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Introduction:  Refractory inclusions are classified 

into several groups based on REE patterns. Among 
them, ultrarefractory inclusions are highly enriched in 
HREEs, suggesting their formation and separation 
from the nebular gas at very high temperatures. Al-
though they are rare, such inclusions are important 
because they probably formed in the earliest stage of 
the solar nebula. An ultrarefractory nodule, “Himiko”, 
was found in a fine-grained inclusion, “EFG-1”, in the 
Efremovka CV3 chondrite [1]. Here we report our new 
results of REE abundances in “Himiko” and ordinary 
part of its host inclusion “EFG-1” obtained by 
NanoSIMS 50 and ims-6f ion microprobes, respec-
tively.  

Sample:  EFG-1 (~5mm x 3mm in size) is an ex-
tremely fine-grained inclusion composed of abundant 
tiny nodules (<10 microns in size) consisting of spinel, 
Ca-pyroxene and less perovskite. This inclusion con-
tains an anomalous nodule “Himiko” (130 x 70 mi-
crons in size), which consists of Zr-Sc-Ti-oxide, 
perovskite, hibonite, Ca-pyroxene, grossite, melilite, 
spinel and refractory metal, suggesting its extremely 
ultrarefractory nature (Fig.1).  

Analytical Conditions: We performed REE (plus 
Ba and Hf) analyses for ~5 μm-sized spots in 
“Himiko” using CAMECA NanoSIMS 50 at the Ocean 
Research Institute, the University of Tokyo, and for 
~50 μm-sized spots in the ordinary part of “EFG-1” 
using CAMECA ims-6f at the Department of Earth 
and Planetary Science, the University of Tokyo.  

NanoSIMS: A primary beam of O-, ~5μm in di-
ameter, ~1nA beam intensity, and 16keV impact en-
ergy was used for the REE analysis. Positive secon-
dary ions were accelerated at 8kV, energy-filtered (us-
ing an electrostatic analyzer and an energy slit with 
~40eV opening), mass-filtered, and detected simulta-
neously with five EM (electron multiplier)-based ion 
counting systems (EM#1 to EM#5). Mass resolution 
was set to ~1000 with entrance and aperture slits fully 
open. An energy offset of -60eV was applied to reduce 

contribution from complex molecule ions in the mass 
range of REEs. Using five EM detectors and jumping 
the magnetic field six steps, we performed the meas-
urements according to the sequence shown below.  

radius
(mm) B#1 B#2 B#3 B#4 B#5 B#6

EM#1 263 25Mg16O 42Ca
EM#2 477 138Ba 139La 140Ce 141Pr 143Nd
EM#3 499 147Sm 151Eu 153Eu 155Gd 157Gd
EM#4 518 159Tb 165Dy 165Ho 167Er 169Tm
EM#5 533 174Yb 175Lu 177Hf

Detector   B field

 
The 25Mg16O+ peak was measured for correction of 

26Mg16O+ on 42Ca+. One set of analysis consists of 50 
cycles with an integration time of 10 sec for each step 
and took about 80 minutes. Contribution of monoxide 
ions on REE peaks (e.g., 139La16O+ on 155Gd+) were 
corrected using pre-determined monoxide production 
ratios, (REEO+/REE+), which were 0.06 for Ba and 
0.078 (Eu) to 0.30 (Ce) for REEs. Relative sensitivity 
factors (RSFs), (REE+/Ca+)NanoSIMS/(REE+/Ca+)true, 
were pre-determined using NIST 610 standard and 
applied to obtain REE abundances of the analysis spots. 
The estimated RSFs were 0.23 for Ba, 0.17 for Hf, and 
0.23 (La) to 0.36 (Gd) for REEs. Each mass spectrum 
has no flat top in the present mass resolution (~1000), 
so that positioning of each REE+ peak and estimation 
of (REEO+/REE+) on the REE+ peak position had to be 
done carefully. Contribution of monoxide ions was 
most severe for Gd and then Tb (e.g., contributions of 
139La16O+ and 141Pr16O+ at masses 155 and 157 were 
64% and 55%, respectively, for NIST 610 analysis), 
and hence, the results for these elements sometimes 
show larger uncertainties. Four preliminary analyses 
on perovskite and hibonite grains in “Himiko” show 
notable variations in the LREE abundances possibly 
due to such problems in positioning of REE+ peaks and 
also in poor determination of RSFs.  In the last two 
analyses on perovskite +zircon oxide grains (Pos#5 
and Pos#6) were successful, in which peak positioning 
was done first using a newly synthesized glass stan-
dard containing all REEs with LREE <HREE and then 
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REE analyses for the sample were performed without 
changing the peak positions. 

