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Abstract: The intensity of saturation magnetization (/) and a ratio of the
saturation magnetization of a-phase FeNi component to I, I(«)/l;, of 1 E-
chondrite, 8 H-chondrites, 10 L-chondrites, 3 LL-chondrites, 8 C-chondrites, 6
diogenites, 1 howardite and 3 eucrites are plotted on an I; versus Iy (a)/l;
diagram. On this diagram, E-, H-, L-, LL- and C-chondrites and achondrites
are well separately grouped to be magnetically identified.

1. Introduction

In the previous report (NAGATA, 1979a), E-, H-, L-, LL- and C-chondrites and
achondrites are expressed as mutually well separated groups in a diagram of the
saturation magnetization (/,) versus a ratio of the saturation magnetization of
kamacite phase (/,(@)) to I,, namely I,(«)/I,. Experimentally, the I,-value is de-
termined from a complete magnetic hysteresis curve measured by a vibration
magnetometer at room temperature for a magnetic field range of —15 to +15 kOe;
the I,(w)-value is determined from thermomagnetic curves for a temperature range
from 0°C to 850°C measured by a vibration magnetometer with 10kOe in
magnetic field.

The I,-value of stony meteorites can well represent the content of metallic
phase component in E-chondrites, ordinary chondrites and achondrites, where
generally

1 (E)>I,H)>1/(L)>1/(LL)>I,(achondrite). (1)

Although the content of native iron is small in C-chondrites, their ferromagnetism
is mainly due to the presence of magnetite in most cases so that their I,-values
range from less than 1 emu/gm to 10 emu/gm or a little more, which are com-
parable with the I,-values of LL- and L-chondrites. Hence, the chemical classifi-
cation of stony meteorites cannot be completed by the I,-value alone.

On the other hand, the composition of metallic grains in stony meteorites can
be reasonably well identified by analyzing their thermomagnetic curves. Namely,
approximate contents of a-, («+y) and y-phases of FeNi-alloy can be evaluated
by measuring their respective saturation magnetization intensities, I,(a), I,(a+7)
and I,(y). If the Ni-content in metals is less than about 6 wt.%, the whole metal
system is in «a-phase. When the Ni-content exceeds 6 wt.%, the metal system
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comprises a-phase and («+7)-phase. When the Ni-content becomes further larger,
the metal system consists of a-, (a+7)- and y-phases. With a further increase in
the Ni-content, the metal becomes to comprise («+7)- and y-phases, and finally
it becomes y-phase only for a large Ni-content. Results of thermomagnetic measure-
ments of E-, H-, L-, and LL-chondrites have shown that

el o),

s

This inequality relation of I ,(«)/I, corresponds to the Prior rule in regard to the
Ni-content in metals in E- and ordinary chondrites. Since C-chondrites contain
no or only a little amount of metals and their /,-value is mainly due to magnetite
in most cases, their I(«)/I, value is zero or very small. Thus, we get from
magnetic measurements,

(12, >{140),

On the basis of eqs. (2) and (2*), C-chondrites can be magnetically identified
separately from the two groups of L- and LL-chondrites.

The two inequality relationships in regard to I, and /(«)/I, of stony meteorites
have been generally established as the metallic iron content in chondrites and
achondrites and the Ni-content in metallic component in chondrites respectively.
In the previous report, experimental results of the magnetic measurements of 33
stony meteorites (1 E-chondrite, 9 H-chondrites, 11 L-chondrites, 3 LL-chondrites,
6 C-chondrites and 3 achondrites) have been summarized, and these stony mete-
orites have been magnetically classified on the basis of the principles mentioned
above.

In the present report, results of magnetic measurements of 2 C-chondrites and
7 achondrites are newly added, and all magnetically examined samples of stony
meteorites are re-examined from the viewpoint of their chemical and petrographical
compositions. As a consequence, two chondrites which have been too much
weathered and oxidized are eliminated from the final summary table of magnetic
classification.

