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Abstract: The irregular shape and anisotropic orientation of Fe-Ni grains are 
quantitatively described in eight ordinary chondrites from Antarctica. The 
chondrites studied include three H types: ALH-77233 (H4), ALH-77182 (H5) and 
ALH-77115 (H6); four L types: Y-74191 (L3), ALH-77230 (L4), ALH-77254 (L5) 
and ALH-78105 (L6) and one LL type: Y-75258 (LL6). The axial ratio (b/a), where 
a and bare the longest and semi-major axial lengths respectively, the area (S), and 
the circumferencia] length (/) with appropriate divider opening (d) are measured 
for each Fe-Ni grain. The orientation distribution of the longest axis indicates 
that L chondrites are more anisotropic than H chondrites, though the number of 
grains is limited. The shape parameter defined by 1J,v7{ is used as a quantitative 
indicator for the shape irregularity of Fe-Ni grains. Though the value of the 
shape parameter depends on d, it increases with the area for each chondrite with a 
fixed d of 0.01 mm. The fractal dimension is estimated by -(log N)/(log d), where 
N is the number of segments for circumferencial length and dis varied from 0.01 mm 
to 0.15 mm. The fractal dimensions thus obtained for several grains in H4, H6, L4 
and L6 chondrites are all about 1.4 and do not appreciably differ from each other. 
It means that the irregularity of the shape of Fe-Ni grains is self-similar in the 
range of d used. The average value of the shape parameter (S. P.) for each sample 
is defined as 1/(n x I S)112, and appears to decrease with the increase of petrologic 
types from 4 to 6 for both H and L chondrites. The value of S. P. and the volume 
fraction of Fe-Ni grains correspond more or less well with the strength represented 
by the vibrational fracturing rate measurements (Furn et al., Mem. Natl Inst. Polar 
Res., Spec. Issue, 20, 362, 1981). 

1. Introduction 

Chondrites have not experienced intense remelting processes in parent bodies, 

which have evolved through the accretion of mutually colliding planetesimals (SAFRONOV 

1969; HARTMANN, 1969; WASSON, 1974; SMITH, 1982). As planetesimals are loosely 

consolidated aggregates of silicate and metal grains in the early stage of their growth 

process, the degree of lithification has increased in the evolutional history of chondrites 

(SHORT, 1966; ASHWORTH and BARBER, 1976; Furn et al., 1978; HARTMANN, 1978). 

From the low-velocity impact experiments on loosely consolidated aggregates, signifi-
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cant increases of consolidation are observed when minor components with sticking 
properties between grains exist. Such minor components are once melted and suc­
cesively frozen low melting-temperature material (e.g. ice) and easily deformed or re­
crystallized amorphous materials (e.g. fine-grained and glassy matrix) as demonstrated 
by MIYAMOTO et al. (1980) and Furn et al. (1979, 1981b). 

The presence and nature of the intergrain materials, such as pore-filling deformed 
or recrystallized matrices, would have strong influence on the mechanical properties, 
especially the strength, of chondritic aggregates (Fum et al., 1980, 1981a, d). An­
isotropic orientation of chondrules (DODD, 1965, 1976a; MARTIN et al., 1975; MARTIN 
and MILLS, 1978, 1980) and petrofabric analysis of silicate minerals (DODD and TELEKY, 
1967; DODD, 1969b; KuMAZAWA et al., 1981) suggest foliation anisotropy. The mag­
netic anisotropy in susceptibility also indicates foliation of metallic minerals (STACEY 
et al., 1961; WEAVING, 1962; HAMANO and YOMOGIDA, 1982; SUGIURA and STRANGWAY, 
1982). These anisotropies in chondrites could provide information about the me­
chanical situation of chondritic parent bodies. 

