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CHAPTER EIGHT 


Chemical Composition 


Since excellent discourses have been published by, e.g., 
Urey & Craig (1953), Suess & Urey (1956), Krinov (1960a), 
Ringwood (1961), Mason (1962a), Wood (1963), Ahrens 
(1965), Cameron (1968), Yavnel (1968b), Arnold & Suess 
(1969), Goles (1969), Anders (1971a), Mason (1971 ), Scott 
( 1972) and Schmitt et al. ( 1972), only a brief survey and a 
few remarks will be presented here. 


The meteorites as a whole contain no other elements 
than those known to exist on Earth. And virtually all 
known elements from Earth ha:ve been identified in 
meteorites, albeit sometimes in very small quantities. 
Studies of the isotopic compositions of iron meteorites 
have occasionally revealed differences from those of Earth, 
but not larger than can be explained in terms of different 
cosmic radiation exposures or in different initial content of 
radioactive elements. The meteorites have, since the classi
cal works by Goldschmidt (1938; 1954) and Suess & Urey 
(1956), served as space probes that provided us with 
information of the interior of some unknown planets. 
Together with spectrographic data of the solar atmosphere, 


the meteorites have provided the basis for various estimates 
of the so-called "cosmic abundances." Solar and meteoritic 
data pertain, strictly speaking, only to our own solar 
system, but Unsold (1969) has noted that more than 95% of 
all stars in our galaxy essentially have solar composition, so 
it is probably justified to speak of "cosmic" abundances. 


Goldschmidt (1922; 1938; 1954) and Noddack & 
Noddack (1930; 1934) divided the elements into three 
major categories. See Table 28.Lithophile elements, such as 
Na, Ca and Al, are those with a great affinity for minerals 
rich in oxygen. Chalcophile elements, such as Cu, Mo and 
Pb, have a similar affinity for sulfur-bearing minerals. 
Siderophile elements such as Ni, Pt, Au, and P, have a great 
affinity for iron, entering into solid solution in the ferrite 
or austenite lattice. Natural processes on the Earth -
weathering, sedimentation, metamorphism, melting, etc. -
have a very strong tendency to fractionate these three 
element groups from one another. Therefore, we fmd the 
rocks of the Earth's oxidized crust generally composed of 
lithophile elements, while the chalcophile elements are 


Table 28. Geochemical Classification of the Elements 


Periodic group Lithophile Chalcophile Siderophile 


lA Li, Na, K, Rb, Cs 


IIA Be, Mg, Ca, Sr, Ba, Ra 


IliA B, Al, Sc, Yt, La 


IVA Ti, Zr, Hf, Th 


VA V,Nb, Ta (V) 


VIA Cr, (Mo), W, U Mo (Cr),Mo 


VIlA Mn (Mn) Mn 


IB Cu, Ag,(Au) Cu, (Ag), Au 


liB (Zn), (Cd) Zn,Cd, Hg (Zn), (Cd) 


IIIB (Ga), (Tl) Ga, In, Tl Ga 


IVB Si, (Sn), (Pb) Ge, (Sn),Pb Ge, Sn,Pb 


VB (P), (As), (Sb) As, Sb, Bi P, As, Sb, Bi 


VIB S,Se 


VIIB F, Cl, Br, I 


VIII Fe, (Co), (Ni) Fe,Co,Ni Fe, Co, Ni 


(Ru), (Pd);(Os), (Pt) Ru, Rh, Pd, Os, Ir, Pt 


Parentheses indicate subsidiary tendencies. After Goldschmidt 1954. 







76 Chemical Composition 


highly concentrated in a few small areas (i.e., ores), and the 
siderophile elements are largely missing from the crust. 
Preswnably the latter are concentrated in the core of the 
Earth which is believed to consist of iron-nickel metal. 


In chondritic meteorites, and particularly in the sub
class Cl of carbonaceous chondrites, lithophile, chalcophile 
and siderophile elements occur mixed together to a degree 
not matched in terrestrial rocks. The Cl chondrites show a 
remarkable correspondence in elemental abundances with 
the Sun. If elemental abundances were exactly the same in 
both, the points in Figure 83 would lie on the 45° line. As 
it is, there are small deviations in both directions. The most 
important discrepancy, iron (see below), has recently 
been solved and has improved the fit. It would appear that 
chondrites have not been subjected to chemical fractiona
tion in the same way that the Earth's rocks have, and that 
they, therefore, may serve as probes of primordial material 
that has survived essentially unchanged since the time when 
planets formed (Urey 1967a; Wood 1968; Unsold 1971 ; 
Grossman 1972). 


Other classes of meteorites, such as irons and achon
drites, might well be derived from the chondrites by 
melting. Thus the iron meteorites are usually thought to be 
fragments of cores or pools of iron which were produced by 
melting in the parent bodies. Some of the anomalous irons 
have probably not been melted but only subjected to 
sintering and presumably negligible differentiation. 


Concentration of Selected, Important Elements 


It is somewhat futile to try to calculate the average 
composition of the iron meteorites. In order to do this we 
would have to calculate or estimate the total mass and the 
individual masses, or to define the total number and the 
frequency of the types; and both attempts are , for the time 
being, of little avail because the examination should be 
restricted exclusively to falls of which there are very few. 
These are, moreover, as evident from Table 10, often 
inadequately examined. Only very approximate "average" 
values will, therefore, be given in the following. Instead of 
the average composition, the range in composition for the 
various groups is given in Table 27. Comments on the 
individual elements follow, for the three major elements Fe, 
Ni and Co to begin with, then for a selection of other 
important elements. Much more information has been 
compiled in the handbooks edited by Wedepohl (1969) and 
Mason (1971). 


Iron (26). After the gases H, He, 0, Nand Ne, and after C, 
Fe is the most abundant element in the solar system, 
occurring with about the same frequency as Si and Mg 
(Unsold 1971). A confusing discrepancy of about a factor 
of ten between the solar iron abundance obtained by 
spectroscopy and the iron abundance in carbonaceous 
chondrites was pointed out by Urey (1967a). The problem 
was recently solved by Unsold (1971) and co-workers who 
discovered a tenfold error in the oscillator strengths of the 
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Figure 83. Comparison of e Iemen tal abundances in the primitive, 
highly oxidized Cl carbonaceous chondrites with those in the Sun. 
Abundances are relative to Si = 106 atoms in the Sun and in the 
meteorites. The close approach to the 45° line for most elements is 
the basis for considering the Cl carbonaceous chondrites as 
approximating in composition to the primordial non-volatile matter 
of the solar system. (From Mason (edit.) 1971.) 


iron-I lines used by astronomers for solar abundance 
determinations; data from chondrites and from astronomi
cal observations are now in excellent agreement. See 
Table 29 and Figure 83. The actual content of iron varies in 
stone meteorites from virtually nothing in enstatite achon
drites (aubrites) to about 35% by weight in enstatite 
chondrites. In iron meteorites it varies from about 64% in 
Santa Catharina to about 94% in hexahedrites and some 
anomalous irons, e.g., Auburn. The iron is not pure, in that 
it is either encountered in solid solution with nickel, or in 
compounds, such as troilite, schreibersite, chromite, 
daubreelite, olivine and pyroxene. It may be estimated that 
the iron meteorites on the "average" contain 90.5-91.0% 
iron. 


Nickel (28). Nickel accompanies iron, norma_lly in solid 
solution, and is one of the celestial guarantees that a newly 
recovered find is a genuine meteorite. The average ratio of 
Fe to Ni in the solar photosphere is 17.8, in ordinary 
chondrites 19.5 (Unsold 1971). In iron meteorites, nickel 
varies from a minimum of 5.1-5.3% (Tombigbee River, 
Auburn, Holland's Store) to a maximum of 35,% (Santa 
Catharina). If Oktibbeha County, page 947, is confirmed 
as an independent meteorite, the nickel maximum increases 
to about 60%. Nickel percentages above 18% are, however, 
relatively rare. See Figure 84. The ratio of Fe toNi varies in 
the iron meteorites from 18.0 in hexahedrites to 1.7 in 
Santa Catharina. "Average" values of 11.5 apply to a large 
nwnber of medium octahedrites of groups IliA, IIIB and 
IVA. 
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Figure 84. The frequency of distribution of nickel content in 
selected analyses of iron meteorites, plotted at 0.25% Ni intervals. 
No iron meteorite contains less than 5% Ni, and only seven contain 
more than 20%. This type of diagram was first used by Yavnel 
the selected analyses in the handbook. - Outside the histogram lie 
Dermbach (42%) and Oktibbeha County (61% Ni). 


The rather confusing outline on Figure 84 that resem
bles the Manhattan skyline is analyzed in Figure 85. It is 
obvious that the ragged appearance is due to the histogram 
being a sum curve of several independent groups each of 
which displays a smoother distribution. The sum histogram 
is, therefore , in itself of little usefulness and meaning. The 
hexahedrites, group IIA, constitute a very narrow cluster, 
while on the other hand, groups I, IIIA-IIIB and IVA 
occupy a larger range in nickel values. 


The nickel-poor members of each group are the most 
common, both in terms of number and cumulative weight. 
Thus in group I, the huge meteorites Magura, Campo del 
Cielo, Morasko, Youndegin, Cranbourne and Canyon 
Diablo all have less than 7.1% Ni. In group IIIA-IIIB, the 
crater-producing Wabar, Henbury and Boxhole meteorites 
and the monsters Morito, Willamette and Cape York all 
have less than 7.9% Ni. In group IV A, the only really large 
meteorite, Gibeon, with 7.9% Ni , is situated near the lower 
limit of the group. It appears, from various factors , that the 
"average" nickel content in iron meteorites is close to 7 .9%. 


Nickel is usually exclusively in the metal phase and 
thus strongly siderophile - in fact more so than iron itself! 
Kamacite of hexahedrites contains 5.3-5 .7%; kamacite of 
octahedrites, 6.0-7 .5%; while undecomposed taenite con
tains ~0-50% Ni. Nickel is also very important as a 
substitutional element in schreibersite, cohenite and 
haxonite, but almost absent in chromite, olivine and 
pyroxenes. Schreibersite shows a range of about 1045%, 
cohenite 0.7-2.3% and haxonite 3.5-5.5% Ni. 


Reports by Nichiporuk & Chodos (1959) and others 
that up to 6% nickel should occur in the troilite are 
apparently erroneous, mainly because of the failure of 
separating troilite quantitatively from metallic admixtures. 
This is a pronounced difficulty in meteorites with shock
melted troilite that contains finely dispersed iron nickel 
droplets and schreibersite fragments. See, e.g., Bingera and 
Gibeon. Monocrystalline, undamaged troilite usually con
tains less than 0.3-0.9% Ni. 
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Figure 85. Analy sis of Figure 84. The sharp peak at 5.5% Ni is 
caused by the hexahedrites of group IIA; the peak at 6.8% by the 
coarse octahedrites of group I; and the peak at 8.0% by the 
combined effects of group IliA and IV A. Gray squares indicate 
observed falls. 


Cobalt (27). This element, being odd-numbered, is less 
abundant that the even-numbered iron and nickel on 
either side. Wiik (1969) found a range of 0.02 to 0.13% Co 
in stone meteorites with virtually all Co present in the 
metallic phases. The average Ni/Co ratio was about 17 in 
chondrites, rather similar to the Fe/Ni ratio. 


In iron meteorites, the cobalt ranges from about 0.32% 
(Clark County, Nelson County) to 1.0% (Babb's Mill, 
Troost's Iron) with average values of 0.4-0.6%. See Figures 
86 and 87. Since the cobalt atom is similar to iron and 
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Figure 86. The frequency of distribution of cobalt content in 
selected analyses of iron me teo rites. Values above 1% are very rare. 
Low values (~ 0.4%) occur particularly in group IVA and IIA, high 
(~ 0.7%) in IVB. 
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Figure 87. Log-log plot of cobalt versus nickel. There is a weak 
positive correlation between cobalt and nickel, and the correlation is 
best within the resolved chemical groups. 


nickel, it is usually found substitutionally in the iron- and 
nickel-rich phases and minerals. Kamacite contains about 
0.6% Co, while taenite shows only about 0.3% Co. Cohenite 
shows a range in cobalt of about 0.02-0.3%. Haxonite has a 
range of 0.05-0.4% (Scott, personal communication). 
Schreibersite usually contains about 0.1% Co, and most 
other minerals still less. 


Hydrogen (I). It is the most common element of our solar 
system and astronomers use it as a reference, listing the· 
abundance of other elements as a number of atoms relative 
to 10 12 hydrogen atoms. The determination of H in 
meteorites is difficult, because fmds are always contam
inated with terrestrial water; see, e.g., the discussion by 
Boato (1954). The most reliable data probably come from 
the recent falls, e.g., Allende (Clarke et al. 197la). In 
Allende, water and hydrated minerals are absent, while the 
analytically determined H2 (< 0.01 %H2 ) is believed to be 
combined with carbon and oxygen in organic C,H,O-com
pounds. Significant amounts of water (0.2-5%) and organic 
compounds, e.g., N-methylalanine, a-aminoisobutyric acid 
and other aminoacids not known from terrestrial proteins, 
have been reported from carbonaceous chondrites, e.g., 
Ivuna, Felix (Boato 1954), Murchison and Murray (Lawless 
et al. 1971). These organic compounds are certainly not 
due to contamination but indicate an extraterrestrial milieu 
in which D and L isomers were produced in equal 
abundances. 


Organic compounds are absent in iron meteorites. H 
occurs as interstitially dissolved atoms in the kamacite and 
taenite, and perhaps also in some of the minerals and in the 
grain boundaries. It is further possible that it occurs as 
trapped gases (H2 , CH4 ) in the numerous microfissures 
which have here been proved to exist in many iron 
meteorites. The most efficiently sealed fissures are probably 
the narrow cracks in the kamacite of both hexahedrites and 
octahedrites. The fissures are of preatmospheric age and 
probably date from cosmic collisions, remote in time and 
space. 







Edwards (1955) extracted H from 14 iron meteorites 
and found a range of 0.7-54 ppm. Older data were reviewed 
by Farrington (1915). 


Helium (2). The most important reaction in our Universe 
is the hydrogen burning in the stars, converting hydrogen 
into helium and releasing heat energy (Bethe 1968). The 
cosmic abundance of He is at present about 1/6 that of H. 
The helium in meteorites is (i) primordial - i.e., was 
incorporated at the time of meteorite formation, or 
(ii) radiogenic - i.e., produced in situ by radioactive decay 
of U or Th, or (iii) cosmogenic - i.e., produced by cosmic 
ray spallation from, e.g., Fe. Helium in iron meteorites is 
ahnost exclusively of the third category. Chackett et al. 
(1953), Paneth (1954), Signer & Nier (1962), Bauer (1963), 
Hintenberger & Wanke (1964), Hintenberger et al. (1967) 
and many others have reported total helium and 3 Hej4He 
ratios for numerous iron meteorites (Appendix 7). Total He 
ranges from less than 10-9 to about 7 X 10-5 cm3 per 
gram, the 3 Hej4lfe ratio from 0.3 to 0.04. See also 
page 142. 


Carbon (6). Carbon atoms are about eight times more 
abundant than iron atoms on a cosmic basis. In stone 
meteorites carbon occurs in widely varying amounts, from 
0.01-0.1% in ordinary chondrites, through 0.3% in enstatite 
chondrites, to 2-5% in carbonaceous chondrites (Moore & 
Lewis 1965; Wiik 1969). A similar large range is met with in 
iron meteorites (Moore et al. 1969). Group IVA and NB 
are low in carbon, about 0.005%, IliA and IIA-IIB 
intermediate, about 0.01%, while group I is carbon-rich, 
0.2-2%. Since the carbon is very inhomogeneously distri
buted in iron meteorites it is unfortunately difficult to 
arrive at true bulk analytical data. 


In carbon-poor iron meteorites the carbon is in solid 
solution in the taenite (0.1-0.5%) and to a minor extent in 
the kamacite (< 0 .01 %) (Figure 88). Adjacent taenite and 
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Figure 88. Odessa (Copenhagen no. 1961, 557) Reheated for 10 
minutes to 850° C in the laboratory. The central taenite island 
homogenized slightly, and carbon diffused about 50 J.l. outwards into 
the surrounding metal, which at this temperature was also austen
itic. Air cooling sufficed to create bainitic carbon-nickel structures 
(dark). The experiment serves to indicate where a significant portion 
of the analytically determined carbon in iron meteorites is located. 
Etched. Scale bar 100 J.l.. 
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plessite fields may display widely varying C amounts. In 
carbon-rich irons, minerals such as graphite, cliftonite, 
cohenite or haxonite are formed. Amorphous carbon and 
diamond and lonsdaleite also occur but rarely; see, e.g., 
Canyon Diablo and Magura. 


Nitrogen (7). Nitrogen atoms are about 2.5 times more 
common than iron atoms on a cosmic basis. In stone 
meteorites Wiik (1969) reported 0.01-0.29%, the maximum 
values occurring in carbonaceous chondrites. In these, the 
nitrogen is present as water soluble N~ compounds, 
pyrimidines (F olsome et al. 1971) and as amino acids, 17 of 
which have been identified (Lawless et al. 1971 ). In 
enstatite chondrites, sinoite, Si2 N2 0, occurs (Andersen 
et al. 1964), and in the enstatite achondrite , Bustee, 
osbornite, TiN (Bannister 1941). N is also present in iron 
meteorites but on a low level. Buchwald (1961b) found 
44 ppm in Thule, and Gibson & Moore (1971) recently 
found a range of 2-130 ppm in 123 iron meteorites. In 
Odessa and Canyon Diablo large variations, from 25 to 
340 ppm N (Goel 1970) exist in adjacent samples. In irons, 
nitrogen occurs in solid solution in the metal phases and as 


Table 29. Abundances of Some Elements in the Solar Photosphere 
and in a carbonaceous chondrite, (Orgueil (C 1) 


Atomic Ele- Atoms per 1012 H atoms 
number ment Solar Photosphere Orgueil 


1 H 
2 He 
6 c 
7 N 
8 0 


10 Ne 
11 Na 
12 Mg 
13 AI 
14 Si 
15 p 


16 s 
20 Ca 
24 Cr 
25 Mn 
26 Fe 
27 Co 
28 Ni 
29 Cu 
30 Zn 
31 Ga 
32 Ge 
41 Nb 
42 Mo 
47 Ag 
51 Sb 
82 Pb 


log log 


12.00 
11.2 
8.5 
8.0 
8.83 
9.0 
6.2 
7.50 
6.4 
7.60 
5.4 
7.3 
6.3 
5.0 
4.9 
7.60 


(4.7) 
6.25 
4.16 
3.52 
2.7 
2.5 
2.3 
2.3 
0.75 
1.94 
1.63 


7.62 


7.60 


7.55 


6 .29 
4.28 


Relative to hydrogen, normalized to 10'2 H atoms. From Unsold 
1969; 1971. 
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the newly detected mineral carlsbergite, CrN (Buchwald & 
Scott 1971). Carlsbergite is particularly common in low
nickel irons of group IliA, in group IIA and group I. 


Oxygen (8). Oxygen atoms are 16-17 times more abun
dant than iron on a cosmic basis. It is a major element of the 
stone meteorites where - mainly combined in silicates but 
also as water, carbonates and organic compounds - it 
constitutes between 28% (Rose City) and 47% (carbon
aceous chondrites) (Wiik 1969). The oxygen weight per
centage is usually a calculated figure , being the difference 
between 100% and the sum of all analytically determined 
elements. See also Hand N. In iron meteorites , 0 occurs in 
chromite, phosphates, and silicate inclusions, but bulk 
quantitative data are absent. Krinov (1960a: 287) mentions 
magnetite as a component of iron meteorites. It must be on 
a very low level, since the present author never observed it. 


Sodium (II) . According to Bauer & Schaudy (1970) this 
element can only be detected in iron meteorites provided 
these contain an appreciable amount of silicate inclusions. 
Also, a sodium content less than 1 ppm cannot readily be 
determined because this element may have been introduced 
into the sample as an impurity. The authors therefore 
suggest that the sodium content of iron meteorites can only 
be specified as less than 5 ppm with the available 
techniques. 


Magnesium (12). Magnesium atoms show the same cosmic 
abundancy as iron atoms. It is a major element in stone 
meteorites where - mainly as olivine , pyroxene, mixed 
sulfides and serpentine - it constitutes between 9 (carb . 
chondrites) and 25% (some achondrites) (Wiik 1969). In 
iron meteorites it occurs in silicate inclusions and substitu
tional for iron in chromite (Bunch & Keil 1969). There is 
less than 0.001% Mg in the kamacite of Sikhote-Alin 
(Yavnel, in Fesenkov & Krinov 1963: 351), and this low Mg 
content is probably general for the metallic phases. 


Silicon (14). Silicon atoms show the same cosmic abund
ance as iron atoms. Si is a major element in stone 
meteorites, constituting from 10 (carbonaceous chondrites) 
to 25% (some achondrites) of the total weight (Wiik 1969). 
Si is normally combined in silicates but also occurs as 
sinoite (Andersen et al. 1964) and, rarely, in solid solution 
in the metal phase. Ringwood (1961) considered that the 
hexahedrites and the enstatite achondrites were compli
mentary differentiates from the enstatite chondrites and 
that silicon consequently might be present in the hexahe
drites. However, this is not the case ; the kamacite phase of 
Sikhote-Alin contains less than 0.001 % Si (Yavnel, in 
Fesenkov& Krinov, 1963), and Wai& Wasson (1969) 
found less than 30 ppm Si in the metal of a series of iron 
meteorites. Silicon is thus only present in the silicate 
inclusions of iron meteorites. There are, however, a few 
anomalous, highly reduced iron meteorites. Horse Creek 
(page 661) has a kamacitic matrix with about 4% Ni and 
2.5% Si, in which precipitates of a nickel silicide are 
abundantly scattered. Tucson and Nedagolla are other 
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Figure 89. The frequency of distribution of phosphorus content in 
iron me teorites, plotted at 0.05 % P intervals. Meteorites with 
0 .15-0.25% P are most common, while bulk phosphorus contents 
above 1% are rare. 


anomalous irons with Si in solid solution in the metal 
phase, 0.8% and 0.14% Si, respectively. 


Phosphorus (15). Phosphorus atoms are 160 times less 
abundant than iron atoms on a cosmic basis. P in stone 
meteorites ranges from 0.01 in Norton County to about 
0.25% in some chondrites with the bulk of the values lying 
between 0.1 and 0.2% (Wiik 1969). P occurs mainly as 
phosphates, such as apatite , whitlockite, brianite and others 
(Fuchs 1969). 


In iron meteorites it ranges from 0.01 -0.02% (Santiago 
Papasquiaro, Arlington, Nedagolla, nickel-poor members of 
IVA) to about 2% (Bellsbank, Tombigbee River, Soper). 
Phosphorus-poor irons have P in solid solution, up to 
0.05..0.1%, depending on the cooling rate. Phosphorus-rich 
irons display schreibersite and rhabdites, (Fe,Ni ,CohP, in 
varying amounts. In addition, phosphates are present in 
several members of group IIIA-IIIB (e.g., Cape York, Grant , 
Chupaderos, Bella Roca) and in Dayton. It appears that 
phosphates are also present as accessories in some group I 
irons, particularly in association with the troilite inclusions. 
When P is plotted against Ni on logarithmic scales (See 
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Figure 90. A more detailed plot of phosphorus versus nickel than F igure 81. For a given Ni content a meteorite in group IIIA-IIIB will have 
about four times the phosphorus content of a group IVA iron. 


