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            Abstract
Palaeomagnetic measurements of meteorites1,2,3,4,5 suggest that, shortly after the birth of the Solar System, the molten metallic cores of many small planetary bodies convected vigorously and were capable of generating magnetic fields6. Convection on these bodies is currently thought to have been thermally driven7,8, implying that magnetic activity would have been short-lived9. Here we report a time-series palaeomagnetic record derived from nanomagnetic imaging10 of the Imilac and Esquel pallasite meteorites, a group of meteorites consisting of centimetre-sized metallic and silicate phases. We find a history of long-lived magnetic activity on the pallasite parent body, capturing the decay and eventual shutdown of the magnetic field as core solidification completed. We demonstrate that magnetic activity driven by progressive solidification of an inner core11,12,13 is consistent with our measured magnetic field characteristics and cooling rates14. Solidification-driven convection was probably common among small body cores15, and, in contrast to thermally driven convection, will have led to a relatively late (hundreds of millions of years after accretion), long-lasting, intense and widespread epoch of magnetic activity among these bodies in the early Solar System.
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                    Figure 1: Representative XPEEM images of the kamacite, tetrataenite rim and CZ in the Imilac and Esquel pallasites.


Figure 2: The five best-fitting and average field components for each CZ region of the Imilac and Esquel pallasites.


Figure 3: Measured and simulated dynamo field intensity trends.


Figure 4: Cooling of a 200-km-radius body, consisting of a core, mantle and regolith.
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Extended data figures and tables

Extended Data Figure 1 A 15-Âµm field-of-view XPEEM image of the kamacite, tetrataenite rim, CZ and aligned CZ in the Imilac meteorite.
The boundaries between the kamacite and tetrataenite rim and the tetrataenite rim and CZ are marked as solid black lines, and the boundary between the CZ and aligned CZ is marked as a dashed line. Note that the interface between the CZ and fine aligned CZ is abrupt and parallel to the tetrataenite rim. The in-plane orientation of the X-ray beam is included as an arrow; the beam was 16Â° out of plane. This orientation applies to all images.


Extended Data Figure 2 Representative SEM images of the CZ in the pallasites.
Coarser tetrataenite islands in the Imilac (a) and Esquel (b) meteorites. The regions corresponding to Fig. 1 are included (red boxes). The CZ is unclear and island sizes could not be extracted beyond four and six regions of the Imilac and Esquel meteorites, respectively. The average island size of each region is included in Extended Data Table 1.


Extended Data Figure 3 Additional XPEEM images and pixel intensity histograms for the Imilac meteorite.
aâ€“c, 5-Âµm field-of-view XPEEM images from three areas of the Imilac meteorite. These areas, along with Fig. 1a, passed the selection criteria outlined in the â€˜Experimental analysisâ€™ section of the Methods. Note that the magnetic patterns vary between images. d, Average pixel intensity histograms calculated from the four images of the Imilac meteorite. The dashed line is the optimized fit curve for the best fit for region 1; the fits for other regions were not included (to reduce clutter), but all displayed similar agreement to their experimental counterpart.


Extended Data Figure 4 As for Extended Data Fig. 3 but for the Esquel meteorite.

Extended Data Figure 5 Flow diagram of the procedure used to identify the intensity and orientation of the field recorded by each region, as described in the Methods.
The blue box represents the input to the procedure (approximate field intensity). The orange boxes represent the parts of the procedure used to deduce the approximate direction of the recorded field. The red boxes represent the part of the procedure used to optimize the direction and intensity estimates. The green box represents the final outputs.


Extended Data Figure 6 200-km-radius body cooling rate.
Values derived from Fig. 4. Cooling rates between 0Â KÂ Myrâˆ’1 and 10Â KÂ Myrâˆ’1 are depicted by the colour scale; any value greater than 10Â KÂ Myrâˆ’1 is depicted by the dark red colour. The green line is the 800-K contour from Fig. 4, which corresponds to the temperature of the cooling rates inferred from the relationship to island size14. The core cools at a rate of between 0Â KÂ Myrâˆ’1 and 3.6Â KÂ Myrâˆ’1.


Extended Data Figure 7 Planetary magnetic parameters calculated from the dynamo generation model.
a, Local Rossby number, Rol, showing the combination of parameters resulting in predominantly dipolar (red region) to multipolar (blue region) fields. b, Magnetic Reynolds number, Rem, showing the combination of parameters that do (blue region) and do not (red region) result in dynamo activity. c, Dipolar Lorentz number, Lodip, showing the combination of parameters that do (blue region) and do not (red region) produce LodipÂ >Â 10âˆ’5. A four-hour rotation period is highlighted in each figure.


Extended Data Figure 8 Additional planetary cooling models.
a, b, Temperatures (a) and cooling rates (b) from the conductive cooling model with a 100-km radius. The cooling rate at 800Â K (green line) reaches the inferred values of the Imilac or the Esquel meteorites after complete core solidification. c, d, Temperatures (c) and cooling rate (d) from the conductive cooling model with a 300-km radius. The depths (horizontal black lines) corresponding to the inferred cooling rates at 800Â K (green line) for the Imilac and Esquel meteorites reach the tetrataenite formation temperature (593Â K, red line) before the core solidification starts.


Extended Data Table 1 Average island sizes for each region of the Imilac and Esquel meteorite studiedFull size table


Extended Data Table 2 Values of the parameters used in the planetary cooling and dynamo generation modelsFull size table
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        Editorial Summary
Magnetic activity in the early Solar System
Shortly after the birth of the Solar System, small planetary bodies became hot enough to segregate into a liquid metal core surrounded by rocky mantle. As the core cooled and froze, swirling motions of liquid metal, driven by the expulsion of sulphur from the growing inner core, generated a magnetic field. A class of meteorites known as pallasites preserves this phase of Solar System history as in the form of gem-quality crystals of the silicate mineral olivine embedded in a metallic matrix of ironâ€“nickel alloy. James Bryson et al. use high-resolution magnetic imaging of the ironâ€“nickel matrix of the Imilac and Esquel pallasite meteorites to derive a time-series record of magnetic activity on the pallasite parent body, encoded within nanoscale intergrowths of iron-rich and nickel-rich phases. This record captures the dying moments of the magnetic field generated as the liquid core solidified, providing evidence for a long-lasting magnetic dynamo driven by compositional convection.
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