As the numbers of magnetically examined C-chondrites and achondrites are
increased to 8 and 10 respectively in the present study, their characteristic magnetic
properties may have become more statistically representative for respective groups
for the purpose of magnetic classification of the stony meteorites. In this regard,
the general magnetic properties of C-chondrites will be discussed in some detail.

2. General Magnetic Classification of Stony Meteorites

The observed values of I, and ratios I(a)/I,, I(ax+7)/I, and I(y)/I, and
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Table 1. Magnetic parameters of stony meteorites for a magnetic classification.
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Meteorite Classification (em lf;gm) I 1A ((y) I, 1, 0% g;;/giti-
(o}
(E-chondrite)
Yamato-691(a) | E 48.0 97 0 3 0 2 @
(H-chondrite)
Seminole H, 24.3 94 6 0 0 181 (1)
Kesen Hy 34.4 95 5 0 0 8 ¢))
Yonozu His 24.2 87 13 0 0 2 O
Yamato-74371 H; 33.5 95 5 0 0 10 (1)
Yamato-74647 H; 27.9 94 6 0 0 14 €))
Mt. Baldr-b He 27.4 88 10 2 0 10 @
Mt. Brown H, 40.0 90 5 5 0 - 2)
Yamato-694 (d) H 32.3 94 6 0 0 231 (1)
(L-chondrite)
Yamato-74191 La 6.8 79 21 0 0 30 €))
Dalgety Down L, 9.7 85 14 0 0 117 ()]
Bjarbole L, 13.0 85 10 0 0 — )
Barratta Ly 12.0 80 15 3 0 — @)
Yamato-7304 (m) Ls 16.6 90 0 10 0 4 1
Fukutomi Ls 22.9 82 18 0 0 | 20 ‘ €))
Homestead Ls 10.0 80 15 5 o — ' ©@
Yamato-74362 Le 8.1 81 19 0 0o | 38 (D
Allan Hills-7609 L 8.4 65 35 0 0 160 ()
Mino L 11.0 80 20 0 o ' 3 O
(LL-chondrite)
Yamato-74442 LL, 6.0 45 35 20 0 85 )
Yamato-74646 LL;s,6 3.2 19 7 74 0 20 (0)
St. Severin LLe 4.7 45 55 0 0 500 (1)
(C-chondrite)
Orgueil C 11.9 0 0 0 100 107 3.9
Ivuna C 11.2 0 0 0 100 — 3.9
Mokoia C, 8.0 0 0 0 100 ., — ?)
Yamato-74662 G, 0.81 5 0 85 10 | 149 | (0
Yamato-693 (c) Cs 10.8 0 0 0 100 157 ())
Allende Cs 0.61 0 0 95 5 143 | (1)
Leoville Cs 10.3 6 0 0 94 341 ()
Karoonda C4 7.8 0 0 0 100 155 | (1)
(Achondrite) 1 |
Yamato-692 (b) Diogenite 0.19 81 0 19 0 P42 1)
Yamato-74013 Diogenite 0.17 | 56 0 44 0o 10, @
Yamato-74037 Diogenite 0.32 | 100 0 0 0o  — |
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Table 1 (continued-2).

(a (a f T(M: .
Meteorite Classification (emlfj/gm); 'Ié')“ = I;H()cy )Iir : ”—S(Is ) (gg) gg’itl_
0

Yamato-74097 ‘ Diogenite | 0.32 100 0 0 0 131 (0
Yamato-74648 Diogenite 0.20 ; 100 0 0 0 85 0)
Yamato-75032 Diogenite | 0.042 | 100 0 0 0 | 23 O
Yamato-7308 (/) Howardite 0.53 100 0 0 0 } 13 ‘ €))
Yamato-74159 Eucrite 0.061 | 100 0 0 0 265 ‘ ()
Yamato-74450 | Eucrite 1 0.22 100 0 0 0 .58 \ 0)
0 0 I 15 . (0)