Figure 81 ), strong positive correlations are observed in the 
groups IIA-IIB, IIIA-IIIB, IV A and IVB. Group I alone is 
remarkable by the absence of any correlation, a fact which 
is also observed for many other plots of elements (e.g., As, 
Au, Ir, Pt) versus nickel. For a given Ni content, a meteorite 
in group IIIA-IIIB will have about four times the phos
phorus content of a group IV A member. See Figure 90. 


Detailed examinations of the phosphorus partition between 
kamacite and taenite have been presented by Reed (1965a, 
b; 1967; 1969). 


Sulfur (16) . Sulfur is only slightly less abundant than iron 
on a cosmic scale. It appears to be omnipresent in 
meteorites. For stone meteorites Wiik ( 1969) found a range 
from 0.25 (Frankfort , achondrite) to 6.7% (Ivuna, carbon
aceous chondrite), the variation probably mainly caused by 
the varying abundance of the major mineral troilite , FeS. 
Ramdohr (1963a) found troilite to be present in all of the . 
135 stone meteorites he examined. Other sulfides are 
daubreelite , oldhamite and pentlandite. 


In iron meteorites the sulfur content is usually under
estimated , as it was in the series of analyses by Smales et al. 
(1967) and Moore et al. (1969). Their sampling technique 
did not allow visible inclusions in the material to be 
included. Values of 10-100 ppm may, therefore, be inter
preted as the sum of sulfur present in microscopic 
inclusions (10-1 00 J1 daubreelite and troilite grains) and in 
solid solution in the nickel iron. For a true bulk value, it is 
necessary either to dissolve several hundred grams of the 
meteorite or - better still - to resort to planimetry. In the 
descriptive part of the book I have shown that sulfur is 
much more abundant than would appear from the normal 
wet chemical analyses, values of 0.2-1'% being quite com
mon, and cases above 1% (Cape York) not infrequent. In 
Soroti, Mundrabilla, Santa Catharina and others, the sulfur 
content is very much higher. See Table 30. 


Most remarkable is the absence of troilite in Tucson 
and Nedagolla. Instead, Tucson has a minor accessory 
brezinaite, Cr 3 S4 (Bunch & Fuchs 1969), and Nedagolla 
has daubreelite , FeCr2 S4 , an otherwise very common 
mineral in irons. 
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Figure 91. Cape York (Agpalilik, Copenhagen no. 1967, 410). The 
large section parallel to (1 00)-y revealed a number of oriented, 
sausage-shaped troilite inclusions (black). Planimetry of several 
square meters yielded an average of 1.3% Sin the meteorite. Etched. 
Scale bar 50 mm. 


Chlorine (17). The cosmic abundance of chlorine is not 
very well known (approximately 10 times scarcer than 
iron), and the data on meteorites are somewhat conflicting. 
Some of the best values are those of Goles et al. (1967) 
who studied Cl, Br and I, and found a range of 40 to 
800 ppm for chlorine, the highest values occurring in C2 
carbonaceous chondrites. In the iron meteorites Odessa and 
Sardis they found a range of 24 to 82 ppm. Numerous 
analysts have reported still more chlorine in iron meteor
ites, in fact up to several percent. In the present work 
I have noted that such determinations were always on 
finds, i.e., weathered material, exposed for countless 
generations to ground water. The analytical values are no 
doubt high due to chloride ions that have penetrated along 
grain boundaries in the weathering meteorite. Berkey & 
Fisher (1967) have, in fact, presented some chlorine 
analyses that can be interpreted in this way. Presumably the 
chlorine content in irons is below 1 ppm, the excess in the 
presented analyses being due to contamination. It is 
recommended that this problem be solved by the accurate 
analysis of new iron meteorite falls, the interiors of which 
should be sampled. The supposed chlorine mineral law
rencite, FeCh, (Daubn!e 1877c; Mason 1962a: 60; Strunz 
1970: 157) appears to be a cosmic ghost that has never 
been adequately defined in iron meteorites and probably 
does not exist (Buchwald 1971c). In the present work I 
have searched for it, particularly in the meteorites in which 
it allegedly occurred, but I have never found anything 
except rust stains due to terrestrial chloride in near-surface 
cracks and limonitic veins. 
Potassium (19) and calcium (20). These elements are im
portant in stone meteorites but only occur on a low and 
somewhat unknown level in iron meteorites. With potas
sium and calcium one has to be careful, as with chlorine, 
because in fmds substantial amounts may have been 
introduced along cracks and grain boundaries from ground 
water. The elements occur (i) as primordial substitutional 


atoms in compounds of mainly silicates and phosphates, or 
segregated to the metallic grain boundaries; or (ii) they are 
to be found as lattice atoms produced by cosmic irradia
tion. The accurate method by Voshage (1967) for cosmic 
ray age determinations of iron meteorites is based upon the 
separate determination by mass spectroscopy of about 
10-9 g/g of the spallation-produced isotopes ~. 40J( and 
41K. See page 141 . 


Titanium (22) and vanadium (23). These elements are 
apparently lithophile since they occur on the 50-500 ppm 
level in stone meteorites (Wiik 1969) but on a 100 times 
lower level in iron meteorites. Small amounts of Ti and V 
are present in the chromite inclusions of iron meteorites, 
substituting for Cr (Bunch & Keil 1969). 
Chromium (24). Chromium atoms are about 40 times less 
abundant than iron on a cosmic basis. Chromium is a 
lithophile element and the Cr content of stone meteorites is 
remarkably constant, showing a range of only 0.2-0.9% in 
100 meteorites (Wiik 1969). In iron meteorites the "aver
age" concentration is about 100 times lower, but the range 
is from < 5 ppm (Tombigbee River, Santa Catharina) to 
2500 ppm (0.25%, Tucson, Nedagolla). See, e.g., Smales 
et al. 1967. Some Cr (< 5 ppm) may be present in solid 
solution in the metallic matrix, while a significant portion 
occurs bound in carlsbergite CrN, daubreelite FeCr2 S4 , and 
chromite FeCr2 0 4 , all of which are common accessory 
minerals in the iron meteorites. 


It is remarkable that the anomalous irons, Nedagolla 
and Tucson, combine high Cr content with low S content 
and absence of troilite. In Tucson, the rare sulfide 
brezinaite Cr3 S4 occurs. Apparently then, chromium is 
generally lithophile in character but also shows chalcophile 
behavior in the various sulfides. Under circumstances when 
Si, Sand 0 are low, Cr may enter into solid solution in the 
metal or form carbides, thus showing a siderophile trend. 


On a logarithmic plot of Cr versus Ni there is a negative 
correlation within groups IIA-IIB, IIIA-IIIB and IV A. The 
curves (not shown) are similar to those of an Ir-Ni plot (See 
Figure 92) but with Cr on an approximately 10 times 
higher level. 


Manganese (25). Mn is on a cosmic basis only slightly less 
abundant than chromium. Like chromium, it is lithophile 
and shows a very small range, 0.12-0.43%, in 100 stone 
meteorites (Wiik 1969). In iron meteorites it plays a very 
insignificant role and is rarely determined. Kaye & Cressy 
(1965) analyzed the exceedingly small quantities of Mn in 
Ider and gave an improved estimate of the half life of the 
5~n nuclide: (1.9±0.5) X 106 years. Mn, a lithophile 
element, mainly occurs in combined form, in phosphates 
(sarcopside, graftonite) and in chromite, where it occurs 
substitutional for Fe II. In the Sikhote-Alin kamacite and 
schreibersite phases less than 10 ppm Mn was reported, 
while troilite contained 230-290 ppm (Yavnel, in Fesenkov 
& Krinov 1963 :351). Bauer & Schaudy (1970) reported a 
range of 9.8-22 ppm Mn for 21 iron meteorites, represent
ing the most important chemical groups and also including 







Table 30. Total Sulfur Content of Selected Iron Meteorites 


Estim ated on basis of planimetry of large sections. 


Name 


Gro up I Bogou 
Burkett 
Canyon Diablo 
Glad sto ne 
Odessa 
T oluca 
Wichita County 
Yo und egin 


Group f.Anom Bendego 
Mert zon 
Persimmon Cree k 
Pitt s 
San Cri stobal 


Gro up IIA Bog uslavka 


Gro up liB 


G ro up IIC 


Gro up liD 


Gro up IliA 


Gro up IIIB 


G ro up IVA 


G ro up IVB 


Anomalo us 


Brauna u 
Bruno 
Cali co Rock 
Keen Mo unta in 
No rth Chile 


Ainswo rth 
Sik hote·Aiin 


Ballinoo 


Carbo 
Wall apa i 


Ange li ca 
Cape Yo rk 
Casas G ran des 
Costilla Pea k 
Cum pas 
Dalto n 
Youanmi 
Tamarugal 


Apoala 
Augustinovka 
Bea r Creek 
Bella Roca 
Chupaderos 
G rant 
Joe Wright Mt. 
Wo nyulgunna 


Alto nah 
G ibeon 
Yanhuitlan 


Ca pe o f Good Ho pe 
Hob a 
Tlacotepec 


Arltunga 
Barranca Blanca 
Butle r 
Cambria 
Chihuahua City 


De Hoek 


La Primitiva 
Mundrabilla 
Nedogo lla, T ucso n , 


Washington Co. 
N'Goureyma 
Rafr uti 
Santa Catharina 
Santa Rosa 
Soroti 
Wate rville 
Zaca tecas (1 792) 


Class 


Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 


Og 
Om 
Opl 
Of 
D 


H 
H 
H 
H 
H 
H 


Ogg 
Ogg 


Opl 


O f 
or 


Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 


Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 


O f 
Of 
Of 


D 
D 
D 


D 
A no m 
Opl 
Of 
A nom 
A no m 


H 
A nom 


A no m 
A nom 
D 
A no m 
A nom 
Off 
A no m 
A nom 


Weight % 


2.0 
0 .17 
1.0 
1.1 
0 .5 
0 .7 
1.2 
0.4 


0.3 
1.4 
3.0 
5 .0 
3.0 


0 .1 
0.08 
0 .18 
0.1 5 
0 .3 
0 .1 


0.14 
0 .3 


0 .3 


0.5 
< 0.1 


0.4 
1.3 
0 .1 
0 .2 
0 .35 
0 .3 
0.5 
0 .1 


0~ 


09 
2D 
2D 
1.4 
0~ 


0~ 


ID 


0 .5 
0 .1 
0 .04 


0 .02 
O.Q3 
0.05 


0 .02 
0 .9 
0.3 5 
1.8 
0.25 
1.2 


0.2 
8 


< 0 .05 
0 .6 
0 .1 
1.8 
0.3 
12 
3.0 
0.5 
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several anomalous irons. Manganese evidently shows very 
little group specificity. 


Iron (26), cobalt (27), nickel (28). See above, page 76. 
Copper (29). Copper atoms are about 1500 times less 
abundant than iron atoms on a cosmic basis. In both stone 
and iron meteorites the range is quite limited. Wiik ( I969) 
found 50420 ppm in 25 stones, and Smales et al. (I967) 
and Moore et al. (I969) found I-1000 ppm in about ISO 
iron meteorites. While the common chemical groups I, 
IIA-IIB, IIIA-IIIB and IVA show very little, if any, 
differentiation and all have 100-200 ppm Cu, it is remark
able that IVB (e.g., Hoba) is very low in Cu, having less 
than 10 ppm. Some anomalous meteorites particularly of 
group I-An, have a rather high Cu content. In stones, Cu 
often occurs as native grains, 5-1011 across (Ramdohr 
1963a, b; Koritnig I964); in irons, the copper is in solid 
solution in kamacite and troilite, or occasionally forms 
grains of native copper adjacent to troilite (Morito, Cape 
York, Toluca), or forms djerfisherite and chalcopyrrhotite. 
Zinc (30) . On a cosmic scale Zn atoms are about I04 less 
abundant than iron. In 44 stone meteorites Wiik (1969) 
found a range of 4-370 ppm, the highest values occurring in 
carbonaceous chondrites. Iron meteorites are low in Zn; in 
one-half of 67 examined Smales et al. (1967) found less 
than I ppm, and maximum values of 2040 ppm occurred 
only in coarse octahedrites of group I. Similar results, but 
deviating in detail, were reached by Nishimura & Sandell 
(1964), Nava (I968) , Rosman (I972), and Rosman & 
De Laeter (I974) . Zn occurs in combined form as tiny 
sphalerite grains, particularly in group I, and it substitutes 
for Fe in chromite, troilite, and probably daubreelite and 
phosphates. It may be estimated that less than I 0 ppm is in 
solid solution in the metal. 


Gallium (31). On a cosmic scale Ga atoms are about 7.5X 
104 less abundant than iron atoms. In carbonaceous 
chondrites the range is 6-14 ppm Ga, in other stones 
4-22 ppm (Wasson, personal communication). Ga ranges in 
iron meteorites from 0.05 to IOO ppm and is of particular 
interest because the concentration range is much smaller, 
generally less than a factor 2 (See Table 27 ) within any 
group of irons which are genetically related. Gallium 
minerals have not been reported; Ga appears to be 
siderophile and in solid solution in the metallic phases and 
in chromite. Nichiporuk (I 958) found Ga to be enriched in 
taenite , relative to kamacite. The extensive works by 
Goldberg et al. (I95I), Lovering et al. (I957), Cobb 
(1967), Wasson & co-workers (1967 and following years), 
and Smales et al. (1967) are quoted in numerous places in 
this work and should be consulted for more details. The 
isotopic composition of gallium in meteorites and terrestrial 
samples has been studied by De Laeter (I972a). 


Germanium (32). Germanium atoms are about 1.2 X 105 


less abundant than iron atoms on a cosmic basis. In stone 
meteorites Ge shows a small range from about 4 to 50 ppm 
(Fouche & Smales I967) , but in iron meteorites strong 
fractionation must have occurred since the observed range 
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is from 0.005 (Nedagolla) to 2000 ppm (Butler), a factor of 
4 X 105 . Within structurally and otherwise chemically 
related irons the Ge concentration range is narrow (See 
Table 27 ), a fact which has enabled Wasson & co-workers 
to refine the chemical classification greatly. See page 71. 
Ge is found almost exclusively in the kamacite and taenite 
phases, and it is usually concentrated by factors of 1.54 in 
the taenite phase (Goldstein 1967). Ge is a siderophile 
element, and chromite, schreibersite and troilite appear to 
be depleted (at least) 4 times relative to kamacite (Yavnel, 
in Fesenkov & Krinov 1963: 351). For references, compare 
Gallium. 
Arsenic (33). The cosmic abundance is about 6.6 arsenic 
atoms per 106 iron atoms. The geochemical behavior of the 
element is perhaps best demonstrated by the distribution 
pattern noted by Onishi & Sandell (1955) when they 
analyzed separate metal, sulfide and silicate portions of 
seven group H and seven group L chondrites. While the bulk 
values showed a very small range of 0.94.0 ppm, the metal, 
sulfide and silicate portions contained 12, 10 and 0.3 ppm 
As, respectively. In iron meteorites the range of arsenic is 
0.43-31 ppm (Cobb 1967 ; Smales et al. 1967). In groups I 
and IIA the arsenic content is rather constant, at 12±2 ppm 
and 4.5±1 ppm, respectively. In group IIIA-IIIB, however, 
there is a strong positive correlation with nickel, from 
3 ppm As at 7.5% Ni (Henbury) to 16.5 ppm As at 
10.2% Ni (Sams Valley). Similarly, within group IV A there 
is a strong positive correlation, from 1.8 ppm As at 7.5% Ni 
(Obernkirchen) to 10.0 ppm As at 9.23% Ni (Smithland). 
There are too few published data to determine the behavior 
within other resolved chemical groups, but the highest 
values reported (26.3 and 30.7 ppm) occur in the very 
nickel-rich meteorites San Cristobal and Santa Catharina. 


Niobium (41). On a cosmic scale niobium is about 106 


times less abundant than iron. Very little information is 
available regarding its behavior in meteorites, but it appears 
to be lithophile and chalcophile, rather than siderophile. 
Rankama (1948) who examined five stone meteorites, three 
iron meteorites and a pallasite found a range from 
<0.002 ppm Nb (Plainview, H5) to 1 ppm Nb (Lake 
Labyrinth, LL6). The iron meteorites Casas Grandes and 
Kyancutta (both of Group IliA) showed <0.03 and 
< 0.003 ppm Nb , respectively, while Coolac (group I) 
showed < 0.02 ppm. The niobium concentration in troilite 
was reported to be < 20 ppm, suggesting an enrichment 
factor in troilite of about 1000 relative to the metallic 
phases. 


Molybdenum (42). On a cosmic scale molybdenum is 
about 2 X 105 times less abundant than iron. It shows a 
remarkable constancy in iron meteorites, ranging only from 
2.2 to 25 ppm, and with most values between 5 and 9 ppm 
in 67 samples (Smales eta!. 1967). It probably mainly 
occurs in solid solution in the metal phases. 


Antimony (51). The cosmic abundance is about 0.3 anti
mony atoms per 106 iron atoms. Antimony is about 
equally lithophile and siderophile in geochemical behavior, 


although the latter may predominate. It shows a range of 
0.03-0.3 ppm in stone meteorites (Fouche & Smales 1967; 
Tanner & Ehmann 1967) , and a range of 0.003-2.2 ppm in 
iron meteorites (Smales et al. 1967). As pointed out by the 
latter authors , there is a strong correlation between arsenic 
and antimony and between arsenic and palladium. In 
groups I and IIA the antimony content is remarkably 
constant, at 0.38±0.10 ppm and 0.05±0.01 ppm, respec
tively. In group IIIA-IIIB there is , however , a strong 
positive correlation between nickel and antimony, ranging 
from 0.03 ppm Sb at 7.5% Ni (Henbury) to 0.15 ppm Sb at 
10.2% Ni (Sams Valley) . Also in group IV A this positive 
correlation may be present , but there are too few published 
data and the concentrations in group IVA (<0.012 ppm) 
are near the limit of detection. It is noteworthy that the 
As/Sb ratios vary considerably, yet are rather constant 
within each group : about 30 in group I; about 100 in 
groups IIA, IliA and IIIB; and about 500 in group IV A. 


Tungst en (74) . According to references in Mason 
(1962a: 178) W appears to be entirely siderophile in 
meteorites, and its amount in any meteorite is directly 
related to its nickel-iron content. Average contents of stone 
meteorites are about 0.14 ppm; for eight irons a range of 
0.76 to 2.6 ppm is reported. 


Iridium (77). Like germanium, Ir shows a small range 
(0.18-1.3 ppm) in stone meteorites but a large range in 
irons (0.007-60 ppm; Table 27). Cobb (1967) presented an 
initial series of analyses of iron meteorites , and Wasson 
(1968) , Schaudy et al. (1972) , Scott et al. (1973) presented 
a large number and rationalized the interpretation, greatly 
facilitating the definition of resolved chemical groups. 
Within each group , with the exception of group I, Ir varies 
systematically with Ni , especially smooth negative correla
tions being visible in groups IIIA-IIIB and IIA-IIB, liD, 
IIIA-IIIB and IVA (Figure 92). In group I , Iris remarkably 
constant at 1-5 ppm. 


Platinum (78) . Attempts to determine platinum , a trace 
element in iron meteorites, were made at an early stage by 
assayers on such iron meteorites as Delegate, Bingera 
(Mingaye 1916; 1921), Weaver Mountains, Tlacotepec, 
Arispe and Canyon Diablo (Hawley 1939). Improved results 
are now available (Baedecker & Ehmann 1965 ; Nichiporuk 
& Brown 1965) showing a range of 0.5 (Tazewell) to 
30 ppm (Indian Valley). Recently, Crocket (1972) deter
mined platinum, iridium, gold, osmium and ruthenium in a 
series of iron meteorites. Seven group I meteorites had 
9±2 ppm Pt with no Ni-Pt correlation. Six group IIIA-IIIB 
irons showed strong negative correlation as in the Ir-Ni plot 
(Figure 92); and five group IVA irons showed a similar 
correlation, except Gibeon which plotted off the line. It 
also appears that there is a strong negative correlation in 
group IIA-IIB. 


Gold (79). The cosmic abundance is about 0.2 gold atoms 
per 106 iron atoms. Gold is strongly siderophile and when 
present in the stone meteorites may be assumed to be 
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Figure 92. Log-log plot of iridium versus nickel for the resolved chemical groups. (Data mainly from Wasson and co-workers.) 


almost entirely in solid solution in the metallic inclusions. 
Concentration ranges for stones are about 0.1-0.3 ppm. For 
iron meteorites extensive series of analyses have been 
carried out, by Goldberg et al. (1951), Fouche & Smales 
(1966), Cobb (1967) , Linn & Moore (1967) , Bauer & 
Schaudy (1970) and Crocket (1972) covering over 100 iron 
meteorites. Au ranges from 0.05 ppm (group IVB) to over 
4 ppm (some anomalous irons). If Au is plotted against Ni, 
smooth variations occur within the groups IIA-IIB, 
IIIA-IIIB, IIIC and IV A with positive correlation coeffi
cients as for the P-Ni plot (Figure 81). 
Lead (82). Lead atoms are on a cosmic basis about 106 


times less abundant than iron atoms, and since it is 
chalcophile - or rather immiscible with iron, - it is not 
expected to be present in iron meteorites, except at a low 
level and then chiefly in the troilite. Patterson (1956) and 
Starik et al. (1960; 1961) thus reported a range of 
0.02-0.40 ppm in the metal and 1-8 ppm in the troilite. The 
lowest concentrations - 0.03 ppm in metal and 1.0 ppm in 
troilite - were found in Sikhote-Alin, a fall. Discrepancies 
in data for the meteorite finds may be due to terrestrial 
contamination during weathering as pointed out by Anders 
(1962). 


Uranium (92). The uranium content of meteorites is of 
particular interest because it enables us to estimate the 
solidification age of the meteorite; i.e. , the time that has 
elapsed since the parent material last underwent extensive 
melting. Unfortunately, the analytical difficulties are so 
great that few reliable data exist for iron meteorites in 
which the maximum U concentration appears to be 0.3 ppb 
(3 X 10-10 g/g) and usually is 10-100 times lower (Reed & 
Turkevich 1957). Goles & Anders (1962) found a very 
small range of 8-28 ppb in 12 chondrites, a result which was 
supported by Morgan & Lovering (1967) who found 
8-24 ppb in ten carbonaceous chondrites. These authors 
estimate a cosmic abundance of about 0.6 U-atom per 
106 Si (or Fe) atoms. Levsky (pers. comm. 1974) found 
0.4 ppb and < 0.05 ppb U in troilite inclusions of Sikhote
Alin and Cape York, respectively . 


Concluding Remarks 


The elements selected for presentation under the 
individual descriptions in the following volumes are Ni, Co, 
P, C, S, Cr, Cu, Zn, Ga, Ge, Irand Pt. The analytical results 
are derived from various sources, but a large proportion 
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come from Wasson (1967, etc; and personal communica
tions), Moore and co-workers (1969 etc.), Smales eta!. 
(1967), Moss (in Hey 1966), Lovering eta!. (1957 and 
Goldberg et al. (1951). About 20 are from the author's own 
laboratory where troilite, schreibersite, graphite and 
cohenite were also often measured by planimetry of 
representative sections in order to arrive at good bulk values 
for S, P and C. 