Ims-6f: Analytical method was similar to that de-
scribed in [2]. Due to relatively low REE abundance in 
the ordinary part of EFG-1, a large primary beam of 
~50 μm in diameter with ~10nA beam intensity was 
used for the analysis, so that abundances of REEs were 
obtained for average of the analyzed areas composed 
of many nodules with different phases (spinel, Ca-
pyroxene and some perovskite). Four analyses were 
performed on the ordinary part in this inclusion.  

Results and Discussion: The CI-normalized REE 
abundances obtained in the present study are shown in 
Fig.2. As we expected, “Himiko” shows extremely 
HREE-enriched patterns with Lu abundance >20000 x 
CI, and >200 x LREEs. It should be noted that even 
HREEs are highly fractionated; Lu, Er and Ho are >10 
times more abundant than Gd. Such a large fractiona-
tion suggests that “Himiko” (or host phase of ultrare-
fractory REEs in “Himiko”) was formed and separated 
from the nebular gas at a very high temperature, where 
only <10% of Gd could condense. There are only a 
few reports of such extreme REE fractionations [3, 4]. 
A simple condensation calculation of REEs shows that 
it needs at least >1700K at Ptot =10-4 atm of the nebular 
gas to reproduce the REE pattern of “Himiko”. The 
most likely host phase for the ultrarefractory REEs is 
ZrO2 that condenses at 1741K at 10-4 atm [5]. In fact, 
the analyzed phase contains Zr-Sc-Ti oxide with 
perovskite. The calculation also shows that the fraction 
of the condensed phase must be very small (e.g., ~10-5 
of the total condensable solid) to reproduce large frac-
tionation among HREEs and that Tm abundance is 
better explained at a slightly oxidizing condition (e.g., 
+1 log-unit higher than solar fO2). 

In contrast to “Himiko”, the ordinary part of the 
host inclusion “EFG-1” shows a HREE-depleted pat-
tern (Fig.2). Furthermore LREEs also show large frac-
tionation, i.e., Ce, Eu, Sm and Pr are enriched relative 
to La and Nd. Such a fractionation pattern in LREEs 
may be produced by condensation from the fraction-
ated gas after almost complete removal of HREEs and 
partial removal of LREEs at a temperature lower than 
that for formation of Group II patterns [6]. The fact 
that ordinary part of EFG-1 contains noticeable 
amount of HREEs implies more complicated formation 
processes of this inclusion.  A condensation calcula-
tion shows that enrichment of Sm relative to Nd (Sm > 
3 x Nd) could occur only under a rather reducing con-
dition (at fO2 more than 2 log-units lower than solar).   

The two extreme REE patterns of “Himiko” and 
the ordinary part of “EFG-1” are not complementary 
with each other. Further studies are required to under-
stand the relation between these two and their forma-
tion processes in the early solar nebula.  
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Fig.1 BSE image of “Himiko”.  
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Fig.2 The obtained REE abundance patterns of “Himiko” 
and ordinary part of its host inclusion “EFG-1”.  

Lunar and Planetary Science XXXIX (2008) 1519.pdf


