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Introduction:  Eucrites constitute the largest group 
of the HED (Howardite-Eucrite-Diogenite) clan which 
is believed to come from asteroid 4 Vesta [e.g., 1] and 
eucrites were formed in the Vesta’s crust. Eucrites are 
divided into two subgroups, cumulate and non-cumulate. 
Non-cumulate eucrites have experienced various de-
grees of thermal metamorphism and the levels are clas-
sified into 6 types based on their textures and mineral-
ogy [2]. Some reports considered the cause of thermal 
metamorphism, for example, by impact, burial, intru-
sion or their combination [e.g., 2-4]. These reports are 
mostly based upon mineralogy of pyroxene and plagio-
clase, which indicate high temperature thermal history. 
To better understand formation processes of the eucritic 
crust, we focus on thermal history of wide temperature 
ranges using silica minerals.  

Silica minerals have a potential to record thermal 
history of low temperature condition. For example, tri-
dymite has metastable phases below 400 °C and two 
types of polymorph are found at room temperature, 
monoclinic (MC) and pseudo-orthorhombic (PO). We 
consider that the difference of MC and PO in tridymite 
is caused by different cooling rates below 400 °C. When 
we previously studied silica minerals in cumulate eu-
crites, we found that all samples contained MC tri-
dymite [5]. Only Moama (cumulate eucrite) has a 
unique tridymite texture consisting of PO tridymite la-
mellae in MC tridymite [5]. We consider that the texture 
suggests more rapid cooling below 400 °C compared to 
other cumulate eucrites [5]. We also found MC tri-
dymite in basaltic clasts of non-cumulate eucrites with 
high thermal metamorphic degree (types 5 and 6), while 
cristobalite exists in the low metamorphic type (below 
type 4) eucrites [6].  

In this study, we performed cooling experiments of 
eucritic magma and heating experiments of tridymite in 
cumulate eucrite to clarify crystallizing sequences of sil-
ica minerals in eucritic magma and the transformation 
condition of MC tridymite, respectively. And then, we 
try to discuss a relationship between thermal metamor-
phic degree and combination of silica polymorphs in 
non-cumulate eucrites. 

Samples and Methods: We performed a cooling 
experiment of eucritic magma using a 1 atm CO2-H2 gas 
mixing furnace. In our experiment, Millbillillie (non-cu-
mulate eucrite) was selected as a starting material be-
cause it is a typical eucrite [7]. A Millbillillie chip (1.6 
g) was crushed to 1~10 µm powder and compressed into 

two pellets (each weighing 125 mg). The pellets were 
put on Pt wire holders and suspended in a gas-mixing 
(CO2-H2) furnace. Oxygen fugacity was fixed at 
logfO2=IW-1. In order to homogenize the melt before 
cooling, the temperature was kept at 1250 °C for 48 
hours. The liquidus temperature of Millbillillie was cal-
culated from its bulk composition [8] by MELTS [9] to 
be 1247 °C. The homogenized starting material was 
then cooled down to 900 °C at 0.1 °C/hr and subse-
quently quenched to air. Hereafter, this experimental 
sample is called EX-01. 

Heating experiments were performed using Yamato 
(Y) 980433 cumulate eucrite containing MC tridymite 
as a starting material [5]. A Y 980433 chip (2.0 g) was 
crushed to 1~2 mm particles and put them in a ceramic 
crucible. Two experiments were performed using elec-
tronic furnace under different conditions. One is at 
500 °C for 168 hrs (EX-02) and the other is at 800°C for 
96 hrs (EX-03), both at air condition.  

The recovered samples were sliced and polished thin 
sections (PTSs) were made. The PTSs were observed by 
an optical microscope and silica phases were identified 
by EBSD patterns using a FE-SEM (JEOL JSM-7100F) 
and Raman spectra using a micro Raman spectrometer 
(JASCO NRS-1000), both at NIPR. Quantitative chem-
ical analyses and elemental mapping were performed 
using the JEOL JXA-8530F electron microprobe at the 
University of Tokyo. 