Numerous old analyses exist; those by J. Lawrence 
Smith, Whitfield, Cohen, Weinschenck, Sjostrom, Fahren
horst, Eakins and Hawley are usually of good quality and 
have been accepted if no other analyses were available. 
However, those by Shannon, Tassin, Nichols, Gonyer and 
several others were usually of inferior quality and have been 
rejected here . For the evaluation, the author has mainly 
used macro- and microstructural criteria in association with 
electron microprobe work. 


The 12 elements selected are believed to be of 
considerable value, serving as "fingerprints" in the identifi
cation of individual meteorites./ t is recommended that any 
iron meteorite always be analyzed for Ni and P. These two 
major elements, together with the structure, are in 90% of 
all cases sufficient to classify the meteorite. Since C and S 
are also of primary significance for the development of the 
structure, they should be analyzed next, and the determina
tion should be supported by planimetry of representative 
sections. Co, Cu and Zn, which are usually rather constant 
are perhaps the least informative or useful of the elements 
selected . Cr is included because a metallurgist acquainted 
with steels and stainless steels will always want to know to 
what extent the iron-nickel meteorites are influenced by 
chromium. As it is, Cr is generally on such a low level that 
it only occasionally influences the structure. Ga, Ge and 1r 
- and to a minor degree Pt - are invaluable, since they 
serve to identify and classify the meteorite unambiguously. 
However, they usually require refined neutron activation 


Table 31. The "Average" Iron Meteorite* 


pt"rcentage (weight) 


fe(26) Ni(18J Co(27) C(6) P(IS) Sfi6J 


90.6 7 9 0 .5 0.04 0.2 0.7 


ppm (weight) 


N(7J Mgt1 2J A l(l 3) Si( l4) Cl(l7) Ti(22) V(23J Crf 24J Mn( 2SJ Cu(29) 


so 10 0.5 so 150 


ppm(weighl) 


Zn(30) Ga(31) Ge(32) Aloo(33) Nb(41J Mo(41J Pd(46) Ag(47) Cd(48) 


so ISO <0 .03 0 .03 0.005 


ppm (weight ) 


Sb(Sl) W(74J h(77) Pt(78) Au(79) Pbi82) Th(90) U(92J 


0 .05 10 ) 0 .2 0 .0000 1 0 .00003 


*Bulk values, including troilite , schreibersite and other meteoritic 
minerals. 


analysis. They are present on such low levels that they 
apparently do not influence the structure. The remaining 
elements, other than the 12 selected, are, in iron meteor
ites, present on the ppm or even ppb level. They usually 
add up to less than 100 ppm, or 0.01%. They are normally 
not reported at all in the handbook section, although they 
are known quantitatively in a significant number of iron 
meteorites. The interested reader should be able to find the 
relevant literature, either on basis of the preceding para
graphs or from consultation of modern compilations, in, 
e.g., Wedepohl (1969) and Mason (1971). 


To conclude the survey of the chemical elements, the 
author would like to present an estimate of the composi
tion of the "average" iron meteorite. As noted above, any 
"average" is dependent on many assumptions not easily 
weighed against each other. The "average iron meteorite" 
described above can be called the intuitive result based 
upon the acquaintance with a large number of iron 
meteorites, and it is difficult to maintain that it is based on 
strictly scientific calculations. The composition is close to 
that of Cape York, the average iron meteorite par excel
lence (Table 31). 












CHAPTER NINE 


The Minerals and Structural Components of Iron Meteorites 


The major minerals of the irons were recognized quite 
early. Thus when Rose (1864a) classified and described the 
Berlin meteorite collection, he was able to discuss the 
following minerals in some detail: kamacite, taenite, graph
ite , schreibersite, rhabdite (named by him), chromite, 
troilite and olivine. In Table 3 2 all the minerals presently 
described from iron meteorites and their silicate inclusions 
are listed. For further information the reader is referred to 
Cohen (1894 ; 1905), Perry (1944), Krinov (1960a), Mason 
(1962a; 1967a), Ramdohr (1966), Wood (1967) and Keil 
(1969) . In these papers numerous other meteoritic minerals 
so far only identified in stone meteorites are also treated. A 
total of about 60 meteoritic minerals are known out of 
which about 20 are not known as terrestrial minerals . 
Furthermore, two dozen secondary minerals produced by 
terrestrial weathering of the meteorites are known (White 
eta!. 1967; Mason 1967a; Yudin 1970). Only a few, such as 
goethite, a-FeOOH; maghemite , -y-Fe 2 0 3 ; and pentlandite , 
(Fe,Nih S8 , occur abundantly, the others are usually only 
present as traces or as the result of special circumstances. In 
the present work all terrestrial iron oxides are covered 
under the general terms "rust" or "limonite," because no 
further attempt was made to identify the corrosion 
products. Figures 93-95 show some typical corrosive effects 
on iron meteorites. 


Comments on the primary major minerals and on a few 
accessories follow. 


Kamacite. Ferri tic iron with up to 7.5% Ni in solid solution 
is, when it occurs as a meteoritic mineral, called kamacite. 


Figure 93. Corroded kamacite phase with rhabdite inclusions (white 
squares). Typical near-surface attack on hexahedrites and coarse 
octahcdrites . Weathering has selectively attacked the nickel- and 
phosphorus.<Jepleted ferrite adjacent to the phosphides. Polished. 
Scale bar 50 !'-


Figure 94. Corroded kamacite phase adjacent to taenite. The 
kama cite spindles of the plessite interior are also selectively 
converted to "limonite." Typical near-surface attack on octahe
drites. Polished. Scale bar 50 IL· 


The word comes from Greek kamas - i.e., bar, - and 
was proposed by Reichenbach (1861) to cover one of the 
three components in the "Trias," kamacite, taenite and 
plessite. The ferritic phase was thus recognized in iron 
meteorites before ferrite was identified as a component of 
steel. 


The nickel is in solid solution in the kamacite, 
substituting for iron atoms in the body centered cubic 
lattice. Kama cite of hexahedrites contains 5.0-5.5% Ni, but 
anomalous hexahedrites may contain somewhat less, e.g., 
4% in Tombigbee River. Kamacite of octahedrites contains 
5.5-7.5% Ni, with a systematic variation of nickel with 
bandwidth (Figures 95A, 189A, 189B). Phosphorus atoms 
occur substitutionally for iron and nickel atoms in kama
cite, usually up to about 0.06 weight % P. The distribution 
of Ni and P within individual kamacite lamellae has been 
thoroughly examined by Yavnel (1962) , Massalski & Park 
(1962), Agrell et al. (1963) , Wood (1964 ; 1967), Short & 
Andersen (1965) , Goldstein (1965) and Reed 
(1967a, b ; 1969). It has been found that the normal slowly 
cooled kamacite bands in octahedrites display a narrow 
Agrell depletion in Ni (a 1% dip) at the kamacite-taenite 
interface , and a broad (0.5%) dip in Ni content at the 
center of the bands . 


In special circumstances the kamacite may be more 
depleted in nickel. When cohenite, with 1.5% Ni and 
6.7% C, decomposes on cosmic annealing, the resultant 
structure displays kamacite with only 1.5% Ni and inter-
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Name 


Kamacite' 
Taenite 2 


Graphite 
Diamond 


*Lonsdaleite 
Copper 
Cohenite' 


*Haxonite 
•c~ rlsbergite 
*Schreibersite, rhabdite 


Troilite3 


Mackin~wite 


Sphalerite 
*Brezinaite 
*Daubreelite 
*Djerfisherite 
oChalco pyrite 
oPentlandite 


*Perryite 


Chalcopyrrho titc 
Ferromagnesian alabandite 


Cristobalitc 


Trid ymite 


Rutile 


Ilmenite 
Magnetite 


Wiistite 


Chromitc 


Merrilite = whitlockite 
Grafto nite 
Sarcopside 


*Panethite 
*Brianite 
*Farringtonite 


Chlo rapatite 


Zircon 


*Kosmochlor = ureyite 


*Krinovite 
*Yagiite 


Richterite, an amphibole 
Olivine 


x = 0 for sterite; x = I fayalite 


Orthopyroxenes4 


x < 0.12 ensta tite ; 
0 .12 < x < 0.3 bronzite; 
x > 0.3 hypersthene 


Clino pyroxenes, including 
augite, pigeonite , dio pside etc. 


Plagioclase fe ldspars, albite 
anorthite 


Table 32. Minerals of Unweathered Iron Meteorites 


Formula 


<> - Fe(Ni), Ni < 7.5% 
'Y - Fe(Ni), Ni > 25% 
c 
c 
c 
Cu 
(Fe,Ni) 3C 


(F e,N i)23C6 


CrN 
(Fe.,Nil 3P 


l'eS 
FeS 


ZnS 
Cr,S, 
FeCr,S, 
K,CuFe12S ,4 


cures, 
(Fe,Ni),S, 


Ni ,Si,? 


CuFe,S, 
(Fe0 . 2Mg0 _3 Mn0 . 5)S 


SiO, 


SiO, 


TiO, 


FeTiO, 
Fe,O, 


FeCr,O, 


Ca,(PO,), 
(Fe,Mn),(PO,), 
(Fe,Mn),(PO,), 
Na,Mg,(PO,), 
Na2MgCa(PO,) , 
(Mg,Fe), (PO,), 


Ca,(P0,)3CI 


ZrSi04 


NaCrSi, 0 6 


NaMg,CrSi, 0, 0 


(Na,Kl, .5Mg,(AI,Mg,l'e),(AI,Si, 00 30) 


Na,Ca(Mg,l'e),Si,O,(OH,F), 
(Mg 1_xl'exlSiO, 


(Ca,Mg,Fe)Si0 3 


NaA1Si30 8 


CaAI,Si,O, 


Structure 


body-centered cubic 
fa ce-centered cubi c 
hexagonal 
cubic 
hexagonal 
f. c. c. 
rhombic 


cubic 
cubic 
te tragonal 


hexagonal 
tetragonal 


cubic 
monoclinic 
cubic 
cubic 
te tra~ona l 


cubi c 


hexagonal ? 


o rtho rhombic 
cubi c 


tetragona l 2JOo C cubic 


monoclinic 120° C hexagonal 


tetragonal 


hexagonal 
cubic 


cubi c 


cubic 


hexagonal 
monoclinic 
mono clinic 
mono clinic 
monoclinic 
mono clinic 


te tragonal 


monoclinic 


mo no clinic 
hexagonal 
monoclinic 
orthorhombic 


isomorpho us group 


ortho rho mbic 
isomorpho us 
group 


monoclinic 
isomorpho us gro up 


triclinic 
isomorphous group 
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In iron meteorites only in the 
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Magnetite in carbonaceous 
chondrites: Jedwab 1967; 1971 
Rose 1864a: 39; Cohen 
1894: 244; Derby 1896 
Fuchs 1962 
Olsen & Fredriksson 1966 
Olsen & Fredriksson 1966 
Fuchsetal. 1967 
l'uchs et al. 196 7 
Bild 1973 (persona l communica
tion). 
Fuchs & O lsen 1965; 
Marsha ll & Keil 1965 
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Marvin & Klein 1964 
Laspeyres 1897; Fronde! & 
Klein 1965 ; Neuhaus 1 96 7 
Olsen & Fuchs 1968 
Bunch & Fuchs 1969 
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Stromeyer 1824 ; Rose 1864a; 
Cohen 1894 : 249;Keil& 
Fred riksson 1964 
Derby 1896; Cohen 1894: 268; 
Marshall & Keil 1965; 
Mason 1968; Bunch et al. 1970 


Same as for orthopyroxenes 


Cohen 1894 : 301 ; Laspeyres 
1895 ; Mason 1965; Bunch et al. 
1970. Maskelynite is shock
produced plagioclase glass. 


I) Kamacite and cohenite are extremely rare as terrestrial minerals, having been reported from Ovifak , Greenland (LOfq uist & Benedicks 
1941), from Biihl, Germany, and a few other places (Gmelin 1929: 141). They are deficient in nickel compared to the meteoritic 
occurrences. 


2) Taenite with 25-50% Ni is apparently unknown as a terrestrial mineral. Awaruite Ni3Fe, ho wever, is well known (Nickel 1959). 


3) Terrestrial pyrrhotites, Fe(-xS, with stoichiometric composition have been reported, though these are rare (Deer et al. 1967: 145). 


4) Deer et al. 1967. 


* Not known to occur in terrestrial rocks. 
o Probably in iron meteorites mainly (only ?) as secondary minerals from terrestrial weathering. 
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Figure 95. Tlacotepec (Copenhagen no. 1968, 338). Corroded 
kamacitc phase. In near-surface areas of ataxites the scattered 
a-spindles and the fine-£rained kamacite of the duplex plessite 
matrix are selectively corroded. Polished. Scale bar 20 J.l.. 
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Figure 95A. Average Ni concentration in kamacite versus the 
average halfwidth of kamacite for several meteorites. (The Breece 
sample is a portion of the Grant meteorite). (From Goldstein 1967.) 


calated 10 fJ. wide graphite lamellae. See, e.g., Wichita 
County, Oscuro Mountains and Dungannon. This indicates 
that the annealing took place at relatively low temperatures 
(< 500° C) so that Ni was not able to diffuse and 
equilibrate with the adjacent normal 5-7% Ni-kamacite. 


Swathing kamacite is the name given to the rimming 
kamacite that envelops large troilite, schreibersite, and 
silicate inclusions to varying extents. It is obvious as 
0.5-1.5 mm wide rims around troilite and schreibersite in 


group IliA but in fact occurs in all classes and in widths 
down to a few microns. 


Older theories about the formation of swathing kama
cite involved the rejection of nickel-iron from super
saturated troilite and schreibersite (Perry 1944: 87; Hender
son & Perry 1958: 379) or a complicated formation 
governed by intricate Fe-Ni-P diagram considerations 
(Vogel 1964). There is, however, little doubt that swathing 
kamacite is simply the first kamacite to form from taenite 
during the primary cooling . The solid state transformation 
usually starts around foreign inclusions, such as silicates, 
chromite, troilite and schreibersite, that act as heterogene
ous nuclei. Later, when the temperature has dropped 
perhaps 50-100° C, and the kamacite rims have attained 
some size - depending upon nickel content and cooling 
rate, - the bulk of the taenite will transform homogene-


Figure 96. Smithville (Copenhagen no. 1876, 2244). The kamacite 
in numerous iron meteorites is rich in precipitates. Here, grain 
boundaries, subboundaries and defects of the grain interior have 
become decorated with phosphides. The particles of the interior are 
smallest (< 1 J.1.) and most densely spaced because they formed at 
the lowest temperature. Etched. Scale bar 300 J.l.. 


Figure 97. Wichita County (Copenhagen no. 1905, 1743). Cosmic 
annealing has decomposed the cohenite (white) to columnar ferrite 
grains (gray) and lamellar graphite (black) . The decomposition 
started along microfissures in the cohenite. Etched. Scale bar 100 J.l.. 
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I 


~ 
Figure 98. Bischtiibe (Copenhagen no. 1903, 1362). Swathing 
kamacite around a schreibersite skeleton crystal. The swathing 
kamacite is about twice the width of the Widmanstiitten lamellae. 
Significant grain growth on part of the swathing kamacite has 
occurred later. Etched. Scale bar 3 mm. 


ously to the familiar Widmanstatten structure. The orienta
tion of the swathing kamacite, which may often be 
composed of several grains, is usually unrelated to the 
Widmanstatten structure, which abuts unconformingly 
against it. 


Neumann bands (Neumann 1850; Boggild 1927; Pax
ton 1953; Barrett & Massalski 1966: 407) are mechanical, 
plate-shaped twin lamellae in the kamacite. They occur in 
hexahedrites, octahedrites and eve:1 in ataxites as long as 
there is a coherent kama cite phase of more than 20-50 fJ. in 
width. The Neumann bands are narrow ("'1 p) in precipi
tate-rich kamacite , but reach widths of over 10 fJ. in pure 
kamacite of the same meteorite. They attain lengths of 
several centimeters in hexahedrites. The twin plane is 
{ 211} a so it is possible to have 12 differently oriented 
Neuman bands on an artitrary section plane through a 
single a-crystal. The majority of the Neumann bands are 
preatmospheric; they probably date from cosmic collisions 
which were remote in time and space. An insignificant 
portion may have been caused by the violent atmospheric 
deceleration and are then usually located in the strained 
kamacite immediately around cracks. Contrary to general 
statements, virtually no Neumann bands form upon impact 
with the ground. 


While the Neumann bands were probably formed under 
complex stress-strain conditions when shock waves of less 
than 130 k bar passed through the meteoritic material, 
other structures are caused by heavier shock waves. Smith 
(1958), Heymann eta!. (1965), Lipschutz (1968), and 
others have shown that the peculiar transformations of the 
a-phase that were observed in some meteorites - e.g., by 
Perry (1944), Nininger (1956), Maringer & Manning (1962) 
and Buchwald & Munck (1965) - could be synthesized in 
the laboratory by exposing meteorites to shock pressures 
above 130 k bar. The peculiar crosshatched structure which 


Figure 99. Silver Crown (U.S.N.M. no. 522). Typical Neumann 
bands in a kamacite lamella of a coarse octahedrite. Seven directions 
are clearly visible on this section. Etched. Scale bar 40 !J.. 


bears some resemblance to martensite is attributed to a 
temporary conversion of a-iron to hexagonal E-iron, which 
is the stable iron modification above 130 k bar at room 
temperature. See Figure 104. 


Reheating of the deformed and shock deformed 
kamacite causes stress relief, recovery, polygonization, 
recrystallization and grain growth (Leslie eta!. 1962). The 
precise result will depend upon several factors, the most 
important being the degree of prior deformation, the 
annealing temperature, the Ni and P content of the 
kamacite, the annealing time, the heating rate and the 
number of inclusions. A thorough discussion of the very 
interesting effects will be presented elsewhere, let it suffice 
here to say that the effects are most conveniently followed 
by accurate microhardness measurements and observations 
of the associated structural changes. The structural changes 
may be followed by classical optical microscopy, by 
electron microscopy and by X-ray analysis. A meteorite 


Figure 100. Zerhamra (Copenhagen 1972, 1680). The kamacite 
phase recrystallized in Cosmos and any original Neumann bands 
were wiped out. New Neumann bands formed in limited amounts 
close to fissures that opened during the atmospheric deceleration. 
Etched. Scale bar 300 !J.. 
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Figure 101. Cape York (Copenhagen no. 1967, 410). The figure 
shows two Neumann bands crossing a low angle boundary between 
two ferrite subgrains. Evidence of the high dislocatio n density in the 
matrix is seen on both sides of the boundary. Scale bar 2 J..L. 
T ransmissionelectronmicrograph. 


.. ,/ 
& _ 


Figure 102. Cape York (Copenhagen no. 1967, 410). Dislocation 
segments in { 111} foil plane aligned parallel to two < 112 > 
directions. A third dislocation, running almost vertically in the 
picture, is out of contrast. Scale bar 0.2 J..L. Transmissionelectron
micrograph. 


Figure 103. llimaes (Brit. Mus. no. 67450). Crosshatched kamacite 
of high contrast and of high hardness (275 Vickers), presumably 
caused by shock transformation a-> E. Etched. Oil immersion. Scale 
bar 20 J..L . 


may ultimately be structurally altered almost beyond 
recognition (Bingera, Willamette) as the result of recrystalli
zation and grain growth in the kamacite. 


Kamacite shows cubic cleavage. This fact may easily be 
observed on old hand specimens of Braunau and other 
hexahedrites which have been split by hammer and chisel 
by their early owners. The cubic cleavage is, of course, not 
restricted to hexahedrites. The kamacite lamellae of octa
hedrites often display fine cubic cracks (Figure 105) which 
are evidently of preatmospheric origin and are often located 
deep inside the meteorite. They probably date from remote 
cosmic collisions. 


Annealed or recovered kamacite has a hardness which 
is proportional to the amount of nickel and phosphorus in 
solid solution. Kamacite with 1.5% Ni has a Vickers 
hardness (100 g load) of 110±10, kamacite with 5.5% Ni 
145±10, and kamacite with 7 .0% Ni 155±10 (Pis assumed 
constant at 0.15%; with about 0 .05% in solid solution and 
0.10% as phosphides). If the kama cite is subjected to plastic 
deformation, either as a result of slow cold work or of 
explosive shock loading, its hardness increases significantly. 
Kamacite with 7.0% Ni and with shock-produced Neumann 
bands displays a hardness range of 170-250; this kamacite, 
if still more effectively damaged by shock loads above 
130 k bar , displays hardnesses of 320±30, and a hatched 
€-structure. In fact, the microhardness together with the 
microstructure may, after calibration, be used to deduce 
the unknown shock pressures to which the material was 
once exposed. 
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Figure 104. The phase diagram of pure iron shows where the 
various forms of iron are stable . a and li are body centered cubic, 'Y 
is face centered cubic and E is hexagonal close packed. At 25° C and 
1 atmosphere the density of iron is 7.86 g/cm 3 • At pressures up to 
130 k bar the density increases gradually to 8.46 . When the a -phase 
here transform s to E, the density abruptly jumps to 8.81. There
after, as the pressure is further increased, the density again increases 
unifo rmly and reaches 9.10 at 200 k bar. (From Takahashi & 
Bassett 1964.) 
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\ 


Figure 105. Joel's Iron (Brit. Mus. no. 35782). Recrystallized octa
hedrite. The fine fissures - now partly filled with terrestrial 
corrosion products - follow the cubic cleavage planes of the original 
kamacite lamella. The subsequently formed recrystallized grains 
have been limited in their growth by the fissures. Etched. Scale bar 
200 ll · 


Taenite. When face centered cubic austenite - with more 
than 25% Ni in solid solution - occurs in meteorites, it is 
called taenite. The word is derived from the Greek tainia, 
meaning band (Reichenbach 1861). In octahedrites the 
taenite forms three-dimensional sheets or lamellae that 
appear band-shaped in sections. In special circumstances, 
taenite occurs in hexahedrites, particularly if these have 
been subjected to secondary reheating with unequilibrated 
structures as a result. See, e.g., Wathena and Mejillones. 
Taenite is a major component of group IVB and almost 
fully makes up the composition in San Cristobal, Twin 
City, and Santa Catharina. 


The taenite is variable in composition with respect to 
Ni (25-50%), Co (0.3-0.8%), C (0.05..().5% ?) and P 
(0.05..().1 %). Electron microprobe traverses across kamacite, 


Figure 106. Cape York (Agpalilik) (Copenhagen no. 1967, 410). A 
50 ll wide taenite lamella which displays the usual features of 
taenite in unannealed meteorites. A 1-21-l wide yellow rim, a cloudy 
transition zone that stains in brown-blue colo rs, and a yellowish 
interior. All zones contain more than 30% Ni, the rims, with 40-50% 
Ni, being richest. Etched. Scale bar 10 ll· 


taenite and plessite (F eller-Kniepmeyer & Uhlig 1961 ; 
Wood 1964; Reed 1965b; Massalski et al. 1966) have shown 
that the taenite has a high (30-50%) nickel content where it 
abuts on kamacite and trails off to less than 25% where it 
grades into the various plessite varieties. 


The taenite inhomogeneity, which has now definitively 
been proved with the powerful electron microprobe, has 
long been suspected and has also been semiquantitatively 
examined by classical analytical methods (e.g., Cohen 
1894: 99; Johnston & Ellsworth 1921). 


