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Introduction: Primitive carbonaceous chondrites 

(PCCs) and chondritic porous interplanetary dust 

particles (CP-IDPs) are thought to be the most primitive 

materials in the Solar System that experienced limited 

alteration and metamorphic processes.  
CP-IDPs have been considered to uniquely contain 

primitive components such as glass with embedded 

metal and sulfides (GEMS) and enstatite whiskers [1]. 

However, recent studies showed that similar materials 

to GEMS and enstatite whiskers in CP-IDPs were also 

found in PCC matrices and some primitive chondrites 

as well [e.g., 2-4]. The similarity and difference of those 

materials in CP-IDPs and PCCs are important to 

understand the formation and evolution of comets and 

asteroids in early stage of the Solar Sytem.  

Enstatite whisker, focused on this study, is 

characterized by fibrous shape with uncommon 
elongation along a-axis indicating the condensation 

origin [1]. However, common two-dimensional 

observation methods could not define whether the actual 

shape of enstatite is fibrous or platy in 3D. In this study, 

we performed 3D observation of enstatite whisker using 

X-ray nano-CT followed by mineralogical investigation 

using TEM. We show the occurrences and 

mineralogical characteristics of the enstatite whiskers in 

the PCCs and discuss their origin.  

Samples and Methods: We investigated matrices 

of two PCCs; Paris CM chondrite and Dominion Range 

(DOM) 08006 CO 3.0 chondrite. The matrices were 

investigated by SEM-EDS. Relatively porous matrices 

with less Fe content were chosen for the investigations. 

Micro-sized CT samples (~25 × 25 × 25 µm) were 

picked up with a FIB/FE-SEM system (FEI Helios 

nanolab G3). CT data were obtained at BL47XU, 

SPring-8, SR facility in Japan. CT images were acquired 

at X-ray energies of 7 keV and 7.35 keV. Voxel sizes of 

CT image is ~60 nm. X-ray linear attenuation 

coefficients (LAC) were obtained by reconstruction. 

Mineral phases were estimated using an analytical dual-

energy tomography method [5]. Then, TEM sections 

were prepared from the CT samples by FIB. The 

sections were analyzed by (S)TEM-EDS analysis 

(JEOL JEM 2100F).  

Result and discussion: The observed matrices in 

Paris and DOM 08006 have basically similar 
mineralogical features based on the SEM observations. 

They are relatively porous and dominantly consist of 

amorphous silicates including nano-sized Fe-rich 

inclusions (Fig. 1). 

The CT images 

confirmed that fine 

pores are uniformly 

distributed throughout 
the matrices. 

Therefore, the pores 

observed by SEM are 

not artificial feature 

(Fig. 2). 

Fibrous materials 

are abundant in the 

matrices in all CT 

samples. Because of their narrow shapes, it is difficult 

to estimate the mineral phases of small fibrous materials. 

Only the phase of large fibrous materials were estimated 

to be olivine or low-Ca pyroxene from their LAC values. 
The sizes of the largest whiskers are ~5 µm × ~350 nm 

× ~250 nm in Paris (Fig. 2), ~5 µm × ~300 nm × ~200 

nm in DOM 08006.  

We made TEM thin sections of the largest fibrous 

materials. Based on the TEM observations, the matrices 

dominantly consist of amorphous silicates. The matrices 

include abundant nano-sized inclusions that are mainly 

Fe,Ni sulfides (Fig. 3). The mineralogy of the sections 

of Paris and DOM 08006 are nearly the same but sub-

micron sized Fe-rich fibers were observed only in the 

matrix of DOM 08006. They are weakly and partly 
altered and contain poorly-crystallized layered silicates.  

The enstatite whisker in Paris is elongated along the 

a-axis based on SAED pattern (Fig. 4a). It contains 

numerous stacking faults normal to elongation. The 

Fig. 1. SE image of the 
porous matrix in Paris. Tiny 
Fe-rich inclusions (white) 
are present in amorphous 
silicates (light grey). 
Abundant pores are present 
(black). En: enstatite.  
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Fig. 2. (a) A CT image of Paris at 7.0 keV. Fe-rich phases 
are presented in white. Fe-rich phase are abundance in the 

sample. Large component in upper is a part of chondrule. 
(b) Enlarged image of red box in (a). The largest enstatite 
whisker is closed by amorphous silicates. Small pores are 
shown as the black spots. Color chart and corresponding 
range of LAC values are shown in lower left.  
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SAED pattern has streaking along a* direction probably 

due to the presence of numerous stacking faults on the 

(100). Fractures and bending are present in the whisker. 

It is likely to be clinoenstatite or mixture of ortho- and 

clino-ensattite based on SAED pattern. The chemical 
composition of this whisker is nearly pure enstatite 

(FeO <1 wt%). Screw dislocation, seen in some enstatite 

whiskers in CP-IDPs, was not found in this whisker. It 

is not likely that the whisker suffered significant 

alteration because there is no textural evidence of 

alteration such as comb texture on the edge of the 

whisker.  

The enstatite whisker in DOM 08006 shares some 

mineralogical features of the whisker in Paris such as 

elongation along a-axis, numerous stacking faults on 

(100), and lack of comb texture (Fig. 4b). On the other 

hand, this whisker contains more FeO than that in Paris 
(~6-8 wt%). This whisker is dominantly clinoenstatite 

and has a long dislocation along a-axis. This is likely to 

be a screw dislocation formed during condensation (Fig. 

4). Unlike the whisker in Paris, fracture and bending 

were not observed. 

The above occurrences and mineralogical features 

of enstatite whiskers in the PCC matrices of Paris and 

Dom 08006 are very similar to those in CP-IDPs. Our 

results indicates that enstatite whiskers are present in 

PCCs and they were supplied to meteorite parent bodies 

in the early Solar System as the case of CP-IDPs. It also 

indicate that enstatite whiskers could be the common 

building block of the meteorite parent bodies. On the 

other hand, matrices enclosing whiskers have difference 

to those of CP-IDPs that are porosity and presence of 

abundant Fe-metal inclusions. These differences could 

be explained by planetary processes such as mild 

alteration and compaction. To discuss more detailed 

mineralogical relationship between the carbonaceous 

chondrites and CP-IDPs, namely C-type asteroids and 

comets.  

References: [1] Bradley J. (2014) Treatise on 

Geochemistry 1, 287-308. [2] Leroux H. et al. (2015) 

Geochim. Cosmochim. Acta 170, 247-265. [3] 

Nakamura, T. et al. (2008) Meteorit. Planet. Sci. 43, 

A110. [4] Matsumoto, M. et al. (2019) Sci. Adv. 5, 

eaax5078. [5] Tsuchiyama A. et al. (2013) GCA, 116, 5-

16. 

Fig. 3. EDS RGB color mapping of matrices enclosing 
enstatite whiskers of paris (a, b) and DOM 08006 (c, d). 
Abundant nano-sized Fe-rich sulfide and Ni-rich sulfide 

(pink and blueish white to green, respectively, in (b, d) ) 
are present in amorphous silicates. Scale bars in (a, b) are 
2 µm and (c, d) is 1 µm. 
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Fig. 4. TEM BF image of enstatite whisker of Paris (a) 
and DOM 08006 (b, c). SAED patterns obtained at red 
circles in BF images are presented in lower right of (a, b). 
(c) High magnification image of the whisker of (b). This 
whisker contains long dislocation along a-axis and 
numerous disorder along c-axis.  
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