micrometeorites observed in this study (0.001 bar). In b, the model for an atmosphere containing 90% N2 and 10% CO2 is shown, with contours for pressure to allow a comparison with atmospheres of different CO2 abundance.

Source data



Extended Data Figure 6 Results of experiments on oxidation of low carbon steel in different gas mixes.
These are the results of experiments conducted at 1,100â€‰Â°C and atmospheric pressure (1 bar); the gas mix is shown on the curves, the remaining gas being N2. Oxidation was measured by progressive weight gain over time. The conditions of survivable micrometeorite entry are 400â€“2,800â€‰Â°C and dynamic ram pressure of the order of 0.001â€“0.02 bar for <2â€‰s. Higher temperatures result in more effective oxidation, lower pressures result in less effective oxidation. This figure was compiled by amalgamating figures 1 and 8 from ref. 24, with permission from Springer, license number 3850591244373.


Extended Data Figure 7 Results of atmospheric entry modelling.
aâ€“c, Plots of entry angle in degrees versus initial radius of micrometeorite in Î¼m. a, Peak temperatures reached by I-type spherules (numbers on curves in Â°C) entering the atmosphere at 12â€‰kmâ€‰sâˆ’1. Note that heating is greater for larger particles undergoing vertical atmospheric entry. The high density of metal micrometeoroids leads to higher peak temperatures than silicate-dominated particles. b, Altitude at which peak temperature is reached for I-type spherules (numbers on curves, in km) with an entry velocity of 12â€‰kmâ€‰sâˆ’1. Particles with higher entry velocity have similar peak altitudes since mass loss through evaporation leads to increased deceleration. c, The final radii of I-type particles (numbers on curves, in Î¼m) after deceleration at entry velocities of 12â€‰kmâ€‰sâˆ’1 (black) and 18â€‰kmâ€‰sâˆ’1 (grey). Greater mass loss occurs at higher entry velocities, entry angles and particle sizes. Mass loss occurs by surface evaporation of the exterior oxide melt.


Extended Data Table 1 Representative analyses of micrometeorite magnetite, wÃ¼stite and metalFull size table
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The upper Archean atmosphere
Most evidence in support of low atmospheric oxygen levels on early Earth relates to the composition of the lower Archean atmosphere. This paper identifies fossil micrometeorites â€” the oldest so far found â€” preserved in 2.7-billion-year-old limestone rocks in Australia. These micromeorites preserve a record of chemical interaction with the Archean upper atmosphere, since their composition suggests that they became oxidized as they melted on entering an oxygen-rich atmosphere.
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