Microhardness testing and optical examination of 
unannealed taenite (for example a group IliA iron) clearly 
indicate the inhomogeneities. Traversing from the kamacite
taenite interface inwards, a 1-2 f.1. wide creamcolored taenite 
(5040% Ni; hardness not measurable) is first encountered. 
Then follows a 5-25 f.1. wide bluish-brown stained zone 
(40-30% Ni; HV "'350) and a 10-30 f.1. wide yellow zone 
(30-25% Ni; HV"' 400). These two zones are usually 
intergrown, and light subboundaries are visible in the 
taenite. Minute schreibersite grains are sometimes em
bedded in the taenite. 


Next follow yellowish zones, 20-50 f.1. wide, with 
indistinct martensitic transformation products (< 25% Ni; 
HV"' 450-500) and then distinctly brown-etching zones 
where martensite platelets are developed parallel to the 
bulk Widmanstatten structure (<20% Ni; HV"' 350-400). 
Finally , various plessitic varieties occur; see below. 


The dark stained taenite of Yenberrie and Cape York 
was studied with a carbQil replica method. Electron 
microscopy revealed the dark patches to contain a large 
number of densely spaced etch-pits , channels and grooves 
that enveloped unattacked islands. It appears that the Nital 
etchant had dissolved a kamacite component and left a 
high-nickel taenite component unattacked. That is, the 
stained taenite may be interpreted as a submicroscopic 
two-phase mixture wherein cell walls of kamacite enclose 
small volumes of taenite (0.1-0.4 f.1. across). Similar results 
have been reached independently by Scott (1972; personal 
communication). 


Densely spaced slip lines parallel to {Ill} 'Y are often 
present in the dark-stained taenite and the yellow taenite. 
See Figure I 10. They have been reported once before (in 
Grant; Maringer & Manning 1962) but are apparently quite 
common in shocked meteorites. The detection requires well 
polished, or electropolished samples, and an oil immersion 
objective. 
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Figure 107. The so-called M-curve for taenite and plessite. Electron 
microprobe traverse across narrow taenite lamellae, like Figure 106, 
(b, d), and duplex regions (a, c). (From Wood 1964.) 
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Figure 108. Tamentit (Copenhagen 1972, 1686). When the retained 
taenite fields are more than about 5011. wide, the interior portions, 
with about 20-25% Ni, decompose in a martensitic pattern parallel 
to the bulk Widmanstii tten pattern . It is typical of many fields in 
group IliA, IIIB , liD and I. The morphology resembles that of 
nickel-martensite produced upon rapid cooling followed by some 
tempering. As applied here, the term marten sitic is purely descrip
tive and does not imply formation as the result of rapid cooling. 
Etched. Scale bar I 00 !1.-


Figure 109. Yenberrie (U.S .N.M. no. 607) . Elec tron micrograph of 
a carbon replica shows cloud y taenite to be a submicroscopic 
two-phase mixture of kamacite (etch pits) and taenite. Scale bar 2 /J.. 


The hardness variations discussed here are typical. 
While the hardness numbers will vary from meteorite to 
meteorite - depending on the degree of deformation, shock 
and annealing, - the trend is always the same: the taenite is 
significantly harder than the kama cite. See Figure 111. This 
is contrary to general statements advanced by, e.g., Perry 
(1944: 14) who believed taenite and kamacite to have equal 
hardness. This is only true under certain circumstances, 
mainly when both phases are fully annealed (Buchwald 
197ld). The maximum hardness observed is 355 for 
kamacite but 585 for taenite. Values above 450 are 
particularly common in the martensitic decomposition 
zones of the carbon-rich taenites of group I (Toluca, 
Canyon Diablo, Youndegin , Odessa) . The high hardnesses 
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Figure 110. Veliko-Nikolaevskij Priisk (Moscow no. 761). The slip
lines which are indistinctly visible in the taenite o f Figure 106 are 
better developed here. The Nita! e tchant has removed part of the 
kamacite in the upper left corner so that the slipline traces on the 
sloping taenite surface become clearly visible here. Oil immersion. 
Scale bar 10 !J.. 
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Figure Ill. The microhardness (1 00 g Vickers pyramid number) of 
the kamacite and taenite are correlated, the taenite always being 
harder. Each circle represents the average of several measurements 
from one me teorite . Kamacite numbers are the average of ten, 
taenite numbers of five measurements within the same polished 
section. 


of the taenite are mainly due to plastic deformation and 
particularly to shock deformation. 


Odessa specimens subjected to artificial shock pressures 
up to 1 ,000 kilo bars clearly show intensive shock hardening 
of the taenite. See Figure 112. Remarkable is the steep 
beginning of the curve and the more moderate increase at 
higher shock intensities. Also remarkable is the fact that a 
maximum occurs on the kamacite curve at about 200 k bar . 
The relaxation heat associated with higher shock intensities 
evidently suffices to anneal , recrystallize and transform the 
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Figure 112. Calibration curves for shocked kamacite and taeni te. 
The shocked Odessa samples were provided by Dr. Robin Brett, 
NASA, Houston, and measured by the author. Data on synthetic 
alloys are from Zukas 1969 . All data are, due to natural scatter and 
steep pressure gradients in the shocked samples, given as hardness 
bands. 


kamacite (to a 2 ), while taenite under the same conditions 
still acquires more shock hardness. These observations have 
been used extensively in the book - together with 
observations of troilite and cohenite - in order to form a 
faceted picture of the shock history of iron meteorites. See, 
e.g., Canyon Diablo. 


Annealing softens the taenite. Fifteen days at 500°, 10 
minutes at 800°, or 10 seconds at 900° C develop minimum 
values of about 15 5, See Figure 113. These relatively mild 
reheatings produce two pronounced structural effects. The 
stained- and strained-taenite is replaced by soft yellow 
structureless taenite; i.e., the submicroscopic a+ '}'mixture 
is homogenized to taenite. If the annealing is imperfect , a 
peculiar mosaic appearance with yellow patches becomes 
visible (See Figure 114.); the yellow patches increase in 
size, often in a very curious way, and develop straight 
interfaces. The second effect is visible whenever appreciable 
carbon is in solid solution in the taenite. The reheating 
enables carbon to diffuse 10-30 J1 out into the surrounding 
kamacite. Since this is taenitic at the reaction temperature, 
subsequent cooling produces bainitic-martensitic zones with 


0 200 400 600 
Figure 113. Moderate heat treatments will anneal cold-worked 
taenite to hardnesses of 155±5. Few structural changes are observed 
before the temperature increases above 500° C. 


Figure 114. Kayakent (Copenhagen no. 1973, 2082). Atmospheric 
heating of the taenite lamellae has caused the sharp high-nickel edge 
of the cloudy taenite to advance irregularly towards the interior. 
The kamacite shows a 2 structure. Peak temperature was 900° C for 
a few seconds. Etched . Scale bar 20 ll · 


considerable hardness (- 300) along the taenite rims. The 
reactions thus result in a complete inversion: dark and hard 
taenite becomes light and soft, while the opposite effect is 
apparent in the adjacent kamacite. 


Thorough annealing decomposes and spheroidizes the 
taenite. See Figure 115 and Hammond, Maria Elena, Wil
lamette and Zerhamra. In extreme cases, such as Juromenha 
and Smithland, the original taenite bands and plessite fields 
are no longer recognizable at all . See Figure 116. 
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Figure 115. Thoroughly decomposed taenite lamella and spheroid
ized -y-particles in kamacite . The structure indicates severe cosmic 
annealing and is present in, e.g., Maria Elena and Seneca Falls. 
Etched . Scale bar 40 J.L. 
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Figure 116. Juromenha (U.S.N.M. no. 3534). An extreme case of a 
cosmically reheated structure. The taenite lamellae are entirely 
decomposed and spheroidized to 5-10 J.L blebs (spotted). Phosphides 
occur as slightly smaller, angular blebs (white). The matrix is 
poly crystalline kamacite. Etched. Scale bar 40 J.L. 


Plessite. Plessite is not a mineraL It is a somewhat 
ambiguous tenn that traditionally has covered things that 
are neither kamacite nor taenite but a mixture of both 
phases. Basically , plessite is the two-phase mixt~re of a and 
"f that is the last to develop from the retained taenite during 
continuous primary cooling. Plessite may, however, also 
form by the two stage reaction "f-+ a 2 -+a+ "f. In this, the 
cooling austenite transforms initially diffusionless to a 2 , 


whereupon a 2 isothennally or by mild reheating decom
poses to a+ "f. The plessite fields are usually framed by a 
continuous taenite rim, and they usually display concave 
outlines towards adjacent kamacite. 


When better microscopes and analytical methods were 
introduced, it was discovered that plessite could assume a 
multitude of forms; consequently very many descriptive 
terms have been introduced. Some of the more commonly 


used have been discussed by Reichenbach (1861), Cohen 
(1894: 104), Perry (1944: 15), Zavaritskij & Kvasha 
(1952: 20) and Massalski et al. (1966) . 


In this work various main forms are recognized. These 
are important because they - with few exceptions - can be 
referred to distinct chemical groups and no doubt will 
ultimately be of use when deducing cooling rates and 
reheating events. 


Pearlitic plessite (See Figure 118) is a term used to 
describe a lamellar intergrowth of a and "f. The taenite 
lamellae are usually 0.5-2 p. wide, but electron microscopy 
has revealed still finer lamellae and also indicates a 
relationship to the stained taenite above with which it is 
often associated. The pearlitic plessite is characteristic of 
group I (e.g., Canyon Diablo) and appears to be dependent 
upon carbon for its fonnation. It also occasionally occurs in 
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Figure 117. Cape York (Agpalilik) (Copenhagen no. 1967, 410). 
Typical plessite field, displaying great structural variety within one 
field . The surrounding kamacite has subboundaries, Neumann bands 
and a few cracks (lower right) along the cubic cleavage planes. 
Etched. Scale bar 200 J.L. 


Figure 118. Mazapil (Chicago no. 1977). Pearlitic development of 
the plessite is typical of carbon-containing group I meteorites. The 
1-2 J.L wide lamellae are taenite. To the right is massive cloudy 
taenite. Near the scale bar a 20 J.L schreibersite crystal. Etched. Scale 
bar 20 J.L. 
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cosmically annealed irons of other groups. It is always 
softer than the taenite from which it formed. 


Spheroidized plessite (See Figure 120) consists of 
kamacite in which 1-20 fJ. spherulitic taenite particles are 
unevenly dispersed. It occurs together with pearlitic 
plessite, particularly in group I. Carbides, such as haxonite, 
are often precipitated around the spherules and the lamellae 
of spheroidized and pearlitic plessite, respectively. See 
Figures 143 and 144A. 


Acicular plessite, Figures 121-122, is a basket weave 
intergrowth of pointed a-platelets with retained and often 
stained taenite. The a-spindles repeat the bulk Widmanstiit
ten pattern and are usually 1-10 fJ. wide. This plessite 
variety is also particularly common in group I, e.g., Toluca. 


Comb plessite, Figure 123, has been called perthitic 
plessite by Zavaritskij & Kvasha (1952) and Krinov 


Figure 119. Yenberrie (U.S.N.M. no. 607). Electron micrograph of 
a carbon replica through a number of sloping taenite lamellae of a 
pearlitic intergrowth. Etched. Scale bar 1 JJ.. 


Figure 120. Canyon Diablo (Copenhagen no. 17270). Spheroidized 
plessite associated with pearlitic plessite within the same field. 
Cloudy taenite is prominent. Below right cohenite (C) and schrei
bersite (S). Etched. Scale bar 40 JJ. . 
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Figure 121. Goose Lake (U.S.N.M. no. 1332). Acicular plessite in a 
typical modification. Etched. Scale bar 200 JJ.. (Perry 1950: vol
ume 6.) 


Figure 122. Pan de Azucar (fhe Carrizalillo specimen in Oslo). 
Acicular plessite in a coarser development than Figure 121. Two 
large schreibersite particles are marked S. Etched. Scale bar 50 JJ.. 


Figure 123. Spearman (fempe no. 230.3). Large plessite fields are 
often developed as comb plessite. Other varieties are almost always 
present in minor amounts. All kamacite is of the shock-hardened 
e-variety . Etched. Scale bar 400 JJ.. 
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(1960a: 331). The narrow taenite ribs radiate inwards from 
a more or less continuous taenite frame and indicate the 
bulk Widmanstiitten orientations. 


Net plessite, Figure 124, is very closely related to comb 
plessite and is sometimes just a section perpendicular to the 
comb plessite. The taenite appears as 1-10 J1 islands in a 
kamacite which is rich in boundaries and subboundaries. 
Comb and net plessite are particularly common in groups 
IIIA-IIIB but also occur in I, IIC, liD, IIIC and IVA. 
Schreibersite particles 1-50 J1 in size, are quite common 
inside the fields , substituting for taenite particles of similar 
sizes. 


Cellular plessite, Figure 125, is an open-meshed aggre
gate of a-grains (cells) within a continuous taenite frame. 
Each a-grain is differently oriented and contains numerous 
tiny oriented ')'-particles. The cellular plessite is typical of 
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Figure 124. Trenton (U.S.N.M. no. 668). Typical net plessite. Other 
varieties are present in minor amounts. All kamacite is of the 
shock-hardened e-variety but appears slightly different from that in 
Figure 123. Etched. Scale bar 400 p. . (Perry 1950: volume 5.) 
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Figure 125. Chinautla (Copenhagen no. 1913, 199). Cellular pless
ite. The plessite field has a frame of taenite to the left. The interior 
is subdivided in grains of different orientation, with 'Y-precipitates 
along the grain boundaries and in the interior. Etched, Scale bar 
100 /).. 


group IVA, e.g., Gibeon and Chinautla, and rare in other 
groups. 


Finger plessite, Figure 126, is a variety of cellular 
plessite, with more taenite and with strong Widmanstiitten 
orientation. It also mainly occurs in group IV A. 


Black plessite and black taenite, Figure 127, are terms 
used to distinguish small wedge-shaped fields and transi
tional zones that, even after light-etching with nital , are 
severely attacked and appear black and unresolvable under 
the microscope. The appearance is caused by the selective 
dissolution of the finely dispersed a-component which is 
less than 0.5 J1 in size. 


Duplex plessite and duplex a+ 'Y mixtures , Figure 128, 
are terms used for the transitional zones in large plessite 
fields. They have 12-18% Ni on the average and display 
intricate intergrowths of ~-2 J1 a- and ')'-particles._ There are 
subboundaries in the a-phase , and the ')'-particles may 
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Figure 126. Bushman Land (U.S.N.M. no. 2515). Finger plessite. 
Large plessite fields of group IV A are aften subdivided in elongated 
kama cite grains that follow the Widmanstiitten directions. The 
exsolved taenite particles are very small. Etched. Scale bar 200 p.. 
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Figure 127. Kouga Mountains (Brit. Mus. no. 1916, 60). Black 
taenite or black plessite, here developed as a transitional zone 
between clear taenite and duplex plessite of the interior. Also an 
"island arc" of schreibersite particles. Etched. Scale bar 50 p.. 
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Figure 128. Wa!lapai (fempe no. 58bx). To the right, rather coarse
grained duplex plessite. The kamacite part is of the shock-hatched 
variety . A schreibersite particle is marked S. To the left, a cloudy 
taenite and a black transition zone. Etched. Scale bar 20 J.L . 


themselves be decomposing on an almost submicroscopic 
scale to a+')' ; compare the stained taenite . The bulk of 
many ataxites, such as lquique, Figure 129, is made up of 
duplex plessite. Perry (1944) called this structure para
eutectoid plessite, but the term has not been widely used. 


Degenerated plessite, Figure 130. Any of the above 
forms, but particularly the comb-, net- and cellular varieties 
may be degenerate; i.e. , imperfectly developed, usually 
because the bulk nickel value for the whole meteorite is so 
low that most of the taenite has disappeared after full 
primary cooling. 


Altered plessite. All of the above varieties will be 
significantly changed on reheating, either in space or 
artificially . Thorough reheatings tend to perforate the 
taenite bands and create intricate , polygonized a-'Y inter
growths. See Figure 131. Artificial, imperfect reheatings 
tend to produce blurred and diffuse taenite, from which 
P-rich thorns and spikes may protrude along the kamacite 
grain boundaries. See Figure 132. 


Figure 129. lquique (Berlin) . Typical duplex plessite of an ataxite 
of group IVB. Within square centimeters there is a homogeneously 
oriented sheen because thee<- and-y-particles are aligned in preferred 
directions. Etched. Scale bar 20 J.L. 
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Figure 130. Henbury (Copenhagen no. 1939, 84). Degenerated 
comb plessite. Typical for many medium octahedrites of the low-Ni, 
low-Pend of group IJIA. Slightly etched. Scale bar 500 J.L. 


A complete traverse with the electron microprobe 
across a plessite field usually shows a distinct M-profile (See 
Figure 107); i.e., the nickel varies systematically from high 
values (30-50%) at the taenite edge to low values (8-20%) in 
the two-phase interiors. The detailed examination of such 
M-profiles has enabled Wood (1964), Short & Andersen 
(1965), Goldstein & Short (1967a), Goldstein (1969) and 
Powell (1969) to estimate the cooling rates of iron 
meteorites and of meteorites with significant iron inclu
sions. They found that the latter part of the primary 
cooling, when the Widmanstiitten structure formed between 
700° and 300° C, occurred under almost isothermal condi
tions. They arrived at cooling rates that ranged from 0.1 o C 
per 106 years (mesosiderites) through 0.5° C per 106 years 
(Butler , Laurens County; pallasites) to 500° C per 106 


years (Deep Springs, Monahans, Arltunga). 
Since the author feels that the absolute values for the 


cooling-rates are still uncertain, no cooling-rates are quoted 
under the individual descriptions. The interested reader 


Figure 131. Maria Elena (U.S.N.M. no. 1221). Severely altered 
plessite field , caused by prolonged annealing in space. The kamacite 
lamellae are also altered, displaying oriented -y-precipitates. Etched. 
Scale bar 100 J.L. 
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Figure 132. Prambanan (Chicago no. 1160). Short-term artificial 
reheating to 900°-1000° C has washed out the p lessite fields, melted 
the troilite inclusion and caused unequilibrated a 2 structures to 
form on cooling. Etched. Scale bar 200 M· 


may , however, from the known Ni contents and kamacite 
bandwidths reported in this work, readily derive the 
cooling-rate for most octahedrites. This can be done, e.g., 
by application of the approximative methods developed by 
Short & Goldstein (1967) and Wasson (1971 b). 


Microhardness traverses across taenite and plessite 
show curves similar to the M-profiles (Buchwald 1961 b), 
and microhardness data may, after calibration, be applied as 
a substitute for the microprobe . Some hardness data are 
tabulated in Appendix 1, columns 10-11. Many more are 
included in the individual descriptions. Care must always be 
taken to compare " equivalent" taenite , because a wide 
scatter will occur if taenite with steep Ni gradients is 
inadvertently included. 


The hardness of the plessite varieties ranges from about 
160 to about 325 when measured with a 100 g load and 
thus integrating over numerous a+"/ particles. The hard
ness is determined by the af'Y ratio, and by the degree of 
strain present in the two-phase mixture and in the 
individual components. Cold-worked or shock-hardened 
dense plessite varieties attain maximum values of 300-325 
(e.g., Chinga and Cape York), while similar plessite of 
annealed meteorites displays minimum hardnesses of 
160-200 (e.g., Ternera and Durango). 


The unequilibrated a 2 structure 
The normally recognized kamacite , taenite and plessite 


morphologies are the result of exceedingly slow continuous 
cooling. Subsequent reheating and renewed cooling have 
often occurred in meteorites, but in most cases structural 
equilibrium was finally obtained. If, however, meteoritic 
nickel-iron is reheated into the austenitic region and then 
cooled relatively rapidly - i.e ., within minutes or hours or 
even days - to room temperature , unequilibrated struc
tures will develop. 


The most important is the a 2 phase (Jones & 
Pumphrey 1949; Allen & Earley 1950) which forms 
diffusionless from nickel austenite by a martensitic reac-


tion. It is a cubic phase that shows line broadening in an 
X-ray diffractogram. Under the optical microscope it 
appears as serrated blocks (See Figure 133), or, when the 
nickel percentage increases above 8-10%, acquires a charac
teristic plateshape. Within each parent austenite crystal the 
plates occur in a maximum of four directions, parallel to 
{ 111 h, i.e ., the habit plane coincides with the Widman
stiitten plane . If a specimen is pre-polished and then cooled 
in a vacuum from austenite temperature to room tempera
ture, e.g., by water quenching, the surface will display relief 
affects characteristic of bundles of fine plates. See Fig
ure 134. Swanson & Parr (1964) and Speich & Swann 
(1965) have examined the conditions under which a 2 forms 
and have presented thin-film electron transmission photo
graphs of the structures. They found a 2 to possess a high 
defect structure with dislocation cells and twin related 
laths. 


Figure 133. Cacaria (Tempe no. 19a). Typical a 2 structure in an 
artificially reheated meteorite. The temperature was briefly - for 
about an hour - above 800° C, and high temperature oxidation 
proceeded along austenite boundaries from the surface (below). 
Etched. Scale bar 200M· 


F igure 134. Synthetic meteorite with 15% Ni, 0.5% P, balance Fe. 
Homogenized at ll00° C for 48 hours. Polished and then reheated 
to 900° in a vacuum hot-stage microscope. Upon cooling the 
polished surface acq uired a distinct relief, differently oriented 
within each parent austenite grain. Scale bar 20M· 
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The martensitic a 2 structure is harder than the 
annealed a-phase and harder than the fine-grained ( a+y) 
mixtures resulting from decomposition of the a 2 phase 
(Buchwald 1966). However, a 2 is tough and ductile and not 
as hard as might be expected if one is familiar with the 
similar appearing, but tetragonal, carbon-martensite of 
steels (Kelly & Nutting 1961). Phosphorus in solid solution 
increases the hardness of a 2 significantly, and so does 
carbon. These elements are, however, usually present at low 
levels (less than 0.5%). 


The chemical composition of the a 2 phase is the same 
as that of the r-phase from which it was formed by 
diffusionless transformation. It .is thus possible to have a2 


phases of widely varying composition: the hexahedrites will 
form 5.5% Ni- a2 (H- 170), the lamellae of coarse octahe
drites will form 6.5% Ni- a 2 (H- 180) and those of 
medium octahedrites 7.5% Ni'- a2 (H - 190), to give a few 
general examples. The a 2 is present, with a hardness of 
190±30, on all recent falls as a 2 mm wide rim zone. See 
Figure 135. Where the a 2 has formed by transformation of 
a kamacite which was previously shock-hardened, e.g., on 
Grant, Juncal and Merceditas, the a 2 units are usually 
fine-grained and reach their maximum hardness 
(- 210±15). The a 2 phase is also a common component of 
artificially reheated and forged meteorites; compare Appen
dix 5. In meteorites which were thoroughly reheated, such 
as Cacaria and Prambanan, a 2 was formed through homoge
nization of preexisting fine-grained a+ r fields. The result
ing a2 phase may in such cases contain 12-20% Ni and 
attain a hardness above 250. 


In many meteorites certain parts of the taenite and 
plessite fields may contain 28-32% Ni and 0.01-0.5% C; 
exposed to relatively rapid transformation, for example 
during the atmospheric flight or artificial reheating, such 
alloys may upon cooling produce prominent nickel-mar-


Figure 135. Thule (Copenhagen no. 1955, 186). Taper section 
through the heat-affected a 2 zone of a relatively well-preserved 
medium octahedrite. The slightly corroded surface is to the right. 
Etched. Scale bar 1 mm. 


tensite with internal twinning. This martensite will have the 
habit plane {225}r and will often be located within 
conspicuous fields of retained austenite (Marder & Marder 
1969). For other martensitic occurrences please see the 
descriptions of Lime Creek and Tishomingo. 