The most important information provided by metallographic studies is the cooling 
rate in the approximate temperature range of 800-600 K (e.g. WooD, 1967, 1979; 
HUTCHISON et al., 1980; CHRISTOPHE MICHEL-LEVY, 1981). Metal grains and rock­
forming minerals in chondrites are more or less deformed or recrystallized and bonded 
together to some extent (DODD, 1969a, 1976b; BEVAN and AxoN, 1980; SCOTT and 
RAJAN, 1981 ). The complex texture of metal grains may provide some clues for a long 
history ranging from thermal metamorphism in parent planetesimals during and after 
the aggregation to shock-induced metamorphism in the fragmentation process (WooD, 
1963, 1979; WASSON, 1972, 1974; DODD, 1976b). The texture of metal grains, such as 
the irregular shape and anisotropic orientations could also provide some information 
about the degree of lithification or other mechanical properties as well as the evolutional 
process of chondritic parent bodies (Furn et al., 198 lc; HAMANO, 1982). 

The volume fraction and the shape of Fe-Ni grains in ordinary chondrites are of 
importance to characterize the strength of grain to grain adhesion. In this respect, 
H, L and LL chondrites are chosen and the shape of Fe-Ni grains is quantitatively 
measured for the same specimen as used in the measurements of the strength by the 
vibrational fracturing rate (V.F.R.) method (Furn et al., 1980, 1981 a). 

2. Samples and Method of Measurement 

All samples studied are from Antarctica and their strength has already been mea­
sured by the V.F.R. method (Furn et al., 1980, 1981a). They are three H chondrites: 
ALH-77233 (H4), ALH-77182 (HS) and ALH-77115 (H6); four L chondrites: Y-74191 
(L3), ALH-77230 (L4), ALH-77254 (LS) and ALH-78105 (L6) and one LL chondrite: 
Y-75258 (LL6). As each chondrite sample belongs to a different petrologic type, 
hereafter we can tentatively refer to each chondrite by petrologic type without con­
fusion. Samples were embedded in resin and cut to obtain at least 20 mm2 of flat sur­
face. The surveyed area was about 2. 7 x 3.5 mm for each surface. By taking a photo­
graph ( x 100) of the polished surface with reflected light, the area and the axial ratio 
(bf a) of each metal grain were measured, in which a and b were respectively the longest 
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Fig. I. Examples of the surveyed surfaces of chondrites. White grains are metal phases in reflected light. FeS grains are 
slightly greyish. 
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and semi-major axial lengths. To investigate anisotropic orientation of the longest 
axis, three mutually perpendicular surfaces were surveyed for H4, H6, L4 and L6 chon­
drites. The orientation of the longest axis for each grains was measured by ref erring 
to an arbitrarily fixed coordinate in each surface. The accuracy in the determination 
of orientations depends on the axial ratio and varies approximately from ± 5° for (bf a) 

<0.5 to ± 1 5° for (b/a)>0.7. 
The circumferencial length was also measured by using a divider opening of 1 mm 

(i.e. 0.01 mm in real scale). The metal grains with characteristic length of less than 
0.05 mm and FeS grains were omitted in this measurement. Examples of the surveyed 
surfaces are shown in Fig. I, in which white grains are metal phases. Under reflected­
light microscopy, Fe-Ni grains can easily be distinguished from FeS grains, which are 
slightly darker and yellowish. 

3. Results 

3.1. Size and orientation of Fe-Ni grains 
The curves of cummulative number vs. the area of Fe-Ni grains are shown in Fig. 

2. Three H chondrites have relatively continuous distribution of the area and similar 
gradients to each other, whereas Y-741 91 (L3) has one large Fe-Ni grain and Y-75258 
(LL6) has no large one, as seen in Figs. I and 2. 

30 

-H4 
- H 5 
- H 6 

-L 3 
-·- L 4 
----- L 5 
....... L 6 

- LL 6 

Fig. 2. Cummulative number vs. the area (abscissa) of Fe-Ni grains for each surface of the chon­
drites. The respective petrologic types correspond the Antarctic chondrites as listed in 
Table I. 

