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abStract

Impacts on undifferentiated asteroidal bodies provide invaluable information for understanding the 
solar system evolution. Nevertheless, dating early and small-scale impact events is technically challeng-
ing. Uranium–lead (U–Pb) systematics of U-bearing phases within shock-induced melt veins (SMVs) 
of chondrites may be significantly disturbed by localized heating, thus providing opportunities to date 
these impact events. As one of the major U hosts in chondrites, apatite in the Suizhou (L6) chondrite 
has been compositionally and structurally modified to varying degrees by shock metamorphism. Apa-
tite grains in the host remained largely intact during the impact and have recorded the initial thermal 
cooling time (~4550 Ma) on their parent body. Apatite grains in regions less than 100 μm bordering 
the SMVs or in relatively “cold” regions within the SMVs were partly decomposed to tuite, driven by 
the localized transient heating within the SMVs. Their U–Pb systematics were disrupted to varying 
extents. Apatite in regions close to the center of the SMVs has been completely transformed to tuite, 
which yields an age of 4481 ± 30 Ma (2σ), providing an upper limit to the impact event. This study 
clearly demonstrates that by integrating in situ U–Pb isotope analysis with detailed microstructural 
and compositional analysis of phosphates, it is possible to deduce the timing of early and small-scale 
celestial impact events, and hence create a more comprehensive understanding of the impact history 
of the solar system.
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introduction

Impacts occur during all stages of planet formation and evo-
lution, from the initial accretion of chondritic materials in the 
nebula to differentiation and secondary alteration on planetary 
bodies (Scott 2002). Due to impact-induced heating, isotopic 
chronometers of target rocks can be reset and record the tim-
ing of these impact events (Deutsch and Schärer 1994; Bogard 
1995; Jourdan et al. 2009). However, impact ages are not always 
straightforward to interpret, largely due to the lack of knowledge 
about how shock metamorphism affects isotopic systematics in 
specific minerals and in whole rocks (e.g., Deutsch and Schärer 
1994; Niihara et al. 2012; El Goresy et al. 2013; Bloch and 
Ganguly 2014; Darling et al. 2016).

One fundamental question is whether the isotopic chronom-
eter is disturbed during shock compression or the prolonged 
post-shock annealing (Deutsch and Schärer 1994; El Goresy 
et al. 2013). Laboratory shock recovery experiments have 
been performed, followed by isotopic analysis, to decipher 
the relationship between the degree of shock metamorphism 
and isotopic disturbance since the 1960s (e.g., Fredriksson and 
De Carli 1964; Bogard et al. 1987; Deutsch and Schärer 1990; 
Gaffney et al. 2011; Niihara et al. 2012). Shock compression, up 
to ~60 GPa, can hardly disturb a series of isotopic chronometers 
(e.g., Sm–Nd, Rb–Sr, U–Pb, and K–Ar), although the slight 40Ar 

loss was observed for higher shock pressures (Bogard 1995). 
The general conclusion drawn from these experiments is that 
post-shock annealing plays the most important role in resetting 
isotopic chronometers, and naturally shocked and unannealed 
samples are unlikely to record the timing of the impact event 
(Deutsch and Schärer 1994). However, the duration of the high-
pressure regime in laboratory recovery experiments is several 
orders of magnitude shorter than shock pulse in natural impact 
events (Sharp and DeCarli 2006). This casts doubt on whether 
the results obtained from recovery experiments are readily ap-
plicable to natural impact events on planetary bodies (El Goresy 
et al. 2013).

Natural impacts can induce localized melting by shear stress 
along the grain boundaries of minerals with different shock 
impedance, frictional heating along shear zones, and the col-
lapse of pores during shock compression (Sharp and DeCarli 
2006). Shock melt veins (SMVs) generated in these processes 
could reach temperatures and pressures in excess of 2500 °C 
and 26 GPa (Langenhorst and Poirier 2000; Sharp and DeCarli 
2006; Gillet and El Goresy 2013). Various high-pressure phases 
can form in these SMVs under the extreme P–T–t conditions, 
either through solid-state transformation or crystallization from 
the dense silicate melt. Tuite, with the structure of trigonal 
γ-Ca3(PO4)2, was first identified in the SMVs of the Suizhou 
L6 chondrite (Xie et al. 2002) as a high-pressure polymorph 
of merrillite and later in other meteorites, such as martian 
and iron meteorites (e.g., Fritz and Greshake 2009; Litasov 
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