Massive transformation 
The austenite of high purity Fe-Ni alloys (<O.OI %C 


and < 7% Ni) will upon very rapid cooling (> 100° C per 
second) undergo a "massive transformation." The massive 
product is cubic a with irregular boundaries. The massive 
type of transformation occurs in many alloy systems and is 
intermediate in structural relationship , metallographic fea· 
tures and the amount of diffusion required between the 
normal nucleation and growth and martensite transforma· 
tions (Massalski 1958; Swanson & Parr 1964; Speich & 
Swann 1965). For massive a to be formed in iron meteor· 
ites, the prerequisites seem to be very rapid cooling, almost 
carbon- and phosphorus-free nickel-iron and low nickel 
content. It would thus appear that massive transformation 
products are not present in meteorites. 


Cohenite, (Fe,Ni,CohC, is orthorombic and closely related 
to cementite, Fe3 C, which was described in steel at almost 
the same time (Howe 1890) as the identification of 
cohenite (Weinschenk 1889). Various works have later 
confirmed the crystallographical identity of cohenite and 
cementite and presented precise structural data (Westgran & 
Phragmen 1924; Illner 1969). From analyses quoted in the 
literature and from data by Scott (personal communica
tion) it appears that cohenite contains 0 .7-2.3% Ni and 
0.02-0.3% Co. Reports that P should be present are 
erroneous and probably caused by the frequent small 
schreibersite inclusions. 


Cohenite is brilliant white and strongly anisotropic. It 
is very hard, but also ductile, so that it will often support a 
Vickers diamond pyramid indentation without fracturing. 
Its hardness (50-100 g loads) is 1100±50, significantly 
higher than that of screibersite. 


Figure 136. Canyon Diablo (Copenhagen no. 34.4045). Three 
cohenite crystals of the typical group I morphology. Where they 
meet, in upper left corner, brecciated schreibersite is present. The 
kamacite is shock-annealed to a 2 • Etched. Scale bar 500 !J. . 
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Figure 137. Toluca. Swathing cohenite around schreibersi te (left). 
In the cohenite a stripe pattern of magnetic domains is seen . Mo re 
complex patterns occur within other cohenite crystals of the same 
mete orite. Oil immersion. Crossed polars. Scale bar 100 !J. . (Courtesy 
E. Scott.) 


Figure 138. Canyon Diablo (Copenhagen no. 34.4045). Shock
annealed samp le from the crater field. The large cohenite crystal has 
recrystallized along shear zones, and the rims are decomposed. The 
kamacite is of the shock-annealed a 2 variety. Etched. Scale bar 
100 !J.. Crossed polars. 


A stripe pattern which becomes visible under crossed 
Nicols with strong illumination was shown by Heide (1966) 
to be a Bitter pattern of magnetic domains , revealed by the 
Kerr magneto-optical effect. See Figure 137. 


Reheating, particularly of shocked iron meteorites 
(Canyon Diablo, Morasko ), causes strained cohenite to 
recrystallize. Fractured cohenite will , upon prolonged 
reheating, ultimately decompose to ferrite and graphite . 
See, e.g., Hex River , Santa Rosa , Wichita County , Dungan
non and Oscuro Mountains. 


Cohenite is characteristic of group I but also occurs in 
many other iron meteorites. In column 13 of Appendix I, 
observed cohenite occurrences are indicated by Co . 
Haxonite, (Fe , Ni, Coh3C6 , is a new cubic mineral which 
was identified by Scott (1971) from X-ray powder photo
graphs of Toluca material. It is structurally similar to M 23C6 


•"'( .. ·, 
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Figure 139. Odessa (Copenhagen no. 1961, 557). Reheated for 10 
minutes to 850° C in the laboratory. The cohenite crystal has 
decomposed along fissures and along the interface with kamacite. 
Decomposition is prevented where schreibersite (S) opposes carbon 
diffusion. Etched. Scale bar 100 !J.. 


Figure 140. Wichita County (Copenhagen no. 1905 , 1743). Cohen
ite crystals (C) under decomposition to columnar ferrite and 
lamellar graphi te . Schreibersite (S), kamacite (K) . Compare Fig
ure 97. Etched. Scale bar 300 !J.. 


Figure 141. Santa Rosa (Tempe no. 103b). A palmate cohenite 
crystal with inclusions of taenite, kamacite and schreibersite. 
Recrystallized kamacite with Neumann bands. Etched. Scale bar 
200 !J.. 
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Figure 142. Mbosi (U.S.N.M. no. 2599). Differently oriented 
cohenite crystals within the same plessite field . Cold-worked, 
possibly due to artificial chiseling. Etched. Scale bar 100 ll· 


carbides in steel , e.g., Cr23C6 , but is itself unknown in 
steels. Haxonite shows a Ni range of 3.5-5.6% (and a Co 
range of 0.05-0.4% according to Scott). This is in harmony 
with the haxonite occurring in the more nickel-rich plessitic 
parts of the iron meteorites, and, che~TJically, it makes it 
distinctly different from cohenite. The author had, in fact, 
noted and measured the new mineral in Coo pert own, Rhine 
Villa and Mungindi when its final identification was 
published by Scott. 


Haxonite is brilliant white and hard. It is distin
guished from cohenite by its isotropic behavior in reflected 
light and its somewhat lower hardness, 850±50. It rarely 
forms large massive crystals, but usually occurs as "carbide
roses " i.e., intricate intergrowths with taenite, schreibersite 
and kamacite particles. Haxonite is a minor accessory which 
frequently occurs in the same meteorites as cohenite. It 
appears to be characteristic of group I and group IIIC-IIID 
and is also present in nickel-rich meteorites, such as San 
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Figure 143. Shrewsbury (Copenhagen no. 1910, 301). Typical 
pearlitic plessite field with haxonite (brilliant white). The two 
Vickers hardness impressions at left indicate a hardness of 850 and 
significant ductility. Etched. Scale bar 100 ll· 


Figure 144A. Mungindi (U.S.N.M. no. 2944). Haxonite precipitated 
within spheroidized plessite and enveloping numerous tiny taenite, 
kamacite and schreibersite particles. Compare Figure 144B. Etched. 
Scale bar 200 ll · 
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p Ni 


Figure 1448. Mungindi (U.S.N.M. no. 2944). X-ray scanning pic
tures of area from Figure 144A. The carbon radiation indicates the 
location of haxonite, the phosphorus radiation of schreibersite, and 
the nickel radiation that of taenite (and schr~ibersite). Scale bar 
50 ll· 


Cristobal and Lime Creek. Observed occurrences are indi
cated by an H in column 13 of Appendix I. 


While carbides are virtually absent in the mainstream of 
group IIIA-IIIB - very minor cohenite particles occur in 
some low-Ni lilA members, - there are a few irons with 
7.9-8.8% Ni that contain haxonite or its graphitic decompo
sition products: Kokstad & Matatiele, Coopertown, Rhine 
Villa, Tanakami Mountains, Staunton, Paneth's Iron and 
Willow Creek. In other ways, too, these meteorites display 
structures slightly different from normal IIIA-IIIB irons, 
e.g., by having bulky and short kamacite lamellae. See 
Figure 146. Using Wasson's gallium data it may be seen on a 
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Figure 145. Willow Creek (U.S.N .M. no. 900) . A spheroidized 
plessite field with graphite. The graphite is, in this case, almost 
certainly a decomposition product of haxonite. Note tiny taenite 
particles around the schreibersite crystal (S). Etched. Scale bar 40 11· 


Figure 146. Willow Creek (U.S.N.M. no. 900). Even the macrostruc
ture of this medium-coarse octahedrite is slightly anomalou s 
compared to the mainstrea m of group IIIA-IIIB. It forms together 
with six other irons group Ill E. Etched . Scale bar in centimeters. 


Ga-Ni plot (not shown) that the seven meteorites fall well 
below the IIIA-IIIB mainstream and thus form a separate 
group, IIIE (Scott et al. 1973). This is just another example 
of how accurate structural observations and chemical 
analyses support each other in the classification schemes. 


Cohenite and haxonite - and cementite - are thermo
dynamically unstable at all temperatures at one atmos
phere, ultimately decomposing to ferrite and graphite. What 
is surprising is that they survive at all in iron meteorites 
since these are considered to have cooled slowly and to 
have reached thermodynamic equilibrium. The present 
survey shows that the iron meteorites provide all stages, 
from undecomposed carbides (e.g. , Cedartown , Wichita 
County) to fully decomposed (e.g., Hex River , Dungannon, 
Willow Creek). However , undecomposed carbides are more 


common than decomposed ones. It is suggested that the 
surprising stability is mainly due to the difficulty of 
nucleating graphite . Once nucleated along an internal crack 
or a cracked phase boundary , the graphite grows slowly at 
the expense of the carbides. 


Carlsbergite, CrN is a new cubic mineral which was 
independently detected and identified by Scott and the 
author (Buchwald & Scott 1971 ). Particles extracted from 
heavily etched surfaces of Cape York were analyzed under 
the electron microprobe and afterwards studied by electron 
diffraction. It has a unit cell similar to synthetic CrN found 
in some steels. 


Cnrlsbergite occurs as minute oriented laths , typically 
30 X 5 X 2 in size, in the kamacite and as irregular 3-10 11 
grains in some grain boundaries , Figures 148 , 149A-B. 
Although small, carlsbergite attains significantly larger 
dimensions than the corresponding precipitates in steel that 


Figure 147. Dungannon (U.S.N.M. no. 644). The magnificent ap
pearance of this section is caused by the complete decomposi tion 
(in space) of cohenite to graphite lamellae and recrystallized 
kamacite. A wedge-shaped black taenite field is also seen. Etched. 
Scale bar 400 11· (Perry 1944 : plate 62.) 


! iiL 


Figure 148. Russe l Gulch (Tem pe no. 307.1). Distorted carlsbergite 
plate lets (C) in a shock-deformed kamacite matrix. The carlsbergite 
is often associated with tiny rhabdite particles (R) . Etched. Scale 
bar 20 11 · 
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Figure 149A. Roebourne (U.S.N.M. no. 459A) . Carlsbergite parti
cles. This particular meteorite is cosmically annealed. The annealing 
caused the carlsbergite to separate from the associated rhabdite 
particles and to spheroidize slightly. Polished. Scale bar 10 !J. . 


CrKO( 50 sec 480sec 


Figure 1498 . Cape York (Copenhagen no. 1967, 410). X-ray scan
ning pictures of carlsbergite platelets extracted from the Agpalilik 
specimen. Taken with CrKa and NKa radia tion. Continuous 
radiation from the supporting copper grid is visible only because of 
the much poorer peak to background conditions under which the 
right photograph was taken. (Buchwald & Scott 1971.) 


require electron microscopy for their observation. 
Carlsbergite is best observed on polished, unetched 


sections where - because of high hardness - it stands in 
high relief. It is isotropic and light gray with a distinct rose 
tint. It is a minor accessory, but quite common, particularly 
in the low-nickel end of group IliA, where the carlsbergite 
platelets may occur with a frequency of 25 per mm2• 


Schreibersite and Rhabdite, (Fe,NihP. Schreibersite was 
originally described , somewhat inadequately, by Haidinger 
(1847). Later Rose (1864a) discovered rhabdite, correctly 
identifying it with schreibersite and observing the peculiar 
prismatic habit of the rhabdites. Particularly important 
studies have been published by Cohen (1894: 118), Wherry 
(1917), Boggild (1927), and Perry (1944). The studies by 
Goldstein & Ogilvie (1963), Reed (1965a; 1969) , Buchwald 
(1966), Comerford (1969b) and Doan & Goldstein (1970) 


Figure ISO. Seeliisgen. One of Rose's original drawings when he 
first described rhabdite (1864: plate 1). He was probably the first to 
examine gelatine imprints removed from an etched surface and 
placed under the microscope. It is remarkable how many details he 
could observe. Scale bar 100 Jl. 


Figure lSI. Cape York (Agpalilik) (Copenhagen no. 1967, 410). 
Typical gra in boundary precipitate of schreibersite . Because of its 
brittle nature, it is rich in microfissures, caused by cosmic 
deformations. Upon routine polishing the segments are unfortu
nately easily torn out, with the double effect of leaving black holes 
and deep scratches across the metallic components. Etched. Scale 
bar 100 !J.. 


have added to accurate analyses for a number of occur
rences and for the ternary Fe-Ni-P diagram. 


Schreibersite is magnetic; it is tetragonal and yellow in 
reflected light. Compared to cohenite it is distinctly more 
brownish ; it is also softer (H 800-950) and definitely more 
brittle - enough so that a Vickers diamond pyramid 
indentation usually shatters the mineral if it has not already 
been shattered as a result of cosmic event. 


The composition is variable; generally the large skele
ton crystals , which were precipitated early and directly 
from taenite, have low Ni-contents (- 10-15%) and are hard 
(900-950) and brittle. The later crystals, which are of 
vermicular shape and located in the a - a and a - 'Y grain 
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boundaries and inside plessite , display higher Ni-contents 
(- 20-50%) and are slightly softer (800-900) and more 
ductile. The rhabdites, which are 1-25 11 thick tetragonal 
prisms precipitated in the interior of the kamacite, also 
have high Ni-contents (27-50%) and are relatively soft 
(800-900) and ductile. They display few or no internal 
cracks. 


When the phosphides happen to be located in the 
heat-affected cx2 rim zone , they may serve as built-in 
thermometers for registration of the steep temperature 
gradients developed during the atmospheric flight 
(Buchwald 1961 b; 1967b). They will melt when rapidly 
reheated above 1100° C. If doubt arises as to whether a 
specific mineral is a carbide, schreibersite or something else, 
the mineral should be looked for in the heat-affected zone. 
Here , the phosphides just melt , creating rounded cavities, 
while the carbides partially melt and/or partially decom
pose, sending carbon out in solid solution (-+bainite) and 
precipitating minute graphite particles. 


Schreibersite is present in numerous meteorites but not 
in all. It is absent in the low- Ni end of group IV A (e.g., 
Gibeon) and in , e.g. , Arlington, Ysleta and Santiago 
Papasquiaro. When the bulk analytical value in group IV A 
increases above 0.06% P, the first minute schreibersite 
particles become visible. In group IliA, a bulk value of 
more than 0.25% P causes large angular schreibersite crys
tals to precipitate directly from the taenite phase on 
cooling. When phosphorus is abundant (i.e., above 
- 0.4% P), the angular plate-like crystals may be seen to be 
oriented in dodecahedral directions, { 110} 'Y, of the parent 
taenite. They are then called Brezina lamellae (Cohen 
1905: 252; Spencer 1951). 


The widths of the schreibersite halos around troilite are 
proportional to the bulk P-value of the meteorite and 
inversely proportional to its cooling rate . The halos are 
early solid state precipitates which in their turn served as 
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Figure 152. Silver Crown (U.S .N.M. no. 522) . A completely molten 
and rapidly solidified schreibersite inclusion situated in the heat
affected A zone. Compare Figures 45 and 50. Etched. Scale bar 
50 J.l . 


Figure 153. Grant (U.S.N.M. no. 836). A medium octahedrite of 
group !liB with numerous oriented schreibersite lamellae, each of 
which displays rims of swathing kamacite. Although not analyzed in 
this case, the lamellae are apparently typical Brezina lamellae. 
Etched. Scale bar 10 mm. S.I. neg. M-127B. 


Figure 154. Canyon Diablo (Copenhagen no. 18463). In rare cases, 
as in this shock-annealed Canyon Diablo specimen of stage VI (See 
page 391) , the schreibersite (S) has recrystallized. K is kamacite, 
C cohenite . In almost all other cases, schreibersite and rhabdite 
occur as monocrystalline units. Etched . Crossed polars. Scale bar 
40 ll· 


nuclei for rims of cohenite (in group 1) and kamacite (in all 
groups). 


Rhabdites are prismatic or plate-shaped (Boggild 1927 ; 
Heide et al. 1932; Doenitz 1968) and occur abundantly in 
hexahedrites. Subgroups of hexahedrites with clearly de
fined ratios of prismatic to plate-shaped rhabdites may be 
distinguished. The prismatic rhabdites occur abundantly in 
many octahedrites (liB, I, IIIA-IIIB). They are well 
developed in group I, e.g., in Canyon Diablo and Bischti.ibe; 
in some· IIIB . irons, e.g., Smith's Mountain, the rhabdites 
attain the unusual thickness of 50 11· 
Barringerite. Barringerite, (Fe, NihP, was recently re
ported by Buseck (1969). The present author believes that 
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Figure 155. Uwet (U.S.N.M. no. 601). Plate-shaped rhabdites in a 
hexahedrite. Below, a cohenite crystal that has decomposed to 
graphite (black) and ferrite. Etched. Scale bar 500 IJ.. 


Figure 156. Richland (U.S.N.M. no. 1735). Plate-shaped rhabdites, 
isolated by dissolving the metallic matrix in acid. The surfaces are 
brilliant black and striated, probably due to shear-deformation by 
cosmic shock. Scale bar 2 mm. (From Henderson & Monnig, 1956.) 


the mineral is not of cosmic origin but a secondary product, 
caused by the artificial reheating of a weathered meteorite 
(the pallasite Ollague ). While the mineral is really there, it 
should be pointed out that it is one of those curious 
occurrences which owe their creation to human activity and 
has little significance when discussing the genesis of 
meteorites. 
Troilite, FeS. The Jesuit father, Domenico Troili observed 
iron sulfide inclusions in the stone meteorite Albareto as 
early as 1766. Not until 100 years later could accurate 
analyses finally prove the sulfide to be different from 
pyrite, FeS2 and pyrrhotite, Fe 1 -xS. Haidinger (1863a) 
proposed the name troilite for the stoichiometric FeS. 
Reviews and excellent descriptions have been provided by 
Rammelsberg (1864), Cohen (1894: 182), Sims (1959), El 
Goresy (1965), and Perry (1944). On one point, however, 
Perry erred. On Plate 48 he correctly stated that troilite is 


Figure 157. Youndegin (U.S.N.M. no. 3157). Prismatic rhabdites in 
a coarse octahedrite. Here, the slender tetragonal prisms are 
sectioned in 5 different orientations. A grain boundary with minute 
phosphide precipitates is also visible. Slightly etched. Scale bar 50 IJ.. 
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Figure 158. Cape York (Copenhagen) . An accurate sketch of the 
morphology of the oriented troilite crystals, revealed on the 180 x 
125 em large end piece, cut from the 20-ton Agpalilik mass. In three 
places (T) the troilite is partially ablated away in the atmosphere. 
Scale bar 10 em. Compare Figures 189C and 510. 


hexagonal but his often quoted photomicrograph of 
Otumpa (i.e., Campo del Cielo) did not show a hexagonal 
troilite crystal but a section through a cliftonitic graphite 
crystal. The present author has, in fact, never observed, in 
iron meteorites, a troilite crystal with hexagonal facets 
toward the metallic matrix. 


Pure troilite contains little other than FeS; the total 
amount of other elements (Ni, Co, Cu, Cr, Mn, Zn, Pb) may 
be estimated to be less than 1%. However, when exposed to 
shock compression and associated reheating, the troilite 
easily melts and then disperses and partially dissolves the 
encasing walls of schreibersite, cohenite or nickel-iron; also 
any daubreelite, silicate or chromite will be fractured and 
included. Thus, as noted by Nichiporuk & Chodos (1959), 
the troilite may be extremely heterogeneous. 
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Figure 159. Grant (U.S.N.M. no. 836). Troilite nodule with metal inclusion. Well-developed swathing kamacite. Brezina lamellae of 
schreibersite. Compare f<igure 15.3. Etched. Scale bar 4 mm . S.L neg. M-128A. 


Figure 160. Pan de Azucar (the Carrizalillo specimen in Oslo) . 
Shock-altered troilite . The troilite has been briefly melted and the 
associated schreibersite (white) has become shattered and dispersed 
through the melt. This solidified in a fine-grained eutectic. Polished. 
Crossed polars. Scale bar 40 J.l.. 


Troilite is unmagnetic (if pure), bronze-colored with a 
greenish tint and strongly anisotropic. Its microhardness is 
250±30 Vickers. It often includes parallel daubreelite lamel
lae and in group I, graphite, chromite and numerous 
silicates. Also , chromite and phosphate crystals are present 
in many group III troilite nodules. 


Troilite melts at 1190° C and the Fe-S equilibrium 
diagram has a eutectic at 988° C (Hansen & Anderko 
1958). Troilite is, therefore, easily ablated away in the 
atmosphere unless it contains a certain number of refrac
tory inclusions such as graphite and silicates (See, e.g., 
Bogou). Troilite usually occurs as shapeless nodules, bars 
and dumbbells. The smaller ones may be bar-, diamond- or 
plate-shaped. The parallel orientation of large troilite 
nodules, reported from Cape York and Santa Rosa 
(Buchwald & Wasson 1968; Buchwald 197lc) may be more 
universal than hitherto believed. 


At austenitic temperatures troilite, chromite and 
taenite were the only phases present in many iron meteor
ites. Therefore, when the taenite cooled and started to 
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Figure 161. Twin City (U.S.N.M. no. 1770). Recrystallized troilite 
inclusion that has subsequently been altered by terrestrial corrosion. 
One of the alteration products (white) is pentlandite, (Fe,Ni)9 S8 • 


Etched. Scale bar 20 p. . 


decompose, the first kamacite and schreibersite to precipi
tate formed heterogeneously upon the available troilite and 
chromite nuclei. That is why so many troilite and chromite 
inclusions are wrapped in successive sheets of various 
minerals. Beautiful examples are to be found in , e.g., 
Canyon Diablo, Coahuila, Sikhote-Alin, Cape York, 
Chupaderos and Wiley. 


Reichenbach lamellae were seen by Reichenbach 
(1861, etc.) and named by Brezina (I 880b ). When best 
developed, they form very thin (< 0.05 mm), but large 
(20 X 30 mm) platelets in three directions parallel to 
{I 00 }-y. Additional directions are often present, e.g., in 
Cape York. Unfortunately, the lamellae are difficult to 
examine because they are thin and often broken and easily 


Figure 162A. Ilimaes (Vienna). The first figures of Reichenbach 
lamellae were provided by Tschermak, who deep-etched sections of 
the medium octahedrite lllimaes. Scale bar 10 mm. (From 
Tschermak 1872b ). 
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Figure 1628. Cape York (Agpalilik) (Copenhagen no. 1967, 410). 
In the center, a typical Reichenbach lamella of chromite. To the 
righ~, kamacite; to the left, schreibersite nucleated by the chromite. 
S1gmf1cant nms of nucleated troilite are also present but not shown 
here. X-ray scanning pictures taken with electrons (EL) and with 
PK01 , etc., radiation, as indicated. Scale bar 10 p.. 


corroded. Usually when the present author has had a 
well-preserved Reichenbach lamella under the microscope 
and under the microprobe, it surprisingly turned out that 
the lamellae were not, as hitherto believed, pure troilite 
lamellae but were composed rather of primary, ultrathin 
(1-5 J.l) chromite lamellae upon which secondary troilite 
had later nucleated. In other words, the chromite must have 
determined the crystallographic relationships with the 
taenite and the formation must have taken place at a 
considerably higher temperature and because of a different 
mechanism than that proposed by Brett & Henderson 
(1967). It can, however, not be ruled out that some 
Reichenbach lamellae consist only of thin troilite sheets 
and can have formed as crack-fillings (Brett & Henderson 
1967). 