The distribution of the axial ratio for each type of chondrite is shown in Fig. 3. 
Larger values of (bf a) do not apparently correspond to the smaller area of Fe-Ni grains. 
The orientation distribution of the longest axis is illustrated in Fig. 4, in which the radial 
distance (r) is proportional to ( l -b /a), as indicated in the bottom of Fig. 4. Open circles 
and small dots represent the area of Fe-Ni grains larger and smaller than 0.01 mm2, 
respectively. It appears likely that more rounded Fe-Ni grains exist in type 6 for both 
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Fig. 3. Distribution of the axial 
ratio (bf a). Vertical scale is 
proportional to the number 
frequency. 
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Fig. 4. Orientation distribution of the longest axis 
(a) for ALH-77182 (H5), Y-74191 (L3), 
ALH-77254 (L5) and Y-75258 (LL6). The 
radial distance (r) is proportional to 1-b/a, as 
indicated in the bottom diagram. Origin of 
coordinate is arbitrary. Open circles and dots 
represent the area of Fe-Ni grains larger and 
smaller than 0.01 mm, respectively. 

H and L chondrites, especially in LL6. Although the number of Fe-Ni grains studied 
is limited, anisotropic orientations of these grains are more clear in L3 and L5 than in 
H5 and LL6, as seen in Figs. 3 and 4. 

Figure 5 shows orientation distribution of the longest axis for four chondrites in 
three mutually perpendicular surfaces. Surfaces A, B and C are arbitrarilly named. 
Arrows with small labels indicate the direction normal to the adjacent surface. Large 
and small open circles correspond the area of Fe-Ni grains larger and smaller than 
0.01 mm2, respectively. It does not seem obvious whether the anisotropies in these 
chondrites are actually foliation or lineation. It may be partly due to the limited num­
ber of grains studied and to the dependency of the mean orientation anisotropy on the 
axial ratio and the area of Fe-Ni grains, unlike the nearly equal size and shape of 
chondrules (DODD, 1965; MARTIN and MILLS, 1978). 
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Fig. 5. Orientation distribution of the longest axis for four chondrites: a) ALH-77233 (H4), b) 
ALH-77115 (H6), c) ALH-77230 (L4) and d)  ALH-78105 (L6). Surfaces A, Band C 
are arbitrarily taken but are nearly normal to each other. Arrows with small labels indicate 
the direction normal to the adjacent surface. Other symbols are the same as in Fig. 4. 

3.2. Shape parameter of Fe-Ni grains 

The ratio l/.../S is used to represent the shape irregularity of each Fe-Ni grain, 

where l is the circumferencial length and Sis the area, and is hereafter referred to the 

shape parameter. The shape parameter is independent of the units of measurement but 

depends on the divider opening used. Distribution of the shape parameter for each 

chondrite is shown in Fig. 6, by tentatively using a divider opening of 0.01 mm. It is 

noticed that the mean value of the shape parameter decreases from type 4 to type 6 
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Fig. 6. Distribution of the shape parameter. 
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Fig. 7. The shape parameter vs. the area (abscissa) of Fe-Ni grains for a) H chondrites and b) 

L and LL chondrites. 

both in H and L chondrites. This may indicate that the shape irregularity of Fe-Ni 
grains decreases as thermal metamorphism advances. 

Figures 7a and 7b respectively show the shape parameter vs. the area of Fe-Ni 
grains for H and L chondrites. It is evident that grains with larger values of the shape 
parameter tend to have larger area, for both H and L chondrites. As the number and 
sizes of Fe-Ni grains differ for each chondrite, the circumferential length and the area 
are summed and the ratio is normalized by square root of the number (n) of grains, i.e. 
1/(nx 2S)112• This extent can be considered as an average shape parameter (S. P.), 
which could represent an average irregularity of the shape of Fe-Ni grains for each 
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Table 1. The volume fraction, the average shape parameter (S. P.), and the axial ratio (b/a) of 
Fe-Ni grains. 