Allan Hills-76005 | Eucrite | 0.076 . 100 0

0) "&AGATA, }(Th:supap—eri)‘(l) NAG;TX TaHdSUGIURA I\E (19776)‘ 2) STACVIVEV;, F.
D. et al. (1961). (3) Larson, E. E. et al. (1974). (4) BRECHER, A. and ARRHENIUS, G.
(1974).

the ratio of saturation magnetization of magnetite to the total saturation magneti-
zation, I, (Mt)/I, are summarized in Table 1 for 40 stony meteorites, i.e. 1 E-
chondrite, 8 H-chondrites, 10 L-chondrites, 3 LL-chondrites, 8 C-chondrites and
10 achondrites. The metamorphism degrees of 5 chemical groups of chondrites
and the petrographical classifications of the achondrite group are given in Table 1,
as far as petrological data are available. In addition to the intrinsic magnetic
parameters such as I, and I(«)/I,, etc., the magnetic coercive force (H,) of each
sample is given in the same table as a representative of the structure-dependent
magnetic parameter.

It will be noted in Table 1 that the inequality relationships given by egs. (1),
(2) and (2*) generally hold among the six groups of stony meteorites, E-, H-, L-,
LL- and C-chondrites and achondrites. Fig. 1 illustrates the I, versus I,(«)/I,
diagram for these 40 stony meteorites. In this diagram, E-, H-, and L-chondrite
groups and achondrite group are separated from one another mostly due to the
mutual differences of their I,-values, while LL- and C-chondrites are separately
grouped mostly due to their I(«)/I, values. Summarizing these measured values
of I, and I(«)/I, of stony meteorites, their magnetic classification criteria may
be given by Table 2.

In the first and second reports of magnetic classification of stony meteorites
(NAGaTA and SuUGIURA, 1976; NaAGATA, 1978), the main magnetic transition
temperature (©,) in the cooling branch of thermomagnetic curve was proposed
in place of the I,(w)/I, value. The O, value represents Curie point for Ni-poor
a-phase FeNi, y-phase FeNi and magnetite, while it represents the y — « transfor-
mation temperature for Ni-rich «-phase FeNi. In the case of stony meteorites,
6. represents Curie point of magnetite or y-phase FeNi in C-chondrites, Curie-
point of Ni-poor a-phase FeNi in E-chondrites and some achondrites, and the
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Fig. 1. Diagram of Is versus I(«)/Is to classify stony meteorites in

their chemical groups.

Table 2. Classification of stony meteorites in terms of Iy and I(a)/I;.

Range of I Range of Iya)/I;

Meteorite (emu/gm) (%)
E-chondrite 40< 95<
H-chondrite 23—40 80—95
L-chondrite 8—22 60—90
LL-chondrite 3— 6 20—45
C-chondrite 0.5—-12 0— 5§
Achondrite <1 50—100

y— « transition temperature in H- and L-chondrites and some other achondrites.
In an I, versus ©, diagram, E-; H-, L- and C-chondrites and achondrites can be
well separately grouped, but the definition of ©, becomes ambiguous for LL-
chondrites whose metallic components comprise a-, (¢+7)- and y-phases. In the
third report (NAGATA, 1979a), therefore, a new diagram of I, verses I,(«)/I, has
been newly introduced. The physical meaning of I,(«)/I, is defined without any
ambiguity, as described in the preceding section, and the six chemically classified
groups of stony meteorites can be well separately represented on an I, versus
I(x)/1, diagram.

In Fig. 1, (1—1I,(a),/1,) represents the Ni-content in the ferromagnetic con-
stituent in each meteoritic sample, where 1—1(a)/I, is equal to {I,(«+7)+1.()}/I,
for E-, H-, L- and LL-chondrites and achondrites. The plessite phase, («+7)-phase,
is usually transformed to y-phase by the initial heating above a critical (a+y)—7
transformation temperature in laboratory time-scale. It will be obvious therefore
that {I.(«+7)+1,;)}/1, directly represents a relative content of Ni-rich y-phase
at temperatures above the critical transformation temperature. An approximate
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value of the Ni-content in the metallic component can be estimated from the
measured values of I,(«)/I,, I («+7)/I, and I(y)/I, for these stony meteorites as
Ni°/(Fe°+Ni°) (Nacata, 1979b). As given in Table 1, the Ni-content, Ni°/
(Fe°+Ni®), increases with an increase of {I,(a+7)+1,(;)}/, in the order of
sequence as E-H—L—->LL.

