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The cooling rate estimate of ureilites using the mineralogy of 

olivine and pyroxene suggests a rapid cooling history (~several 
oC/hr) from high temperature (~1100-1300 oC), which is consid-

ered to reflect catastrophic disruption of the parent asteroid while 

it was still hot [e.g., 1]. In our recent studies we found character-

istic metal assemblages in the Almahata Sitta (AS) ureilite com-

posed of coexisting α-iron (bcc) and γ-iron (fcc), resembling C-

bearing Fe “martensite” produced by steelmaking [e.g., 2]. Gen-

erally, the formation of martensite requires super-rapid cooling 

(>100 °C/sec) at lower temperature (<800 oC) [e.g., 3], which is 

much faster than cooling rates estimated from silicate mineralogy. 

Because the cooling rate forming martensite is largely dependent 

upon chemical compositions of Fe metal [e.g., 3], we performed 

crystallization experiments of martensite by employing the Fe 

metal compositions of AS to determine the minimum cooling rate 

to form martensite. 

We prepared 3 starting materials with different metal compo-

sitions (A: Fe79.2Ni3.4P2.5Si2.7C12.2, B: Fe86.4Ni2.8P0.7Si4.1C6.0, C: 

Fe91.2Ni3.9P0.5Si4.4) using an electric arc furnace under an Ar gas 

environment. The starting materials cooled at 10 oC/sec when 

they were quenched in the arc furnace. We first observed these 

starting materials and found that A shows a martensite texture 

with the coexistence of α- and γ-iron. B and C only contain α-

iron, suggesting that a faster cooling rate is required to form mar-

tensite for these compositions. Then, we put the starting material 

A in a 1-atm CO2-H2 gas mixing electric furnace at 1000 oC (log-

fO2=IW-2) and quenched it in air, corresponding to a cooling rate 

of ~1 oC/sec. This run product only contains α-iron, suggesting 

that the minimum cooling rate to form martensite is between 1 

and 10 oC/sec.  

The Fe martensite in AS must have formed at low tempera-

ture (probably ~300-500 oC [3]) by super-rapid cooling (>1 
oC/sec), faster than even the rapid cooling (~several oC/hr) rec-

orded in the silicates at high temperature (~1100-1300 oC). When 

ureiliteic daughter body(ies), formed by accumulation of meter-

size fragments after disruption of the original body [1], were fur-

ther fragmented into smaller pieces (cm-size) by secondary im-

pacts, martensite have been formed by super-rapid cooling ex-

ceeding 1 °C/sec. Another possibility to achieve super-rapid 

cooling is an atmospheric entry event during meteorite fall. How-

ever, this is unlikely because martensite is observed far from the 

fusion crust (>1 mm) in AS. Fe martensite was probably formed 

in only small fragments experiencing the second disruption, 

which is consistent with its rare presence and small size of AS 

fragments [4]. Most Fe metals in ureilites are only α-iron because 

they did not experience a second disruption or the fragments by 

the second disruption were large. 
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