Troilite is virtually omnipresent in iron meteorites. It is 
probably absent in Nedagolla and Tucson. Because it is so 


Figure l63. Waterville (Tempe no. 453.2x) Troilite with undulatory 
extmctwn (left) and recrystallized portions adjacent to the brec
ciated schreibcrsite (S). Etched. Scale bar 50 p.. 
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sensitive to shock events it will probably be - together with 
kamacite and taenite - eminently suited to reveal the 
cosmic shock and annealing events. In column 12 , Appen
dix I, the presence of troilite is indic:(lted; X: present , but 
not examined in a polished section. 1: Monocrystalline. 
2: Deformed, displaying multiple twinning. 3: Deformed, 
with undulatory extinction. 4: Recrystallized. 5: Shock
melted and transformed to fine-grained eutectics. 


Graphite, Diamond and Lonsdaleite. Graphite , C. The first 
substantiated report of graphite in iron meteorites was by 
Troost (1840). Numerous observations have been added 
later, e.g. , by Reichenbach (1862b), Smith (1876a), Cohen 
(1894: 148), Perry (1944), El Goresy (1965), Marshall & 
Keil (1965) and Buchwald & Wasson (1968). 


Graphite occurs as centimeter-sized nodules in associa
tion with troilite and silicates in group I and !-Anomalous. 
Outside these groups, graphite-troilite nodules are rare or 
absent. Fine graphite lamellae and spherulites, that usually 


Figure 164. Willamette (U.S.N.M. no. 333). Severely altered troilite 
in recrystallized kamacite. Shock and subsequent annealing altered 
an original troilite lens to a fine-grained eutectic with spidery 
filaments of melted sulfides. Etched. Scale bar 50 J.i. 


Figure 165. Odessa (Tempe no. 091.91). Typical graphite (G)
troilite (T) intergrowth with about equal parts of the components. 
So-called horsetail extinction. Polished. Crossed polars. Scale bar 
20J.i. 


are the decomposition products of former carbides, occur 
in group IIA, liD, IIID, IIIE and several anomalous irons. 
Butler, e.g., shows intriguing spherules with serrated edges 
which can be observed with the naked eye on polished 
sections. They resemble shock-affected troilite nodules and 
may have a similar origin. 


Cliftonitic graphite - i.e., graphite crystals that, in 
sections, display cubic, cubo-octahedral and pseudo-hexa
gonal outlines (Figure 166) had been observed by Haidinger 
(1846) and was named cliftonite by Fletcher (1887c) . (See 
page 792, Magura.) The cliftonite is apparently not a 
pseudomorph after diamond but rather a solid state 
precipitate of C in kamacite, in which the external faces of 
the growing graphite are governed by the cubic structure of 
kamacite and thus assume cubic outlines. 


Brett & Higgins (1967) demonstrated that graphite 
aggregates of cubic morphology could, in fact, be grown in 


"' 


~ 
Figure 166. Seligman (U.S.N.M. no. 1761). Graphite occurs in the 
kamacite phase as cliftonitic units with fine, oriented extinction. 
Etched. Crossed polars. Scale bar 100 J.i. 


' 
Figure 167. Seligman (U.S.N.M. no. 1761). The cliftonitic graphite 
may also assume square outlines. Etched. Crossed polars. Scale bar 
100 J.i. 
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Figure 168. Kendall County (U.S.N.M. no. 1657). Triangular or 
arrowhead development of graphite occurs in a few meteorites, such 
as Kendall County, Morrill and Mundrabilla. The graphite precipi
tates are oriented with respect to the cubic kamacite lattice. Etched. 
Crossed polars. Scale bar 20 iJ.. 


Figure 169. Kendall County (U.S.N.M. no. 1657). Basket weave 
precipitates of graphite in kamacite. This morphology seems to be 
restricted to a few anomalous iron meteorites. Etched. Scale bar 
40 iJ.. 


the laboratory by annealing Fe-Ni-C alloys for about 1000 
hours at one atmosphere and 550° C. 


In column 12, Appendix 1, a G indicates the presence 
of graphite, Gc the presence of cliftonitic graphite, and Cg 
the presence of a carbide under decomposition to graphite. 


Diamond, C. Koenig stated in Foote's paper (1891) 
that small diamonds occurred in some Canyon Diablo 
specimens, and this has later been confirmed from many 
sides (Nininger 1939d; Ksanda & Henderson 1939; Moore 
et al. 1967). Since many of the heat-affected specimens 
contain diamonds, yet diamonds have not been found in 
any of the unaltered fragments, Nininger (1956) suggested 
that the temperatures indicated were those required to 
form diamonds from graphite during the passage of a shock 
wave front caused by the cratering impact of Canyon 
Diablo. Lipschutz & Anders (1961) and Heymann et al. 
(1966) supported this hypothesis, and the present author 


must also conclude that this is the most likely explanation 
for the diamond occurrences. See also Canyon Diablo 
page 384 and Magura page 793. 


Lonsdaleite, C. Frondel & Marvin (1967) showed that 
many of the carbonados in Canyon Diablo, normally 
accepted as diamonds, were in fact aggregates of diamond 
and a hexagonal polymorph of diamond, which they named 
Lonsdaleite. Lonsdaleite was no doubt formed by the same 
shock waves that produced the diamonds. See page 385. 
Daubreelite, FeCr2 S4 , was discovered by Smith (1876c) in 
the hexahedrite Coahuila, where it occurs abundantly, 
particularly in its typical variety: as parallel wide bars in 
troilite . Cohen (1894: 209) , Perry (1944), and El Goresy 
(1965) added many observations, and Heide et al. (1932) 
and Lundquist (1943) determined the structure to be that 
of a cubic spinel type . The ternary Fe-Cr-S system has been 
examined by Kullerud and co-workers, who have also 
discussed the conditions for the formation of daubreelite. 


Figure 170. lquique (Berlin). Daubreelite lamellae (gray) exsolved 
parallel to (0001) of the hexagonal troilite single crystal. Due to 
shock compression the troilite shows multiple twinning, with 
alternating white and black portions in crossed polars. Scale bar 
20 iJ.. 


Figure 171. Walker County (U.S.N.M. no. 379). A sulfide nodule 
exhibiting alternating fine lamellae of daubreelite and troilite. A 
narrow, fissured rim of schreibersite and cohenite is also seen. 
Polished. Scale bar 100 iJ.. 
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The mineral is bluish and isotropic, with a Vickers 
hardness of about 400. It occurs as an exsolution product 
in troilite and here forms lamellae parallel to (0001) that 
range from 0.5 f.1. to 1 mm in widths. It appears that the 
ratio of daubreelite to troilite is inversely correlated with 
the size of the troilite nodule , the small nodules (0.1 mm) 
displaying up to 50% daubreelite. Daubreelite occurs 
particularly in group I, IIA, IliA and IV A. Besides being 
present in troilite, it forms discrete 10-500 f.1. particles in 
kamacite. 


Cosmic shocks and associated reheating usually entirely 
destroy the troilite-daubreelite aggregates. Thereby the 
daubreelite is shattered and partially dissolved , afterwards 
occurring as dispersed sub angular particles, 1-10 f.1. in size, in 
the troili te. 


Artificial reheating of troilite-daubreelite assemblages 
often causes the minerals to recrystallize; in the recrystal
lized grains very fine parallel exsolution lamellae form. See 
Figure 26. See also, e.g., Rodeo, Verkhne Udinsk and 
Yanhuitlan. 


Chromite. Chromite, FeCr2 0 4 , first mentioned by Shepard 
(1853b) and Rose (1864a), this mineral has later proved to 
be quite common in iron meteorites. Reviews have been 
published by Cohen (1894 : 244) and scattered observations 
are to be found in various papers, e.g., by Derby (1895; 
1896), Snetsinger et al. (1967) and Bunch & Keil ( 1971). 


Chromite is a cubic spinel with prominent octahedral 
cleavage. It is bluish in reflected light and has a high Vickers 
hardness (> 11 00), somewhat difficult to determine be
cause it usually splits under the indentation load . It occurs 
as cubes and octahedra in troilite nodules of group I and 
IliA and reaches large dimensions (8 X 4 em) in Sikhote
Alin, Sacramento Mountains and in some pallasites, e.g., 
Brenham. As mentioned page 108 , it forms the backbone of 


Figure 173. Zacatecas (1792) (Copenhagen no . 1906, 145). Cubic 
chromite crystal in kamacite. Four cavities are filled with kamacite. 
Narrow fringes of schreibersite are present along the interfaces. Also 
four inclusions of troilite (gray). Polished. Scale bar 50 J.L. 


~ Figure 174. Cape York (Agpalilik) (Copenhagen no. 1967, 410). 


Figure 172. Dalton (U.S.N.M. no. I 010). In this medium octahe
drite of group IliA the original troilite-daubree lite nodules are 
entirely destroyed because of cosmic shock annealing. The iron 
sulfide forms a fine-grained eutectic with iron , while the daubreelite 
occurs as subangular 10 ll particles, dispersed through the melt. 
White is kamacite. Black is terrestrial corrosion. Polished. Scale bar 
300 J.l. 


Cubic chromite crystal as a nucleus fo r a lenticular troilite crystal. 
Late deformation ha s damaged the troilite and subdivided it into 
numerous cells of different orientation. Polished. Crossed polars. 
Scale bar 300 J.L. 


EL C• 


Mn Fe N> Cu 


Figure 175. Cape York . X-ray scanning pictures of chromite in 
troilite, similar to Figure 174. It is seen that chromite is enriched in 
manganese, while Cu seems to be present as filaments of elementary 
copper in the chromite fissures. Scale bar 100 J.l. 
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many Reichenbach lamellae, occurring as thin, but large, 
lamellae cutting through the Widmanstiitten structure that 
developed after the chromite had precipitated from solid 
solution. Chromite is also present in many anomalous iron 
meteorites, e.g., N'Goureyma, Zacatecas and Monahans. See 
Figure 173. 


Silicates. Silicate inclusions are present in a large number of 
iron meteorites (Bunch eta!. 1970). The survey in Appen
dix I (silicates are in column 13 marked S) clearly shows 
that silicates are almost exclusively concentrated in group I 
and group !-Anomalous, having been detected in 36 of 88 
meteorites of those categories. Further search will probably 
reveal silicates also in the remaining 52. In the 293 
meteorites belonging to group IIA-IIB, IIC, liD, IIIA-IIIB, 
IIIC-IIID, IV A and IVB only six instances of very minor 
silicate inclusions were found . Finally, there were 17 
instances of silicate-bearing meteorites among the 92 
anomalous irons, Figures 177A-B. 


Since the present study was mainly based upon 
polished sections and thus was not well adapted for the 
examination of non-opaque minerals, the silicates were 


X Nicols 
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Figure 177A. Weekeroo Station (U.S.N.M. no. 835). Silicates in a 
polycrystalline iron meteorite. The silicates assume !amellar shapes 
in the original taenite grain boundaries but approach globular shapes 
in the grain interiors. Etched. Scale in centimeters. 
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Figure 176. Cape York. X-ray scanning pictures of chromite and phosphates in a troilite nodule. The chromite is enriched in V, Mn, Zn (and 
Ti), and shows elementary copper in fissures . The phosphates are apparently (Mn, Na) P04 with accessory amounts of K and Ca. Scale bar 
200 JJ.. 
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' 
Figure 1778. Tucson (U.S.N.M. no. 368, Ring mass). A large 
number of the silicate inclusions in Tucson are small and equiaxial, 
and exhibit cubic crystal facets. Since the silicates themselves are 
monoclinic or orthorhombic, it appears that the cubic symmetry 
must have been imposed by the actomodation to the cubic taenite 
and kamacite phases. Polished. Oil immersion. Scale bar 10 ll· 


usually not determined further than to the broad cat
egories, olivines, pyroxenes, plagioclases and glasses. How
ever, the notes should enable any interested party to select 
the most promising material for study. 


Doubtful Minerals 
Moissanite, SiC, was reported by Moissan (1904), but 


has never again been observed. I agree with Merrill (1930) 
and Mason (1967a) that Moissan's material was contam
inated with carborundum abrasive. 


Lawrencite, FeC1 2 , is a mineral which is supported by 
Cohen (1894: 227), Perry (1944: 25), Mason (1962a: 60) 
Keil (1969: 106) and Strunz (1970: 157). As discussed on 
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Figure 178. Wathena (U.S.N.M. no. 1387). A recrystallized and 
corroded hexahedrite. X-ray scanning pictures of near-surface areas 
indicate the presence of oxygen and chlorine. Chlorine is particu
larly concentrated in the zone of active weathering. Adjacent parts 
of the meteorite are entirely converted to chloride-free limonite and 
are now inactive. Scale bar 50 ll · 


page 82, the present author disagrees with the observa
tions and concludes that virtually all chlorine observed in 
iron meteorites is of terrestrial origin. I assume that the 
mineral is totally absent in iron meteorites and probably 
does not exist at all. See also the discussion under 
Cranbourne, page 508. 


Gold, Au. Edwards (1953) reported gold grains in 
Wedderburn, but it appears that the observation was based 
upon some misinterpretation. See page 1295. 


Chalypite, Fe2 C, has been mentioned by Shepard 
(1867a) and Strunz (1970: 97). The identification is 
inadequate, and the mineral probably does not occur. 


Gentnerite, Cu8 Fe 3 Cr 11S 18, was described by El 
Goresy & Ottemann (1966) but apparently inadequately; it 
has been rejected by the International Mineralogical Associ
ation, and by Strunz (1970: 529). 
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PREFACE 


The Center for Meteorite Studies is pleased to have the opportunity to take an 
active part in the publication of this unique, important monograph on iron meteorites 
by Vagn Buchwald. Man's penetration of the frontiers of space has increased the 
world's thirst and need for additional information on these meteoritic messengers from 
time and space. Meteorites which have always fascinated the minds of scientists and 
laymen alike become all the more interesting when we are guided through their 
individual intricacies by a scientist who has spent a good part of his professional life 
studying them. Vagn Buchwald has travelled the world in order to inspect virtually all 
of the known iron meteorites which are described in detail in this work. As a part of 
his travels the Center for Meteorite Studies is proud to acknowledge the year he spent 
at Arizona State University as a Visiting Professor studying and teaching about the 
meteorites in the Nininger Meteorite Collection. 


This set of books is the most comprehensive study of iron meteorites ever made, 
and most likely will be the most definitive and indispensable reference on them for 
decades to come. In the field of meteoritics, this work is rivaled, perhaps, only by 
E. Cohen's unfinished "Meteoritenkunde" started in the last century or 0. C. 
Farrington's "Meteorites of North America" published in 1915. This publication is the 
culmination of an idea first developed I am sure , on the inspection of a few iron 
meteorites and then tenaciously followed up until all were studied and described . 


As Vagn Buchwald has noted in his text, he owes thanks for his success to many 
who have helped him along the way. Foremost certainly as far as the Center for 
Meteorite Studies is concerned is Herbert G. Fales whose unflagging enthusiasm and 
support finally led to the start of this publication. In addition the support of The 
Carlsberg Foundation was critical in expediting the publication. The concern of 
Herbert G. Fales and The Carlsberg Foundation is to be commended. 


George Boyd of the Center for Meteorite Studies performed the task of organizing 
the editing and production schedule and coordinating the efforts of all concerned . 
Peter Millman kindly reviewed much of the material in the first volume. Special thanks 
are due the staffs of the Bureau of Publications of Arizona State University for their 
detailed concern with the book design and the staff and editorial review committee of 
the University of California Press for their interest in producing and distributing the 
bound volumes. 
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Carleton B. Moore, Director 
Center for Meteorite Studies 
Arizona State University 
Tempe, Arizona 
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INTRODUCTION 
The science of meteoritics comprises the study of 


meteors, meteorites and extraterrestrial dust. The study of 
meteors is mainly concerned with the recording and 
interpretation of high altitude objects that never fully 
penetrate our atmosphere, while the study of dust is a 
highly specialized branch that requires sophisticated sam
pling techniques for the collection and identification of the 
minute and controversial dust particles. The present work, 
on the other hand , deals mainly with the massive, tangible 
material. We will study the meteorite falls and finds and we 
will limit ourselves largely to the examination of such 
objects generally known as iron meteorites. 


Individual iron meteorites have an importance com
parable to that of individual botanical or zoological species. 
The phenomena of fall, shape , size , composition and 
structure are largely peculiar to each meteorite and for 
purposes of future reference should be carefully recorded. 
Only a small number of iron meteorites have been observed 
to fall and not very many of these attracted sufficient 
attention at the time of the fall to be fully described. An 
outstanding exception is Sikhote-Alin, which shed tons of 
fragments over Eastern Siberia in 1947 and resulted in a 
wealth of pertinent studies. However, many other falls and 
finds have received only scant attention , and the relevant 
publications are often to be found in rather inaccessible 
journals. Moreover, many iron meteorites were analyzed 
and described when they were found, perhaps a hundred 
years ago; and no later examinations have been carried out. 
Many meteorites have never been previously photographed. 
In my opinion, no meteorite has been adequately described 
until good photomacrographs and photomicrographs have 
also been published . Therefore, the figures and the explana
tions of the figures are an essential part of this handbook. 


The collection of meteorites in the Mineralogical 
Museum of the University of Copenhagen is small by 
international standards, but it was during the reexamination 
and arranging of this collection in the early 1960s that I 
realized how antiquated and random the available informa
tion on iron meteorites was. When I found that it would be 
necessary to examine numerous meteorites that were not in 
the Danish collection, a rather heterogeneous pile of notes 
accumulated during visits to various museum collections in 
Europe, including the USSR. The initial metallurgical work 
was supplemented by a thorough study of synthetic 
iron-nickel-phosphorus alloys prepared for comparison. 


The opportunity to concentrate on the present book 
came as a result of an appointment in 1967 as Visiting 
Professor at Arizona State University, Tempe , Arizona, 
under the auspices of the United States Educational 
Commission in Denmark (Fulbright Commission). After a 
year in Arizona , where I studied the Nininger Collection, I 
was generously invited to work as a postdoctoral research 
associate for two years with the Division of Meteorites at 
the Smithsonian Institution, Washington, D.C. In both 
places I was greatly encouraged to compile my data in the 


form of a manual, and no efforts were spared to make the 
iron meteorites in the respective collections available for a 
thorough examination . As a result, more than 1,100 large 
and small polished sections were newly prepared, identified 
and - in most cases - photomicrographed. 


Previous Handbooks and Textbooks 


I had felt the need for a readily available handbook of 
iron meteorites for a long time when finally, in 1967, I 
started systematic work on it. Again and again, I had, when 
discussing specific items within meteoritics, realized that 
much basic information was simply not available . I had also 
noted that much information, although already published, 
was much too difficult to relocate, or even worse, its 
existence was not even suspected by the research worker 
dearly in need of it. Since the days of Wtilfing, Cohen and 
Farrington very little work had been done to compile the 
available data critically. Wtilfing (1897) wrote a comprehen
sive bibliography of all meteorites known by the end of the 
nine tee nth century. He also prepared a list of all known 
specimens then in collections and tried to estimate their 
relative value for purposes of exchange . His work was 
performed with excellent judgment and thoroughness and, 
therefore, his bibliography remains a valuable companion, 
particularly for historical studies. 


Cohen undertook the task of describing all meteorites. 
His impressive Volumes 1 (1894) and 2 (1903d) treated the 
minerals, compositions and shapes systematically. 
Volume 3 (1905) described in great detail 96 iron meteor
ites comprising ataxites, hexahedrites and fine octahedrites. 
Volumes 4 and 5 were intended to complete the descrip
tions of the irons and to describe pallasites and stony 
meteorites, while Volume 6 would have contained astro
nomical information and fall observations. Unfortunately , 
Cohen had only finished the first three volumes when he 
died in 1905. 


Cohen was very selective in his work ; where Wtilfing 
had compiled all references, however peripherically asso
ciated with the subject, Cohen confined himself to a critical 
review of the original papers and analyses to which he 
added his own descriptions and analytical results . His work 
is an important achievement and contains a wealth of 
original observations and ideas. The analyses he presented 
were unsurpassed for 50 years and are still very useful. In 
the unfortunately very rare supplement, Brezina & Cohen 
(1886-1906) published 190 photomacrographs of etched 
sections. 


Farrington (1915) used a different approach , confining 
himself geographically to the North American meteorites. 
As opposed to Cohen, who had organized the meteorites 
systematically, Farrington chose to present them in alpha
betical order. He reprinted part of the original reports on 
falls and finds and combined this with a few comments and 
a brief bibliography. 
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In 1944, S.H. Perry published his classical "The 
Metallography of Meteoric Iron." On the basis of about 
300 eminent photomicrographs, prepared in the Depart
ment of Metallurgy, University of Michigan, he briefly 
described 98 iron meteorites - of which four were 
unknowingly duplicates. All his original photomicrographs 
were collected in five volumes (1944) and deposited in the 
U.S. National Museum. Additional volumes, VI through IX, 
appeared in the 1940s and 1950s. The volumes were not 
printed, but typewritten copies are still available for 
consultation at the Smithsonian Institution, University of 
Michigan, Field Museum of Natural History , American 
Museum of Natural History and British Museum (National 
History). 


In recent years these important works have been 
supplemented by the extensive bibliography by Harrison 
Brown (1953), the "Catalogue of Meteorites" by Max Hey 
(1966), and the bibliographies edited by Yavnel (1965a; 
1968a; 1971). The valuable textbooks by Nininger (1952a), 
Heide (1957), Krinov (1960a), Mason (1962a)and Wood 
(1968) must be mentioned, of course . However, none of 
these were specifically concerned with iron meteorites, and 
modern annotated bibliographies or handbooks have not 
appeared. This lack of general information is the more 
deplorable because interest in meteorites has increased 
considerably during the last 16 years since the launching of 
satellites and sputniks in 19 57. A large number of outstand
ing papers on specific aspects have appeared, utilizing for 
example the powerful method of electron microprobe 
analysis whereby areas as small as one micron in diameter 
have been successfully analyzed. Other papers have dealt 
with refined methods for analyzing the elements with 
neutron activation techniques or have reported the unbe
lievably small concentrations of noble gases and their 
isotopes. These data make it possible for us to estimate, on 
the one hand, the ages of the meteorites, and on the other 
hand, to develop theories about the intensity of cosmic 
radiation in space, both near the Earth and at more distant 
points. The meteorites have thus acquired the important 
position as inexpensive space probes from which valuable 
information can be extracted by modern techniques. 


About this book 


In Volume 1 1 have given a very brief survey of the 
various aspects of meteoritics, beginning with astronomic 
viewpoints and ending with a discussion of the problems 
associated with determining the age of a meteorite. The 
volume has eight appendices and a full list of references for 
all three volumes. Of particular interest is Appendix 1 in 
which all well-analyzed iron meteorites are systematically 
arranged, as opposed to the alphabetical arrangement in 
Volumes 2 and 3. Volume 1 contains 37 tables and 
over 200 photographs and drawings representing all typical 
iron meteorites. I hope that this volume alone may serve as 
a general introduction to the state of the art, so I have tried 
to make the text independent of the following volumes, 


although, of course, the bulk of the material was extracted 
from these volumes. 