Fe-Ni grains 
Sample - log(V/ Vo) Porosity Remark 

(vol. %) S.P. (b/a) (%) 
ALH-77233 6 . 3  6 . 0  0 . 41 1 . 1 3 5 H4, A 

ALH-77182 4 . 1 4 . 7  0 . 52 1 . 1 1  1 5  H5 

ALH-771 1 5  4 . 9  4 . 6  0 . 59 1 . 05 (8) H6, A 

Y-74191 7 . 1  4 . 6  0 . 58 1 . 09 L3 

ALH-77230 8 . 8  6 . 3  0 . 44 0 . 98 1 L4, A 
ALH-77254 4 . 0  5 . 2  0 . 59 0 . 52 1 8  L5 

ALH-78105 2 . 3  5 . 0  0 . 61 0 . 09 4 L6, A 
Y-75258 0 . 9 3 . 7  0 . 74 - 0 . 23 (3 3) LL6 

1) The logarithmic ratios of the V.F.R. and porosities are from Furn et al. (1980, 1981a) .  
2)  Values of porosity in parentheses are less reliable, because of small specimen sizes. 
3) Symbol A in the remark column corresponds to the surveyed surface in Fig. 5 .  

chondrite. Volume fraction of Fe-Ni grains is assumed to be equal to the area frac­
tion, and listed in Table 1 ,  together with the S. P. and the average value of (b/a). 

4. Discussion 

As reviewed by DODD (1965), the mechanisms by which the fabric of chondrites 
could have been established include estimation from the accretion of fluid medium 
onto a planetesimal or parent body, alignment by solar fields during aggregation, ther­
mal metamorphism in a hot parent body, and shock-induced metamorphism. There 
seems, however, no fundamental agreement whether the processes during which Fe­
Ni grains have deformed or recrystallized increase the irregularity of their shape or not 
(DODD, 1965, 1969a; WASSON, 1974). 

In the evolutional accretion stage of chondrite parent bodies, there would be suf­
ficient intergrain spaces which Fe-Ni grains could occupy as the recrystallization and 
deformation proceeded. In such a case, the irregularity of the shape of Fe-Ni grains 
would increase with their deformation and the orientation of these grains would be more 
anisotropic (increase of foliation), as noted by Furn et al. ( 1981c) and HAMANO (1982). 
In contrast, the shape of Fe-Ni grains would become less irregular by the thermal 
effect because the thermal metamorphism would make the surfaces of these grains 
rounded and smooth, if the stress was not appreciably effective. The distribution of 
(b/a) and the shape parameter may reflect this effect, as seen in Figs. 3 and 6. As the 
degree of lithification could increase by shock-induced metamorphism (SHORT, 1966; 
ASHWORTH and BARBER, 1976), the shape of Fe-Ni grains would become irregular. 
However, the shock-induced deformation would not be responsible for establishing the 
foliation anisotropy in chondrites, because of short duration and high stress in the col­
lision and disruption process of chondrite parent bodies (HAMANO, 1982). 

The foliation in chondrites is generally observed in various properties :  anisotropic 
orientations of the magnetic susceptibility (STACEY et al. , 1961; WEAVING, 1962 ; HAMA­
NO and YOMOGIDA, 1982; SUGIURA and STRANGWAY, 1982), orientations of the longest 
axis of chondrules (DODD, 1965, 1976a; MARTIN et al., 1975; MARTIN and MILLS, 1978, 
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1980), and petrofabric analysis of silicates (DODD and TELEKY, 1967; DODD, 1969b ; 
KUMAZAWA et al., 1981). The degree of foliation seems independent of the degree of 
recrystallization (i.e. of petrologic type) and of porosity (HAMANO and YoMOGIDA, 
1982). The establishment of foliation could be a result of uniaxial compression and 
thus appears to have been established during accretion of parent bodies (HAMANO, 
1982). But it depends sensitively on the structure and physical properties of material 
as well as the physical conditions. As seen in Fig. l ,  however, the actual shape of Fe­
Ni grains is too complex to be represented by a simple ellipse, the orientation distribu­
tion of the longest axis may not be an appropriate indicator for the anisotropy cor­
responding to magnetic one in average (Figs. 4 and 5). Systematic investigations for 
various properties are obviously needed to disclose the mechanism of anisotropic ori­
entation distributions in chondrites. 

