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Fig. S1 Full range WDS Wavescans of the large zirconolite grain acquired with TAP (a), LPET (b, d), and LLiF (c) diffractors. The enlarged map of blue rectangle in (b) are displayed in (d), showing the details of low cps peaks.
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Fig. S2 Monte Carlo simulations of the interaction volumes of electrons and generation volumes of X-rays in zirconolite generated using Casino (Drouin et al., 2007) at 20 kV with a focused beam. The density of zirconolite is defined as 4.8 g/cm3. 1*104 electron trajectories were calculated and displayed. In order to acquire the smallest beam size, we plotted the correlation between electrons and X-rays volumes and EPMA beam diameter (a). The smallest XY dimensional diameter of electrons and X-rays of 1.3 m was acquired when the focused EPMA beam diameter are no more than 200 nm. (b) The interaction volumes of electrons and generation volumes of X-rays at 20 kV with 200 nm EPMA beam diameter. (c) The XY dimensional energy distribution with 20 kV voltage and 200 nm beam size. (d) The YZ dimensional energy distribution with 20 kV voltage and 200 nm beam size shows 95% of energy are distributed less than 1.5 m in depth. 
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