The material in Volumes 2 and 3 treats all known 
iron meteorites in considerable detail, supported by numer
ous tables and 2000 photographs, map sketches and 
diagrams. The material is basically descriptive. The empha
sis is placed on presenting the data, critically revising older 
descriptions and offering suggestions regarding classifica
tion. Some interpretation of structure and chemistry is 
included, particularly concerning phosphides, sulfides, 
shock structures, heat-affected rim zones and hardness 
values, but otherwise it was felt that broader interpretation 
should be reserved for future work. The book is a 
description and definition of the individual meteorites, and, 
hopefully, it may serve as a reference work for physicists, 
chemists, geologists, mineralogists and metallurgists active 
in meteoritics but who have had little opportunity to see 
and examine larger sections of individual irons. From the 
general description given here , they will be able to continue 
and augment their work along various specific and often 
highly specialized lines, and they should be able to compare 
their data with data given here in order to establish general 
trends and laws. 


The meteorites in Copenhagen, Washington and Tempe 
have formed the basis for my examinations. The University 
Collection in Copenhagen comprises 293 meteorites, of 
which 122 are iron meteorites and 24 stony irons. The 
collection of the Smithsonian Institution in Washington 
comprises about 1250 meteorites of which about 450 are 
iron meteorites, and 55 are stony irons. The meteorite 
collection of Arizona State University was started in 1960 
by the purchase of about half of Dr. H.H. Nininger's 
collection. It has later been increased by gifts, purchases 
and exchanges and now comprises about 1000 falls and 
finds. Of these about 325 are iron meteorites and 40 stony 
irons. 


Where these collections were found to be insufficient 
or to lack material for a certain iron meteorite completely, 
samples and information were obtained from other mu
seums. It has thus been my privilege to work with most of 
the world's best collections. The samples which I have 
examined have been designated by their museum numbers 
under the individual descriptions for the benefit of future 
workers. At times the examinations unexpectedly took the 
character of detective work, because a rather large number 
of mis-identifications, mislabelings and unidentified speci
mens were found. Apparently samples of this kind are 
present in all collections, the actual number being approx
imately proportional to the size of the collection and to the 
number of smaller, private collections which have been 
incorporated. It was generally found that between 10 and 
15% of the iron meteorites in a collection were mislabeled 
or belonged to a paired fall. Typical examples of these 
difficulties are treated under Durango, Kokstad and Saint 
Francois County, while Santa Rosa provided enough 
enigmas for a separate study (Buchwald & Wasson 1968). 







During the work, a warm friendship with Dr. J .T . 
Wasson, University of California, Los Angeles , developed . It 
turned out to be of mutual benefit to examine the same 
specimens whenever possible. Considering the extreme 
rarity of material, it was very important to make the most 
of what was available. Therefore, samples were often 
prepared for non-destructive metallography and micro
photography first and then sent, either in their entirety or 
in the form of hacksawed corners, to Dr. Wasson for an 
accurate determination of nickel, gallium, germanium and 
iridium. This form of cooperation in meteoritics is highly 
recommended because material is saved, and a complete 
identification of the specimen can be achieved. Moreover, it 
serves to exclude mislabeled or otherwise contradictory 
material at an early date, before too much time has been 
wasted on it. 


After a considerable amount of thought, the meteorites 
were studied and arranged alphabetically in Volumes 2 and 
3. However, in the appendix of Volume 1, the irons have 
been compiled on a classificational basis. I trust that this 
method has removed any bias from the descriptions and 
will make the book easier for the casual observer to use . 
Moreover, the classifications are apt to change in time , 
while the alphabet remains. 


The names are in accordance with those adopted by 
Hey (1966), synomyms are only infrequently mentioned 
but will also be found in Hey. It is strongly recommended 
that in any publication on meteorites, the name forms 
adopted by Hey and his predecessor Prior (1923a) be 
applied, thus abstaining from introducing more modern 
name forms, even if these should be more correct from the 
standpoint of the native language, whether it be Polish, 
English or Japanese. The reader is here referred to a recent 
discussion of the problems associated with the naming of 
meteorites by Buchwald & Wasson (1972). 


The handbook comprises 560 full descriptions and 100 
short descriptions, covering a total of 660 individual masses 
and fragments. However, as explained elsewhere, so many 
paired falls and pseudometeorites were detected during the 
work that the book covers only 532 dzfferent iron 
meteorites. However, these are all that are presently 
recorded and available for examination. The individual 
manuscripts were prepared in alphabetical order in the 
years 1967 to 1972, inclusive. This may explain some 
omissions and missing references; however , I have tried hard 
to have all material updated at least to 1972. On occasion, 
after I had finished my description, a new publication 
appeared which treated the same problem. I was happy to 
see that the same results were usually achieved, so I have 
just had to add the new reference while proofreading. At 
the end of Volume 3 a Supplement will be found, giving 
information on meteorites examined after January 1973. 


It has been my pleasure on a great many occasions to 
delve into the historical aspects of the meteoritic science. 
Sometimes it has absolutely been a must , since so many 
curious things evidently happened to old iron meteorites. In 
obscure and rather inaccessible journals and books I have 
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found many important notes which helped me to solve 
particular problems. Likewise, in the accession protocols of 
the museums, in the archives and on old labels, often 
written in nineteenth century Gothic style, there was much 
information to be extracted. I do not have a historian's 
perspective and training, however, so I have rashly written 
as a metallurgist, without shame but in all humility. I hope 
that others will forgive narrowness and errors and will 
regard my documentation as a base on which future 
students will build the next story in their specific fields. 


References to earlier work have been given as much as 
possible . However, for references to work earlier than 1900 
the reader is asked to consult either of the previously 
mentioned Handbooks and Bibliographies, else this work 
would have been endless. I have been very selective when 
accepting chemical analyses , hoping to have excluded 
analyses which for one or other reason was unsatisfactory. 
In this, I have rarely discussed my choice but depended 
upon my structural studies, on some electron microprobe 
work and upon my intuition. 


The descriptive part is thoroughly supported by photo
macrographs and -micrographs. While most were prepared 
in my own laboratory, I never hesitated to ask for the loan 
of a good photograph from somebody else if it served to 
highlight a specific point. In particular, the Smithsonian 
Institution has contributed many photomacrographs of 
large polished and etched samples , and I am happy to 
express here my thanks to the photographic laboratory. In 
my opinion , good photographs are the best permanent 
records of the structure of iron meteorites. Almost as good 
are carefully drawn sketches such as I have often drawn 
them when working at the microscope. I had planned to 
include several of these, and also schematic drawings 
generalizing a specific theme, but time unfortunately did 
not permit me to fulfill this plan. 
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Mechanical twinning 90, 126 
Melting, evidence of in iron meteorites 118 
Merrilite 88 
Mertzon 70, 824 







Meso siderites 35, 65 , 1333 
Metabolites 41, 363 
Metamorphism 33, 62 , 125 , 131 , 274,700, 


816, 1139 
Metastable phases 99, 124, 128, 679, 939 
Meteor 1, 10, 15 
Meteor Crater 381 
Meteor Crater Enterprises 388 
Meteor streams 10 
Meteorite 1 
Meteorite collections 2, 4, 170 
Meteorite craters 33 
Meteorite mummies 165 , 399, 433 
Meteorites, found when dredging for gold 


247 , 349, 438 , 449 , 582, 637,678,1137, 
1170, 1261 


Meteorites, large 28, 38,373, 410,647, 
858, 1311 


Meteorites, names, see individual names in 
the Index and the Handbook Section 


Meteorites, new 37,756, 1060, 1145, 
1367 , Supplement 


Meteorites, recovered from sediments, see 
Meteorites found when dredging for gold 


Meteorites, small 39,527,567, 577 
Meteorites, supposed to be ores or noble 


metals 342, 689, 767, 814, 1139, 1224, 
1226, 1277, 1312, 1336, 1362, Imilac 
1393 


Meteoritic minerals 87 
Meteoritic stones 59 
Meteroid 13, 140 
Meunier, Stanislas 59, 366, 443, 749 
Mexico, iron meteorites from 465 , 481 , 


550,808, 828, 1006 , 1062, 1205, 1209, 
1235, 1337, 1361 


Mezo-Madaras stone 63 
Michigan 1216, 1418 
Microcracks 126 
Microhardness 99, 126, 1111 
Micrometeorites 33 , 1126 
Micrometeoroids 11 
Millman, Peter M. 4 , 10, 17 
Mineralogy of meteorites 87 
Mislabeled meteorites 2, 277,279, 284, 


309, 328, 354, 393 , 398,440,465 , 478 , 
500, 550,582,614, 666 , 697 , 813 , 828 , 
842,951 , 1004, 1007, 1041 , 1048 , 1166, 
1173, 1240, 1264, 1337, 1360, Paneth ' s 
Iron 1409, etc. 


Moab 404, 1418 
Moissanite 113, 385 
Molybdenum 84 
Monnig, E.O. 4, 171 , 404 , 433 , 937 
Monturaqui crater 34, 35, 1403 
Moon 7, 13, 34, 35, 137 , 386 
Moore, Carleton B. 4, 62 , 64, 79, 85 
Morasko 35 , 836 
Morita 38 , 45 , 838 
Morphology 45 
Mo saic structure in taenite 52, 54, 127 
Mo saic structure in troilite 127 
Mount Padbury mesosiderite 115 
Mount Sir Charles Supplement 
Ms·temperature 116, 1205 
Multiple falls , see Showers, meteorite 
Multiple station photography 5, 15 , 29 
Munck, Sole 4, 170 
Mundrabilla 858 
Mungindi 102, 862 
Museum de Chopo, Mexico 363,446, 1338 
Museums, list of important 170 
Muzzaffarpur 26 , 31, 871 
Myrmekitic intergrowth 1210 


Nagy- Vazsony 874, 1418 
Nakhlite 59 
Naming of meteorites 3, 858, 950, 1210 
Native iron 88, 413· 
Nebula 137 
Necking 126,587,600, 1077, 1167, 1231, 


1272 
Nedagolla 131, 880 
Neon 140, 167 
Netschaevo 64, 891 
Neumann, Johann G. (son of K.A. Neu


mann) 90, 341 
Neumann, K.A. 557 
Neumann bands 67, 90, 126, 133, 364, 


960, 1063, 1093, 1152, 1361 
Neumann bands, decorated 127, 908 , 945, 


1038 , 1223, 1298 , 1343, Aswan 1378 
Neumann bands, secondary 951, 1153, 


1372 
Neutron activation analysis 71 , 86 
New Leipzig 897, 1418 
New meteorites, see Meteorites, new 
Nichiporuk , Walter 106, 640, 1127 
Nickel in meteorites 62, 64, 70 , 76 
Nickel-iron 87, 137 
Nickel-poor ataxites 41, 68, 45 0, 780, 816 , 


1062, 1135, 1291 
Nickel-rich ataxites 69,284,525,647,843, 


1068, 1205 
Nickel-serpentine 1328 
Night clouds, luminescent 9 
Nininger Collection 2, 1045 
Nininger, H.H. 4, 110, 269, 385 , 455 , 598, 


668, 784 , 994, 1209, 1314 
Niobium 84 
Nita! , etchant 92 
Nitrides 79, 103 
Nitrogen in meteorites 79, 1285 
N'Kandhla 26, 31, 906 
Noble gases 79 , 140, 167, 1233 
Noctilucent sky 9 
Noe-Nygaard, Arne 4 
Nomenclature of meteorites 3, 858, 1210 
Nordenskiold, A.E. 413 
Norton County achondrite 52, 64 
Novorybinskoe 931, 1418 
Novo-Urei stone 64 
Nucleation problems 66, 89, 121 , 895 , 939, 


1073, 1290, 1310, 1333 
Nucleosynthesis 13 7 
Nuevo Laredo eucrite 139 
Nuleri 931 , 1418 
Number of meteorites 3, 37, 59, 170 
Nutwood Downs 1408 


Octahedral cleavage 276 , 343, 689 , 1276 
Octahedrites 66 , 115 
Octahedrites, heat-altered 65 
Odessa 42 , 45 , 93 , 127,937 
Odessa crater 35 , 937 
Okano 39, 946 
Oldhamite 63 
Oligoclase 57 5, 1251 
Olirine 65,88,49~597, 718 , 892,939, 


1130, 1210, 1240, 1251, 1333, Imilac 
1393 


Ollague pallasite lmilac 1393 
Olsen, Edward 88, 614 , 892 
Opik , E.J . 11 , 33 
Orbital elements 12, 18 , 1126 , 1232 
Orbital rhythmic reheating, see Cyclical 


reheating 
Ordering reaction 1072, 1249 
Organic compounds 63 , 78 
Orgueil stone 29 , 79 


Index 5 


Orientation relationships 69, 90, 97, 99, 
117,483 


Oriented sheen 68, 98, 115, 1146, 1246 
Origin of meteoritic minerals 137 
Ornansites 62 
Orthoclase 939 
Orthopyroxenes 88,976, 1240, 1297, 1333 
Osmium 137, 138,426, 1211 
Osmium-rhenium age 138 
Otasawian 955, 1408 
Oscuro Mountains 950, 1418 
Otumpa 373 
Overturned structures 590,597, 1128, 


Gibeon 1385 
Ovifak, terrestrial iron 88,413, 1069 
Ownership of meteorites 1314 
Oxidation, internal of iron-nickel 1071 , 


1204 
Oxides 87, 88 , 111 
Oxy-acetylene cutting, see Cutting torch 
Oxygen 80, 113, 121, 1285 
Oxypearlite 1148 


Paired meteorites 37, 159, 679, 697, 723, 
806,917 


Palache, C. 302, 1120 
Pallas asteroid 6, 7 
Pallasites 64,597,659, 1288, Imilac 1393 
Palomar-Leiden survey 6 
Pan de Azucar 96, 107, 960 
Paneth, F.A. 115, 142,587, 1212, Paneth's 


Iron 1409 
Panethite 88, 520 
Paneth'slron 1212, 1409 
Parabolic orbit 13 
Paraeu tectoid 408 
Paragould stone 29 
Parallel inclusions 121, 318, 423, 1074, 


1075, Redfields 1413 
Parent bodies 8, 125 
Paris meteorite collection 172, 498 , 749, 


817, 1371, Magnesia 1401 
Particle flux near earth 11 
Particles, spherical 10, 397, 1126 
Partition of elements 79, 84, 940, 961 
Partsch , P. 59, 550, 1366 
Partschite 1102 
Pasamonte stone 29, 51 
Peabody Museum, see Yale 
Pearlite 931 
Pearlitic plessite, see Plessite, pearlitic 
Peary, R.E. 412 
Penetration at impact 11, 33, 639, 665, 


937,982,1031,1124,1232, 1343 
Pentlandite 62, 87, 108,648,941, 1071 , 


1194, 1249 
Perihelion 8, 10, 12, 13, 16, 18 
Perry, S.H. 2, 95 , 115 , 715 
Perryite 88, 661 
Perturbation of orbits 8, 9, 18 
Petrology of stone meteorites 60 
Philby , H. 1270 
Phobos 5 
Phosphates 80, 88, 112, 309, 311,424, 


544, 613, 730, 1310, De Hoek 1380 
Phosphide-free iron meteorites 584, 668, 


690, 751 , 912, 935,999, 1337, 1361 
Phosphides, see Schreibersite and Rhabdite 
Phosphides, with reaction rim zones 552, 


952,980, 1024, 1096, 1267, 1373 
Phosphorus in meteorites 62, 64, 70, 72, 80 
Photographic recording of falls 11, 16, 17 
Photosphere, solar 79 
Physics of the fall 15 
Piezoglypts 1002 
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Pigeonite 60, 64, 88 
Pinnaroo mesosiderite 66 
Pinning of grain boundaries 681 , 1106, 


1116, 1152, 1317, 1363 , Redfields 1413 
Pioneer spacecraft 11 
Pistols, from meteorites 3 7 3 
Pitting corrosion 303,800, 979,992, 1318 
Pittsburg 985 , 1418 
Plagioclase 66 , 88 , 718 , 892 , 1240, 1297 , 


1333 
Planets 7 
Planimetry 83 , 86 
Plastic deformation 125,463,587,872, 


1036, Gibeon 1385 , Imilac 1393, 
Monturaqui 1403 


Platinum 84 , 1294 
Plessite 95 , 115 
Plessite, acicular 96 , 760,961 , 1330, 1344 
Plessite, altered 98 , 802, 1314 
Plessite, cellular 97 , 460, 589, 956 , 1044, 


1066, 1108 
Plessite, comb 96 , 552, 712 , 854 , 1096, 


1177,1193, 1234 
Plessite, degenerated 98 , 123, 777 , 854 , 


933 , 1068, 1096, 1153 
Plessite, duplex 92, 97, 517, 904 
Plessite, finger 97 , 461, 589, 956 
Plessite, martensitic 903, 1243 , 1370 
Plessite, net 97,589, 1153 , 1271 , 1330 
Plessite, pearlitic 95, 102, 574, 605 , 775 , 


811, 1056 , 1097, 1116, 1131, 1353 
Plessite, perthitic 96 
Plessite, spheroidized 96 , 134, 696 , 1097, 


1131 , 1320, 1345 
Plessitic octahedrites 66 , 150, 300, 966 , 


1047, 1309 
Plutonium 137, 1211 
Po Valley, meteorite falls in 39 
Pock-marking, from weathering 683 , 785 , 


919,927 , 1123, 1193 
Point of retardation 28 , 1124, 1233 
Polarized light 397,695 , 1101, 1291, 


Redfields 1413 
Polycrystalline iron meteorites 66 , 69 , 112, 


272,306,316,329, 335,456,488, 574, 
584, 731 , 825 , 858, 901 , 969 , 983 , 1055 , 
1070, 1158, 1214, 1242, 1247, 1288, 
1332, 1359, 1365 , De Hoek 1380, lmilac 
1393, Redfields 1413 


Polygonization 131 , 572,992, 1257, 1319, 
1324, Redfields 1413 


Polymict breccias 59 
Popigai crater 35 
Poston, Charles D, 401 
Potassium 82 
Potassium-argon dating 139, 939 
Potassium-40 dating 82, 139, 141 
Potassium, selective leaching of 139, 939, 


1211 , 1298 
Potential energy 20 
Powder metallurgy 1, 117 
Power of young girls 617 
Prairie Network 5, 17, 40 
Prambanan 99, 989 
Preatmospheric shape and mass 45, 293, 


608, 1126, 1233 
Precipitation, in strained kamacite 421, 


480, 1061 , 1194 
Precipitation, on Neumann bands, see 


Neumann bands, decorated 
Precipitation, uniform and fine 621, 687 , 


709,907,958, 988 , 1061, 1106, 1259 
Pressure, high 120, 718 
Pribram stone 16, 17, 22, 29 
Prices, on meteorites 853, 901 , 935, 1011 , 


1094, 1313, Gibeon No. 811391 


Primary structures 115 , 1221 
Primordial abundances 76, 79 
Prior, G.T. 59 , 1255 
Providence 123, 991 
Pro-WidmansHitten kamacite 122, 588, 


1242, De Hoek 1380 
Pseudometeorites 37 , 161,248 , 369,744, 


797,1079, 1135 , 1173, 1180, 1244 
Pultusk stone 29 
Pyrite 106,648, 793 , 1095 , 1253, 1266, 


1353 
Pyroxenes66,490,575,793, 892,1297 
Pyroxenite 64 
Pyrrhotite 88 , 106 


Quartz 125, 796 
Quartz Mountain 1000, 1418 
Quaternary eutectics 42,811 , 1267 


Radar measurements 11 
Radiants 10, 18 
Radiation, soft and hard 141 
Radioactive decay · 13 7, 8 71 
Radioactive elements 82, 138 
Radioactivity, cosmic-ray induced 79 , 871 
Radioactivity, intrinsic 79 , 13 7 
Raisin-bread model 125,489, 1074, 1089, 


1361 
Ramdohr, P. 87, 88 , 858 
Rare-gas loss, see Deficiency in helium 
Rare-gases, isotopic composition 140, 167 
Rasmussen, Knud 414 
Rateldraai 1009, 1413 
Recemented fissures 92, 696, 988 , 1194, 


Otasawian 1408, Paneth's Iron 1409 
Recovery 43 , 55, 1032, 1110, 1224, 1257, 


1323 
Recrystallization 43 , 55, 59, 132,517,547, 


571,694 , 935 , 951 , 1027,1103, 1151, 
1221, 1317, 1372, lmilac 1393 


Redfields 1413 
Reed, S.B.J. 87,690,850, 1353 
Reevesite 1328 
Refractory minerals 52, 331 , 810 
Regmaglypts 31, 39, 47 , 360, 390,586, 


641,868,929, 1002, 1125, 1372 
Regolith 63 
Reheated meteorites 95 , 99, 162 
Reichenbach, C.von 87, 92, 793, 1049, 


1099 
Reichenbach lamellae 108,423,480, 539, 


542, 614,713 , 1163 , 1194 
Rembang 1014, 1418 
Repeev Khutor 1014, 1418 
Replicas of deep-etched sections 341, 498, 


892 , 1095 
Retained au stenite 52, 95, 118, 579, 1203, 


1217, 1290, 1296 
Retrograde orbit 16 
Revelstoke stone 19 
Rhabdites 87, 104, 135,923, 927, 1095 , 


1255 
Rhabdites, altered 572,653, 1293 
Rhabdites, in parallel planes 322, 368 , 485, 


617,645,681,782 
Rhabdites, plate-shaped 105, 808, 945, 


1022 
Rhabdites,prismatic 105,483,1022,1096, 


1272, 1353, 1365 . 
Rhenium 138,426, 1211 
Richland 106, 1020 
Richterite 88, 1306 
Ries Kessel 35 
Rifle 123, 406 


Rodeo 43, 1022 
Roebourne 104,1025 
Roedderite 1306 
Rosario 1030, 1418 
Rose , Gustav 59, 87,104,341 , 683,1095 , 


1362 
Rose-Tschermak-Brezina system 59 
Ross, John 410 
Rubidium-strontium age 138,489,730, 


939,1298 
Russel Gulch 103,1035 
Rust 87 
Rutile 88 , 392,861 , 1299 


Sacred meteorites, see Taboo 
Saint Francois County 1040, 1418 
Salar 929 
Salina 930 
Salta 65 , lmilac 1393 
Samelia 26 , 52, 1049, 1418 
San Cristobal 72, 1054 
Sand blasting 377,489 
Santa Luzia 124, 1072 
Santa Rosa 2, 101 , 1075 
Saratov stone 1092 
Sarcopside 88 , 544, 1311 
Savigsivik 412 
Schiaparelli, J .V. 11 
Schlieren bands 129, 463 , 1360 
Schreibersite 104, 115, 135, 314,663, 793 , 


1032,1083 , 1102,1111 , 1127 , 1220, 
Redfields 1413 


Schreibersite, island chains of 97 , 296 , 308, 
876, 1144, 1329 


Schultz, Ludolph 142, 169 
Scott, E. 72 
Scottsville 67, 1091 
Scriba 1091 
Secondary structures 125 , 679,994, 1222 
Seeliisgen 67, 104, 1094 
Segregation 135,299, 552, 1028, 1373 
Selective corrosion 87 , 299,569,985, 


1005, 1248, 1321 
Self-imprint 498, 557, 764, 870 
Seligman 109, 1099 
Semimajor axis 12, 16, 17, 18 
Seneca Township 57, 1104 
Sensitization to corrosion 571 , 653 , 743 , 


1006 , 1038, 1104, 1293 
Sensitized loops, see Loops, unequilibrated 
Shale balls 339, 397, 554, 643, 1256, 


Monturaqui 1403 
Shapes 39, 45 
Shatter cones 34, 704 
Shear fracture lmilac 1393 
Shear zones and sheared structures 128, 