Metal and sulfide phases are generally absent from silicate chondrules and occur as 
grains with irregular outlines for all the samples studied. Figures 1 and 2 show that 
exceptionally large metal grains exist in the types 3 and 4 L chondrites. However, these 
large grains are not rounded, in contrast to the observations of HUTCHISON et al. (1980) 
and the shape parameters are large, as seen in Fig. 7. They may reflect partial to com­
plete crystallization or deformation to fill the available spaces, even though they may 
have originally formed rounded droplets during the aggregation process of chondrites. 
Although the shape parameter introduced in the previous section depends on a divider 
opening (d), a more useful indicator of the complexity of the irregular shape of these 
grains would be the fractal dimension (MANDELBROT, 1977), which is independent of d. 

The fractal dimension D is defined by -(log N/log d), in which the circumferencial 
length is represented by the number of segments (N) with a divider opening of d. As 
demonstrated by MANDELBROT (1977) and BURROUGH (1981) for landscapes and other 
environmental data, the value of D would be useful for trying to separate scales of varia­
tion that may be the result of particular natural processes, for example, deformation and 
recrystallization processes which could cause the complex shape of Fe-Ni grains. 

\: 2 

ti) 'E 100 

'\·� Cl) 

-

'\. 
0 

i H4 ... 
: H 6 § 10  

2 

S c ale , 
0.1 

m m  

(a) 

\ 
r.rr rr----

\ 

� \  

�� 

. �' . L4 � 

® L 6  � � 
0 

® f) 

\_ 
__ L_LL.LLLLL ,ffJ 

001 
Scale • m m  

0.1 

(b) 
Fig. 8. The circumferencial length represented by the number of segments (N) vs. the scale of 

divider opening. Examples are from a) H4 : ALH-77233 and H6: ALH-77115 (left), and 
b) L4 : ALH-77230 and L6: ALH-78105 (right). The fractal dimension (MANDELBROT, 
1977) can be calculated from the gradient of this diagram. 
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Figures 8a and 8b show the log N vs. log d plots for some Fe-Ni grains from ALH-
77233 (H4), ALH-771 15 (H6), ALH-77230 (L4) and ALH-78105 (L6). The values of 
D for these examples are about 1 .4, and do not differ significantly from each other. 
This suggests that the shape irregularity of Fe-Ni grains is self-similar in the range of 
d studied. The estimation of D is obviously desirable to extend to other minerals as 
well as to the smaller values of d. Further investigation is needed to deduce some con­
clusions from this preliminary measurement. 

Fe-Ni grains in Y-75258 (LL6) have the value of S. P. similar to that of a circle 
(3.545). This is partly because the size of irregularity and/or grain itself is comparable 
or smaller than the divider opening used, whereas for ALH-77182 (H5), ALH-77115 
(H6) and Y-74191 (L3), the shape of Fe-Ni grains is  in average similar to that of a 
regular triangle (4.560). Though the number of samples is limited, the values of S. P. 
appear to decrease with the increase of petrologic types from 4 to 6 for each chemical 
group of chondrites. This tendency may indicate that the shape of Fe-Ni grains be­
comes rounded as the thermal metamorphism advanced. In spite of the limited area 
of surveyed surfaces, the value of S.P. and the volume fraction of Fe-Ni grains cor­
respond more or less well with the strength represented by the V.F.R. measurements 
by Furn et al. ( 1 980, 1981a), except for ALH-78105 (L6). It is, however, noticed that 
the volume fraction of Fe-Ni grains does not always correspond to total metallic Fe 
content and is merely one of the factors to influence the strength of chondrites (MIYA­
MOTO et al. ,  1980 ; Furn et al., 1981a). 

Acknowledgments 

We thank the National Institute of Polar Research, Japan, for providing the chon­
drites from Antarctica. Thanks are also due to Drs. H. HASEGAWA, H. TAKEDA and 
Y. HAMANO, who gave us helpful comments and suggestions. This work was supported 
in part by the Grant in Aid for Scientific Research from the Ivimistry of Education, 
Science and Culture, Japan. We are grateful to Ms. J. ASAKURA for typing the manu­
script. 

References 

ASHWORTH, J. R. and BARBER, D. J. (1 976) : Lithification of gas-rich meteorites. Earth Planet . 