The chemical composition of ferromagnetic constituents in C-chondrites is
somewhat complicated as discussed in the following section. It is certain, however,
that I, (w)/I, of C-chondrites is practically zero or extremely small in comparison
with other stony meteorites so that the plots of C-chondrite data are concentrated
very close to the I («)/I,=0 axis in an I, versus I,(«)/I, diagram, as shown in
Fig. 1.

It seems that the chemical composition of ferromagnetic metals is fairly compli-
cated for individual achondrites. 10 achondrites summarized in Table 1 are chemi-
cally and petrographically classified into 6 diogenites, 3 eucrites and 1 howardite,
but no special magnetic characteristic can correspond to the classified groups. It
is clear in the table, however, that the /,-value is very small for all achondrites,
being smaller than 0.53 emu/gm.

3. Magnetic Characteristics of Carbonaceous Chondrites

The magnetic properties of 8 C-chondrites are summarized in Table 1. Results
of chemical analyses have shown that Orgueil, Ivuna and Mokoia contain no metal
at all (Wnk, 1956), whence their ferromagnetism is entirely due to the presence
of magnetite. Yamato-693(c) Cs-chondrite contains magnetite as the major opaque
mineral and a very small amount of metal in addition (OxkADA, 1975). The I,-values
of these C-chondrites range from 8 to 12 emu/gm.

On the other hand, the major ferromagnetic constituent in Allende Cs-chondrite
was identified to taenite of (31.4% Fe, 67% Ni, 1.6% Co) in composition (CLARK
et al., 1970). Since y-phase FeNi metals of about 65% Ni have their Curie
point at about 600°C, it is rather difficult to magnetically distinguish such a
r-phase FeNi alloy from magnetite. Only a possible magnetic method is to check
a characteristic phase transition of magnetite between an orthorhombic structure
(below the transition temperature) and a cubic structure at a critical temperature
which is —153°C for pure magnetite (e.g. NAGATA, 1965). This kind of low
temperature test of Allende was carried out by WASILEWSKI (private communica-
tion, 1978), his result confirming that Allende contains no detectable amount of
magnetite. Then, I, of Allende should be due to the y-phase FeNi metal of 67 %
Ni, which has Curie point at 610°C. Yamato-74662 C-chondrite also contains
a small amount of metallic grains in addition to a very small amount of magnetite.
Since the main Curie point of this C-chondrite is about 600°C, it seems likely
that the metallic grains are y-phase FeNi of about 65% Ni. If so, the observed
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I-value suggests that the content of metallic grains is about 0.8 wt.%. Actually
a chemical analysis of this C-chondrite (YANAI and HARAMURA, 1978) has shown
that contents of Ni and Co are 0.66 and 0.06% respectively, though the content
of metallic Fe has not yet been determined.

It seems then that the distribution of C-chondrite data on the I, versus I,(«)/
I, diagram shown in Fig. 1 could be separated into two groups, i.e. a group of
6 C-chondrites having /,=8-12 emu/gm and the other group of 2 C-chondrites
having 71,=0.6-0.8 emu/gm. A possible provisional interpretation of the second
group will be such that this group is an extension of a sequence of E—H—-L—LL
toward smaller values of both I, and I,(«)/I, on the I, versus I («)/I, diagram.
It may be argued then that the ferromagnetism of some C-chondrites is mainly
due to a small amount of Ni-rich taenite but not due to magnetite. The origin
of ferromagnetism of the first group of C-chondrite is, as well known, due to
magnetite.
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