Results and Discussion:  EX-01 is mainly com-
posed of lathy plagioclase and pyroxene. Silica mineral 
is present as aggregates at the grain boundary of silicates. 
The size of silica aggregates is up to 20 μm. EBSD and 
Raman analyses reveal that the aggregates are com-
posed of cristobalite and quartz. The grain boundary of 
cristobalite and quartz is unclear. This result is different 
from our previous experiment in which only cristobalite 
crystallized at the cooling rate of 1 °C/hr [10]. Thus, 
minimum cooling rate to transform cristobalite to quartz 
is between 0.1 and 1 °C/hr. 

The result of EX-01 experiment suggests that the ag-
gregates of cristobalite and quartz crystallized from eu-
critic magma at the cooling rate of 0.1 °C/hr. The basal-
tic clast in Y-75011 eucrite is reported to have been 
cooled at 0.1 °C/hr [11] and the clast contains the same 
silica aggregates [12]. The result suggests that monoto-
nous cooling at 0.1 °C/hr can explain the formation of 
aggregates of cristobalite and quartz in basaltic clasts of 
non-cumulate eucrites.  
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In EX-02, MC tridymite are present, but no other sil-
ica minerals are found. The MC tridymite is ~2.5 mm in 
size. On the other hand, we revealed that MC tridymite 
in EX-03 partly contains quartz from Raman and EBSD 
analyses. These aggregates (~1.5 mm) of MC tridymite 
and quartz have characteristic cracks (Fig. 1) like as 
hackle fractures found in lunar basalt [13] which is in-
ferred to be formed by a transformation process. We ar-
gued that the silica grains in both experimental samples 
were originated in Y 980433 since chemical composi-
tions of pyroxene close to the silica grain are identical 
to those in Y 980433,.  

These observations suggest that MC tridymite is 
transformed to quartz with characteristic cracks similar 
to hackle fractures at 800 °C for 96 hrs. In our previous 
studies, aggregates of MC tridymite and quartz with the 
cracks are found in basaltic clasts of high thermal met-
amorphic degree (types 5 and 6) except for the Agoult 
eucrite. Therefore, we consider that the silica aggregates 
have formed by partial transformation from MC tri-
dymite due to a reheating event although MC tridymite 
in Agoult escaped from such reheating.  

To explain above results, we propose two-stage ther-
mal metamorphism as follows: The first thermal meta-
morphism occurred by burial because Agoult is consid-
ered to have been formed at the depth by burial [5]. It is 
consistent with our result that Agoult contains only MC 
tridymite (Fig. 2a) because MC tridymite is probably 
formed by a slow cooling process [6]. The second met-
amorphism was caused by heat from nearby igneous in-
trusion. The intrusions heated deep eucritic crust and the 
partial transformation from MC tridymite to quartz oc-
curred with characteristic cracks (Fig. 2b). 

Summary:  We performed a dynamic crystalliza-
tion experiment of eucrite magma and isothermal heat-
ing experiments of eucritic tridymite. We revealed that 
aggregates of cristobalite and quartz could be formed by 
a fast cooling run of 0.1 °C/hr from eucritic magma. The 
results suggest that aggregates of cristobalite and quartz 
found in non-cumulate eucrites formed by monotonous 
cooling at such a fast cooling rate. The results of heating 
experiments indicate that MC tridymite could transform 
to quartz at 800 °C for 96 hrs. Therefore, this study re-
veals two-stage thermal metamorphism in the eucritic 
crust.  
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Fig. 1. BSE image of EX-03 containing charactaristic 
cracks similar to hackle fractures. (Qtz: quartz, Trd: 
MC tridymite) 

 
Fig. 2. Schematic illustrations explaining the scenario 
of igneous intrusion in the eucritic crust. (a) Firstly, non-
cumulate eucrite layers formed by burial and the layers 
reached at the depth. (b) Subsequently, igneous 
intrusion occurred at the depth and reheated the deep 
areas of non-cumulate eucrite layers. In this time, 
monoclinic tridymite partially transformed to quartz. 
(Xtb: cristobalite, Qtz: quartz, MC-Trd: MC tridymite, 
PO-Trd: PO tridymite) 
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