Sci. Lett. ,  30, 222-233 .  

BEVAN, A. W. R. and AxoN, H. J. (1980) : Metallography and thermal history of the Tieschitz un­

equilibrated meteorite-Metallic chondrules and the origin of polycrystalline teanite. Earth 

Planet. Sci. Lett. , 47, 353-360. 

BURROUGH, P. A. (1981) : Fractal dimensions of landscapes and other environmental data. Nature, 

294, 240-242. 

CHRISTOPHE MICHEL-LEVY, M .  C. (1981 ) :  Some clues to the history of the H-group chondrites. 

Earth Planet. Sci. Lett. , 54, 67-80. 

DODD, R. T. (1965) : Preferred orientation of chondrules in chondrites. Icarus, 4, 308-31 6. 

DODD, R. T. (1969a) : Metamorphism of the ordinary chondrites : A review. Geochim. Cosmochim. 

Acta, 33, 1 61-203. 

DODD, R. T. (1 969b) : Petrofabric analysis of a large microporphyritic chondrule in the Parnallee 

meteorite. Mineral. Mag., 37, 230-237. 



On the Shape of Fe-Ni Grains among Ordinary Chondrites 329 

Dooo, R. T. (1976a) : Iron-silicate fractionation within ordinary chondrite groups. Earth Planet. 

Sci. Lett., 28, 479-484. 

Dooo, R. T. (1976b) : Accretion of the ordinary chondrites. Earth Planet. Sci. Lett. ,  30, 281-291 .  

Dooo, R.  T.  and TELEKY, L .  S. (1967) : Preferred orientation of olivine crystals in porphyritic chon­

drules. Icarus, 6, 407-41 6. 

Fum, N., MIYAMOTO, M. and ITO, K. (1 978) : The structure of protoplanets during early growth from 

planetesimals. Proc. 1 1 th Lunar Planet . Symp. Tokyo, Inst. Space Aeronaut. Sci., Univ. 

Tokyo, 262-267 . 

Furn, N., I To, K. and MIYAMOTO M. (1979) : Impact melting of icy particles and energy partition in 

slow impact processes. Proc. 12th Lunar Planet. Symp. Tokyo, Inst. Space Aeronaut. Sci., 
Univ. Tokyo, 145-150. 

Furn, N., MIYAMOTO, M. and I To, K. (1980) : A new strength measure for ordinary chondrites. Mem. 

Natl Inst. Polar Res., Spec. Issue, 17, 258-267. 

Furn, N., MIYAMOTO, M. ,  KOBAYASHI, Y. and ITO, K. (1981a) : Differences of relative strength among 

chondrites measured by the vibrational fracturing rate. Mem. Natl Inst. Polar Res., Spec. 

Issue, 20, 362-371 . 

Furn, N., MIYAMOTO, M., ITO, K. and KOBAYASHI, Y. (198 1b) :  Effects of minor components on the 

consolidation of planetesimals and chondrites. Mem. Natl Inst. Polar Res., Spec. Issue, 20, 
372-383. 

Furn, N., HAMANO, Y. and MIYAMOTO, M. (1981c) :  Thermal stress in ordinary chondrite parent 

body : A possible cause of its lithification. Proc. 14th ISAS Lunar Planet. Symp. Tokyo, 
Inst. Space Astronaut. Sci. ,  21 1-21 8 .  

Furn, N. ,  MIYAMOTO, M. ,  KOBAYASHI, Y. and ITO, K. (1 981d) :  Differences of cutting rates among 

chondrites and simulated planetesimals. Proc. 14th ISAS Lunar Planet. Symp. Tokyo, Inst. 

Space Astronaut. Sci., 219-226. 

HAMANO, Y. (1982) : Formation of ordinary chondrites : Evidence from the study of magnetic anisot­

ropy and porosity. (preprint). 

HAMANO, Y. and YoMOGIDA, K. (1982) : Magnetic anisotropy and porosity of Antarctic chondrites. 

Mem. Natl Inst. Polar Res., Spec. Issue, 25, 281-290. 

