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Introduction:  D’Orbigny is one of the oldest an-

grites yielding U-Pb age of 4564.42 ± 0.12 Ma [1], and 
potentially provides information on the internal struc-
ture and processes in early-formed planetesimals. The 
angrite parent body is thought to have undergone core 
formation [2], and is one of the best targets for study-
ing earliest planetesimal-scale differentiation processes.  

D’Orbigny contains many spherical voids [3, 4] 
suggesting vesiculation and the presence of volatile in 
the magma [5]. We have determined the H content and 
D/H ratio of Ca-phosphate and inferred the H2O con-
tent of the angrite parent body (mantle) as 0.002-0.008 
wt% assuming critical parameters relevant to the for-
mation and crystallization of the D’Orbigny magma in 
the parent body [6]. The purpose of this study is to 
constrain such parameters from detailed petrological 
and mineralogical information of D’Orbigny. 

D’Orbigny contains a small amount (<1vol%) of 
large olivine crystals and olivine aggregates, a few mm 
to a few cm in size. They are  apparently in disequilib-
rium with the host rock [7, 8] and are thought to be 
xenocrysts or xenoliths derived from a part of the pa-
rental body and incorporated into the D’Orbigny mag-
ma before reaching the solidification site [8]. We have 
examined one of the olivine xenoliths by using EPMA, 
FE-EPMA, and EDS-FE-SEM-EBSD system at Univ. 
Tokyo. 

Olivine clasts:  The studied olivine clast is rectan-
gular in shape with rounded corners. It consists mainly 
of fine-grained olivine grains (~20µm across), escap-
ing annealing after its granulation in a process such as 
recrystallization of a large olivine by a shock event [8]. 
A minor amount of tiny chrome spinel (~a few µm), 
Fe-Ni sulfide, Fe-Ni metal, and a very minor Al and 
Ca-rich phase (glass or anorthite) are present along 
olivine grain boundaries. The olivine clast is fairly 
homogeneous and Fo-rich (Fo=89.20±0.13). It con-
tains 0.42±0.01 CaO, 0.11±0.01 Cr2O3, 0.12±0.03 
Al2O3, 0.0136±0.003 NiO, 0.126±0.006 wt%MnO.  

The olivine clast is surrounded by Fe-rich coarse-
grained olivine (>100µm across) with many melt in-
clusions elongate perpendicular to the contact, appar-
ently overgrown on the surface of olivine clast. Neither 
clinopyroxene nor plagioclase are in direct contact 
with the clast. The overgrown olivine is very homoge-
neous with Fo=64.52±0.002, which is the same as the 
value of olivine core in the D’Orbigny host, on the 
clast side, and shows outward Fe enrichment on the 

host side. Along the boundary of the homogeneous Fo-
rich clast olivine and homogeneous Fe-rich overgrown 
D’Orbigny olivine, zoning of various elements with 
nearly constant width upto ~20µm is observed. These 
observations and the presence of spherical voids in 
D’Orbigny suggest that the olivine clast was incorpo-
rated into the totally molten D’Orbigny magma, 
promptly followed by cooling, which induced growth 
of olivine facilitating inclusion of melt. 

Cooling rate estimation:  The Fe-Mg zoning is 
used to estimate cooling rate of the D’Orbigny magma. 
The initial temperature is well constrained  as 1204°C 
(olivine liquidus according to MELTS [9] with as-
sumed pressure of 1bar) by the fact that the overgrown 
olivine has the most Mg-rich olivine composition of 
the D’Orbigny host. The estimated cooling rate is 
15.7±0.7K/min by adopting the Fe-Mg diffusivity after 
[10]. Thus, the cooling time scale is 18min from 
~1200°C to reach closure temperature of ~930°C.  

Discussion:  The obtained cooling rate is much 
higher than that of D’Orbigny and other angrite mete-
orites reported in the literatures (<10K/hr.) [11,12]. 
The discrepancy is partly due to the difference in clo-
sure temperatures. The very high cooling rate at a high 
temperature obtained in this study and the fine-grained 
nature of Mg-rich olivine clast requires timing of in-
corporation shortly before the start of cooling. This 
indicate either a shallow (near-surface) prolonged 
cooler environment consisting of Mg-rich olivine (fro-
zen magma ocean?) or a consecutive dynamic event of 
granulation, magma emplacement, and cooling 
(shock?). The presence of Mg-rich olivine megacrysts 
with wider marginal zoning in angrite meteorites [e.g., 
7, 12] is rather consistent with the former scenario. 
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