HARTMANN, W. K. (1 969) : Terrestrial, lunar, and interplanetary rock fragmentation. Icarus, 10, 
201-213.  

HARTMANN, W. K. (1978) : Planet formation : Mechanism of early growth. Icarus, 33, 50-61 . 

HUTCHISON, R. , BEVAN, A. W. R., AGRELL, S. 0. and ASHWORTH, J. R. (1 980) : Thermal history of 

the H-group of chondritic meteorites. Nature, 287, 787-790. 

KuMAZAWA, M. , FUJIMURA, A. and KATO, M. (1981) : Growth stress in a chondritic parent body. 

Proc. 14th ISAS Lunar Planet. Symp. Tokyo, Inst. Space Astronaut. Sci., 1 97-202. 

MANDELBROT, B. (1977) : Fractals, Form, Chance and Dimension. San Francisco, Freeman, 346 p. 

MARTIN, P. M. and MILLS, A. A. (1 978) : Size and shape of near-spherical Allegan chondrules. 

Earth Planet. Sci. Lett . , 38, 385-390. 

MARTIN, P. M. and MILLS, A. A. (1980) : Preferred chondrule orientations in meteorites. Earth 

Planet. Sci. Lett. , 51, 1 8-25. 

MARTIN, P. M., MILLS, A. A. and WALKER, E. (1975) : Preferential orientation in four C3 chondritic 

meteorites . Nature, 257, 37-38. 

MIYAMOTO, M., ITO, K. , Furn, N. and KOBAYASHI, Y. (1980) : The significance of low melting-tem­

perature materials in consolidation of planetesimals. Proc. 1 3 th Lunar Planet. Symp. 

Tokyo, Inst. Space Aeronaut. Sci . ,  Univ. Tokyo, 232-238. 

SAFRONOV, V. S. (1 969) : Evolution of the Plotoplanetary Cloud and Formation of the Earth and the 

Planets. Moskva, Nauka, 206 p. (tr. by IPST, Jersalem, 1972). 

Scorr, E. R. D. and RAJAN, R. S. (1981) :  Metallic minerals, thermal histories and parent bodies of 

some xenolithic , ordinary chondrite meteorites. Geochim. Cosmochim. Acta, 45, 53-67. 

SHORT, N. M. (1966) : Shock-lithification of unconsolidated rock materials. Science, 154, 382-384. 

SMITH, J. V. (1982) : Heterogeneous growth of meteorites and planets, especially the Earth and Moon. 

J. Geol. ,  90, 1-48 . 



330 N. Furn, M.  MIYAMOTO, Y. KOBAYASHI and K. ITO 

STACEY, F. D., LovERING, J. F. and PARRY, L. G., (1961) :  Thermomagnetic properties, natural mag­

netic moments, and magnetic anisotropies of some chondritic meteorites. J. Geophys. Res., 

66, 1 523-1534. 

SuGIURA, N. and STRANGWAY, D. W. (1982) : Magnetic properties of low-petrologic grade non-

carbonaceous chondrites. Mem. Natl Inst. Polar Res., Spec. Issue, 25, 260-280. 

WASSON, J. T. (1972) : Formation of ordinary chondrites. Rev. Geophys. Space Phys. ,  10, 711-749. 

WASSON, J. T. (1974) : Meteorites. New York, Springer, 3 16  p. 

WEAVING, B. ( 1 962) : Magnetic anisotropy in chondritic meteorites. Geochim. Cosmochim. Acta, 

26, 451-455. 

Woon, J. A. ( 1963) : Physics and chemistry of meteorites. The Solar System IV. Chicago, Chicago 

Press, 337-401 . 

Woon, J. A. (1967) : Chondrites : Their metallic minerals, thermal histories and parent planets. 

Icarus, 6, 1-49. 

Woon, J. A. (1979) : Review of the metallographic rated of meteorites and a new model for the plane­

tesimals in which they formed. Asteroids, ed. by T. GEHRELS and M. S. MATTHEWS. 

Tucson, Univ. of Arizona Press, 849-891 .  

(Received June 23, 1982; Revised manuscript received August 26, 1982) 