561,717,796,995,997,1008, 1037, 
1039,1109,1152,1335, Imilac 1393 


Shepard, C.U. 59, 111 , 286, 768, 793, 1043 
Shielding 45, 125, 141, 587 
Shock-altered structures 33, 91, 125, 390, 


701 , 817, 1188, 1262, 1320 
Shock-melting 130, 396, 590, 808, 844, 


962, 1159, 1203, 1292, 1322, 1365, 
1374, Gibeon 1385, lmilac 1393 


Shock-transformation, stages of 391 
Showers, meteor 10 
Showers, meteorite 25, 28, 59, 254, 320, 


375,419,481,584,792,917,1075, 
1212, 1218, 1343, 1352 


Shrewsbury 102, 1115 
Shrinkage cavities 702 , 1047, 1050, 1287 
Siberian fall of 1908 9 
Sidereal period 7, 8, 10 
Siderophile elements 75, 77 







Siderophyre 59 , 64 
Sierra Gorda 127, 111 9 
Signer, Peter 79, 141 , 169 
Sikhote-A lin 18 , 26 , 34, 45 , 67, 11 23 
Silent zone 32 
Silica glass, see Glass 
Silica te inclusions 69, 109 , 11 2, 139, 325 , 


378, 489, 498 ,892, 1240, 1250, 1297, 
1331 


Silicon 62, 63 , 80, 881, 1239 
Silver Crown 53 , 90, 105 , 1132, 1418 
Single crystal structures 68, 70, 121, 410 
Sinoite 79 
Sintering, evidence of in meteorites 118, 


306, 721 , 905 , 978, 1301 , 1333 
Siratik 1134 
Sizes of parent bodies 8, 125 
Skeleton crystals 123, 298 , 701 , 1073 , 


1282 
Slags 248, 931 , 1079 
Slicken-sided fracture surfaces 643 , 1128 , 


lmilac 1393 
Slip bands 93 , 127 , 812, 1249, 1262 
Slip bands, decorated 123, 134, 422, 480, 


745 , 993, 1194, 1249 
Slugs 339, 405 , 638, 705 , 1272, 


Albuquerque 1377 , Monturaqui 1403 
Smales, A.A. 83 
Smelted meteorites 162, 326, 792, 891 
Smith, Cyril Stanley 115 , 558 
Smith , J. Lawrence 86, 110, 576, 803 , 


1140 
Smithsonian Astrophysical Laboratory 17, 


700 
Smithsonian Institution 2, 1173, 1238 
Smithsonian Iron 481, 1145 , 141 8 
Smith ville 89, 1147 
Social Circle 13 3, 1151 
Sodium 80, 140 
Soko-Banjites 62 
Solar nebula 137 
Solar spectrum 79 
Solar system 7, 137 
Solid-solu lion hardening 91, 100, 1368 
Solidification ages 138 
Solidification, directional 121 
Solifluction lmilac 1393 
Soroti 26 , 31 , 1156 
Sound phenomena 5, 31 , 1124 
Soviet Union, meteori tes in the 1314 
Space erosion 608, 1089 
Space missions 5, 11 , 33 
Spallation, mechanical 273 , 1002, 1181 
Spalla tion, nuclear process 140 
Spallogenic noble gases 140, 167 
Spearman 96, 1162 
Specific gravity 62, 64, 91, 11 8, 41 9, 


Monturaqui 1403 
Spencer, L.J. 585 , 638, 1195 , 1270 
Sphalerite 88 , 392, 861 , 939, 1210, 1306 
Spheroidal shape of meteorites 46 , 51 , 140, 


633 
Spherules, from ablation and impact 31 , 33, 


397, 716, 1270 
Sporadic meteor 1 0 
Ssyromolotovo 41 , 1164 
Stabilized austenite, see Retained austenite 
Stabilized flight 45 , 54 , 273, 362, 390, 840, 


933 , 1014, 1061 , 1105 , 1271 
Stagnation point, see Point of re tardation 
Stanfieldite lmilac 1393 
Statistical data 25, 28 , 37, 59, 70 
Steadite 396, 1078, 1217 
Steel 393, 1243, 1318, Gibeon No. 67 1387 
Steinbach siderophyre 65 , 1301 
Stishovite 34, 35 , 126 


Stoffl er, Dieter 125 
Stony irons 3 7 
Strained kamacite 124, 421, 480, 11 94, 


1274 
Stress corrosion crack ing 450, 1172 
Strewn fields 27, 592, 1092, 11 24, 1219, 


Gibeon 1385 , lmilac 1393 
Stripe pattern 101 
Strontium 138 
Sturtz, B. 408, 570 
Subboundaries 123, 744, 770, 794, 993 , 


1134 
Subboundaries, decorated 811 , 992, 1148, 


1298, 1306, lmilac 1393 
Suevi te 34 
Sulfides 83, 88, 106 
Sulfur in meteorites 62, 64, 81, 575 , 1240 
Summit 11 68 , 1418 
Sun 12, 15 , 75 , 79, 139 
Supercooling 119, De Hoek 1380, 


Redfields 1413 
Supernovae 137 
Surface fea tures 39, 45 
Swords, from meteoritic iron 163, 407 , 


990, 1115 , 1275 
Synonyms 3, 37, 159, lmilac 1393 
Synthetic meteorites 99 , 117 


Taboo 165 , 686 , 1177, 1255 , 1305 , 1313 
Tabular meteorites 45 , 289 
Taenite 88, 92 , 126, 1019, 1069, 1203, 


1248 
Taenite, amoeba-like par ticles 627, 701 , 


952, 1081 , 11 03, 1286 
Taenite, black 92, 97 , 422, 712 , 958 , 1178 
Taenite, cloudy 92 , 124, 134, 712, 962, 


113 1, 1178, 11 94, 1302, 1349 
Taenite, decomposed 94, 134, 422, 622, 


770, 988 , 1345 , 1373, Aswan 1378 , 
Magnesia 1401 


Taenite, hardness of 92 
Taenite, iso thermal 1096 
Taenite, spheroidized 134, 626 , 732, 1299 
Taenite, tarnished, see Taenite, cloudy 
Taenite, with grid 92 , 283 , 344, 421 , 612, 


812, 1248, 1262, 1345 
Taeni te, yellow with mosaic structure 52, 


54, 127, 469 
Tamentit 45 , 93 , 1177 
Tay lor, S.R. 640, 1328 
Temperature in orbit 13, 30 
Tenham stone 27 
Tennant, Smithson 407 , 121 7 
Tensile strength , see Mechanical properties 


and Hardness 
Terminal fall 30, 1233 
Ternary eutectics 831 , 903 , 1158, 1228, 


1267, 1341 
Terrestrial age 57 , 142, 640 
Terrestrial craters (bomb) 33 
Terrest rial iron 88 , 413 
Terrestrially old meteorites 143, 328, 671 , 


865 ,930, 1170, 1327, Monturaqui 1403 
Tesseraoctahedrite 592 
Thefts of meteorites 389, 403 , 592, 


Gibeon 1385 
Thermal gradient, under fusion crust 52, 


57 , 568, 579, 628 , 714, 1181 , 1193 
Thermal stresses 1109 
Thermally altered structures 131 
Thompson, G. 115 
Thorium 138 
Thorns, diffuse 135 , 260, 359 
Thule 54, 100, 1191 
Thule trading post and air base 414, 1191 


Titanium 82, 140 
Tlacotepec 89, 1205 


Index 7 


Toluca 28, 41 , 101 , 1209, Paneth ' s Iron 
1409 


Tombigbee 28, 133, 1218 
Toubil River 42, 1225 
Townships, defin ition of U.S. 121 9 
Trace elements 65 , 86 
Trail , meteorite 19, 23 , 1233 
Trailblazer rocket 23 
Train, luminous 10, 809 
Trajectory 23 , 28 
Transformation, solid state 129 
Transmission electron microscopy 91 , 126 , 


375 , 418,947 
Transported meteorites 302, 342, 381, 398, 


425 , 658 , 929, 1270, lmilac 1393 
Trenton 28 , 97, 1229 
Treysa 26, 29, 32, 1232 
Trias structure 87 
Tridymite 65, 88, 326, 590, 716 , 728, 1297 
Tritium 142, 1026, 1033, 1154, 1256 
Troili , Domenico 1095 
Troilite 51 , 106 , 127, 134, 147 , 424, 861 , 


904 , 911 , 1071 , 1157, 1253 
Troilite, ablation of 52 , 370, 538 , 610, 


953, 1344, De Hoek 1380 
Troilite, corrosion resistance of 308, 5 38, 


920, 941 , 992 , 1321 
Troilite, oriented segregates 106, 121 , 318, 


427 , 1075 
Troilite, shock-altered 77 , 107 , 131 , 147, 


516, 590, 765,1159, 1320,1374 
Troilite-daubreelite aggregates 42, 423 , 504, 


590, 684, 778 , 840 
Troilite-graphite nodules 109, 123 , 147, 


294, 331 , 392, 655 , 827 , 954 , 1214, 
1289, 1308, 1344 


Troilite-silicate aggregates 109, 147, 294, 
323 , 331 , 347, 378, 392, 573 , 937 , 1055 , 
1332, 1342 


Trophosphere 21 , 30 
Tschermak , G. 59 , 69, 108, 11 8,672 
Tiibingen collection 173, 1049, !135 , 1278 
Tucson , iron meteorite 41 , 113, 1235 
Tucson , map sketch 1236 
Tungs ten 84 
Tunguska event 9 
Twin City 108, 1247 
Twinning 90, 110, 127, 377, 490, 584, 760, 


1132, 1201, 1210, 1255 , 1365 
Twisted explosion fragments, see Slugs 
Tycho Brahe 8, 12 


Uegit 1251 , 1418 
Uhlig, H.H. 11 7, 1210 
Ulu eskimo knife 414 
Unclassified meteorites 59 , 157 
Undercut holes 538, 605 , 1311 , 13 18 
Undulatory ex tinction 127, 834, 904 , 96 3, 


1194 
Unequilibrated chondrites 62, 63 
Unequilibrated kamacite 42, 99, 636, 990, 


1025, 1192, Gibeon No. 67 1387 
Unequilibrated liquids 131 
Unidentified minerals 724, 816, 1248, 


1291 , 1308, 1355 
Unsold, A. 75 
Uranienborg 8 
Uranium 85 , 138, 139 
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Appendix 1. 


480 well-examined iron meteorites arranged according 
to their chemical group and nickel content. 


All iron meteorites which are sufficiently well analyzed 
are divided below into thirteen groups plus an additional 
group incorporating the anomalous meteorites . Compare 
also the statistics given in Table 27. 


After the tables were completed , the following 
meteorites were examined and classified , see in particular 
the Supplement in Volume 3 : Black Mountain and 
Monturaqui (group I), Aswan and Lucky Hill (III A) , 
Aprelskij (III B) , Magnesia (III C) , Paneth's Iron (III E) , 
Rembang (IV A), De Hoek, Etosha, Redfields, Repeev 
Khutor (Anomalous) and Imilac (pallasite) . 


Individual columns have the following meanings : 


1. Name. The letter C indicates crater association. 
2. Structural classification symbol, see Table 26a. 
3. Total weight recovered, in kilograms. The letter M 


indicates a multiple fall. 
4. Date of discovery or first report. The prefix F indicates 


an observed fall. 
5. Bulk nickel percentage. 
6. Bulk phosphorus percentage. 
7. In group I and I-Anom, the germanium content in parts 


per million (ppm) . In all other groups the iridium 
content in ppm. 


8. Kamacite bandwidth in millimeters (mm). 
9. Deta ils of the kamacite structure: N =Neumann bands. 


e = shock-hatched structure. A = annealed. P = plastic 
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deformation. R = recrystallized (an associated number 
gives the average grain size in mm). a-2 = unequilibrated 
structure, usually from artificial reheating . Mart = 
martensite. 


10. The microhardness (100 g load) of the primary kama
cite lamellae. v = variable from heterogeneous cold
working. 


11. The microhardness (50 or 100 g loads) of 40-60 fJ. wide 
taenite lamellae. A plus indicates that taenite was 
present but for some reason, usually too small grains, 
was not measured. A "D" indicates that the hardness 
(100 g load) was taken on a duplex, ataxitic matrix, 
integrating over many a + 'Y units. 


12. Troilite. I = monocrystalline. 2 = monocrystalline with 
multiple twinning. 3 = monocrystalline with shear 
deformation and undulating extinction. 4 = recrystal
lized. 5 =melted, usually as the result of shock-heating. 
A plus indicates that troilite was present but not 
available for examination under the microscope. 


13. C = carbides. Co = cohenite. Cg = carbide under 
decomposition to graphite. H = haxonite. G =graphite. 
Gc =graphite with distinct cliftonitic development. S = 
silicates. 


14. F = fusion crust preserved in significant amounts. a-2 = 
heat-affected zone preserved in significant amounts. 
- = fusion crust and heat-affected zone lost by 
terrestrial corrosion. If in parentheses, the zones have 
been found only occasionally on small samples under 
the microscope. 


GROUP I 


Weight Composition Kamacite Hardness HV Minerals Surface 
Name Ctass (kg) Year Ni% P% Geppm mm Struct. Kamac. Taenite Troil. Others Condition 


Duel Hill (1873) Og II 1873 6.51 0.2 2.4 N 190 + Co a, (F) 


Ballinger Og 1.3 1929 6 .54 0.26 326 2.6 N,A 164 + Cg 
Osseo Og 46.3 1931 6.56 0.16 450 2.8 N,P 225-350 455 + Co,G a,, F 
Seelasgen Og 102 1847 6.59 0.19 475 3.1 N,A 140 165 2-5 Co,G a, 
Bolivia Og 21.3 1927 6 .6 0.2 377 2.7 N,R 190v + Cg 
Linwood Og 46 1940 6 .6 0.2 374 2.8 N 190 + 4 Gc ,S a,,F 
Kaalijiirv, C Og 0.2,M 1928 6 .6 0.2 2.0 E,R 160-300 350 Co 
Sardis Og 800 1940 6 .63 0.24 400 2.5 N 205 + 3-5 Co ,G 
Magura Og 1,600,M 1840 6.67 0.24 483 2.4 E 200-350 + 1 ,2,3 Co,G,Gc,S 
Cosby's Creek Og 400,M 1837 6.67 0.29 431 2.5 N 170 + 1,2 Co,G 
Campo del Cielo Og 44,000,M 1576 6 .68 0.25 407 3.0 N,P 180v 380 4,5 H,Co,G,S a,,F 
Burgavli Og 27.8 1941 6.68 0.12 519 2.6 N,A 175 350 + G 
Seligman Og 2.2 1949 6 .69 0.2 423 2.3 N 174 + + Co,G,Gc a, (F) 
Lexington County Og 4 .8 1880 6.69 0.2 307 2.1 N 176 315 + G,Gc,Co 
Morasko, C Og 300,M 1914 6.70 0.18 2.5 N,a2 + + Co a,, F 
New Leipzig Og 20 1936 6 .7 0.2 445 2.6 N 205 + + a,, F 
Zaffra Og 3 1919 6.7 0.23 2.5 N,A 162 300 5 G 
Gladsto ne (iron) Og 780,M 1894 6.73 0.27 403 2.8 N 215 400 1,2 H,Co,G,S (a,) 
Youndegin Og 3,800,M 1884 6 .74 0.25 339 2.3 N 176 + 1-3 H,G,Gc,Co,S 
Yardymly Og 153 ,M F : l959 6 .75 0 .14 387 2.2 A,R 148 165 5 G a 2 ,F 
Wichita County Og 150 1836 6.76 0 .2 344 2.4 N 177 185 2-5 Cg,G,S 


Hope Og 6.8 1955 6.77 0 .2 398 2.1 N 180 + 1 Co ,G,S 
Pan de Azucar Og 21.6,M 1887 6.8 0. 18 318 2.2 N 180 + a 2 ,F 
Yardea Og 3.3 1875 6.8 (0.22) 394 2.0 N 185 360 1 Co,G,S a, 
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Name 


Sarep ta 
Yenberr ie 
Jenkins 
Burke tt 
Silver Crown 
Seymour 
Ozre n 
Smi thville 
Casey Co un ty 
Vaalbult 
Dungannon 
Coo lac 
Oscuro Mountain s 
Pitt sburg 
Jenny 's Cree k 
Deelfontein 
Cranbou rne 
Canyon Diablo, C 
Bogou 
Neptune Moun ta ins 
Rosario 
Maye rthorpe 
Bohu mili tz 
Odessa, C 
Thoreau 
Bischtiibe 
Wald ron Ridge 
Bahjoi 
Mount Ayli ff 
Annaheim 
Ogallala 
Moctezuma 
Han iet-e i-B eguel 
Nagy-Vazsony 
Leeds 
Southern Arizo na 
Comanche (iro n) 
Surp rise Springs 
Tolu ca 
Depor t 
Misteca 
Balfour Downs 
Shrewsbu ry 
Petropavlovsk 
Mazap il 


Name 


Moun t Dooling 
Bendeg6 
Arispe 
Copiapo 
Pine River 
Karee Kloof 
Goose Lake 
Morrill 


Class 


Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Om 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Og 
Om 
Og 
Om 


Class 


Ogg 
Og 
Og 


A nom 


Weight 
(kg) 


13.4 
132 
55 .2 


8.8 
11.6 
26 
3.9 


70,M 
1? 


11.8 
13 


19.3 
3.4 ,M 
13.2 
11.6 
28 


8,600,M 
30,000,M 


8.8,M 
1. 1 
2.7 


12.6,M 
59,M 


I ,OOO,M 


50,M 
14 


10.3 
13.6 
13.8 
3.3 
1.7 
2 


1.98 
1.4 


0.62 
19.7 
1.6 


2, 100,M 
15,M 


II 
2.4 
12.2 
7.2 


3.95 


Weight 
( kg) 


3 1.5 
5,360 
683 ,M 
20?,M 


O m, A nom 
Og 


2 
92 


1,167 
1.4 


Om 
Om 


GROUP I (cont'd ) 


Composition Kamacite 
Year Ni% P% Ge ppm mm Struct. 


1854 6.82 0. 17 
19 18 6.85 0. 18 
1946 6 .85 0.2 
19 13 6.87 0.17 
1887 ( 6.9 ) (0 .16) 
1940 6.9 0.2 
1952 6.9 0.2 
1840 6 .95 0. 19 
1877 6 .96 0.25 
1918 6 .98 0.20 
1922 7.0 0.24 
1874 7.0 0 .2 
1895 7.0 0.2 7 
1850 7.0 0.22 
1883 7.0 0.2 
1932 7.0 1 0. 16 
1853 7.02 0.26 
189 1 7.10 0.26 


F: 1962 7.1 0. 17 
1964 7.1 0.2 
1897 7.1 0.25 
1964 7.19 
1829 7.27 0.30 
1928 7.35 0.25 
1965 7.4 0.15 
1888 7.50 0.39 
188 7 7.55 0.2 


F : 1934 7.65 0.2 
1907 7.76 0. 12 


F: I914 7.77 0.22 
1918 7.85 0.16 
1899 7.98 0 .25 
1888 8.0 0.2 
1890 8.0 0.2 
1933 8.04 0.25 
1947 8.06 0. 17 
1956 8. 1 0.25 
1899 8. 12 0.22 
1784 8.14 0.16 
1926 8. 16 0.12 
1804 8.28 0.3 
1962 8.39 0.25 
1907 8.42 0 .29 
1840 8.48 0.18 


F: 1885 8.53 0.3 


457 
3 12 
35 3 
368 
320 
382 


363 
3 17 
323 
330 
379 
360 
359 
320 
306 
358 
320 
30 1 
269 
400 
28 3 
268 
285 
270 
238 
282 
265 
250 
302 
266 
2.4 


24 1 
242 
269 
265 
246 
255 
233 
194 
204 


22 1 


2.2 
2.1 
2.3 
2.0 
2. 1 
2.2 
2.0 
2.2 
2.2 
2.0 
2.0 
2. 1 


1.75 
2.2 
2.2 
1.75 
2.2 
2.0 
1.90 
1.9 
1.70 
2.0 
1.90 
1.70 
1.8 


1.80 
1.5 
1.50 
1.6 
1.4 


1.60 
1. 3 
1.6 
1.40 
1.30 
1.5 


1.50 
1.4 
1.40 
1.3 
1.35 
1.30 
1.1 5 
1.30 
1.1 0 


N 
N 
N 


N 
N 
N 


N,A 
N 
N 


N,P 
N,R 
N,A 


R,N 
N,a, 


N 
N,P 


E 


N,E,P,a 2 


N 
N 
N 


N,R,P 
N 
N 
N 


N,A 
N 
N 
N 
N 


N,P,A 
N 
N 
N 
N 
N 
N 


N,P 
N 
a, 
N 


N,A,R 
N ,Ot.2 


N 


GROUP I - ANOMALOUS 


Year 


1909 
1784 
1898 
1864 
1894 
19 14 
1938 
1920 


Compositio n Kamacite 
Ni% P% Ge ppm mm Stru ct . 


6.22 0.27 
6.52 0.22 
6 .70 0.3 
7.0 0.25 
7.40 0.2 
8.26 0.22 
8.28 0.4 
8 .40 0.18 


239 
233 
260 
252 
234 
355 
298 
296 


1-4 
1.8 
2.9 
1.5 
1.2 
1.6 
1.25 
0.90 


R,N 
N 


N,A 
N 
N 
N 


N,A 
N 


Hardness HV Minerals 
Kamac. Taenite Troil. Others 


185 400 
205 375 
200 350 
190 + 
2 10 4 25 
2 10 + 
180 330 
215 + 
205 + 


190-240 360 
180 + 
154 + 
170 190 


130- 185 ( 21 0) 
230 + 


205 380 
305 480 


145-370 148-440 
165 + 
180 360 
200 330 


225v + 
185 320 
176 + 
172 + 


130-210 + 
165 + 
215 300 


+ 


170 + 
161 + 
175 + 


225 + 
210 + 


220 370 
170 + 
2 10 + 
235 320 
220 + 


175 + 
190 + 
162 230 
155 
190 355 


+ Co 
Co 


3,4,5 Co,G,S 
2-4 Co,G 
+ 


H,Co,G 
+ s 
1,5 H,Co,G,G c,S 


Co 
Co,S 


(Co),G 
1,2 Co,G,S 
+ G(Co) 
+ Co 


Co,G,Gc 
5 Co,G 


1-4 Co,G 
5 Co,H,Cg,G,S 


2-4 H,Co,G,S 
+ 


Co 


5 Cg,G 
1-2 H,G ,Gc,Co,S 


+ H,Co,G,S 
+ Co.,G 


H,Co,G,S 
+ Co,G 
2 G 


1-2 G,Gc,Co,S 
+ Co 


s 
+ Co,H 
I G,Gc,S ,Co 
2 S,G 


1,2 G,S 


1-3 H,Co,G,S 
H,Co,C,G 


+ G 
5? Cg,G,S 
5 G,Gc,S,Cg 


+ G,C 


Hardness HV Minerals 
Kamac. Taenite Troil. Others 


158 
175 
175 
170 
173 
180 
155 
193 


300 
+ 


+ 


+ 
250 
175 
300 


5 
2 
5 


3 ,5 
I 


5 
2 


H,Co,G 
Co 


H,G,S 
G,S 
s 


H,Co,G,S 
G 


Surface 
Condition 


a 2 ,F 


a,, F 
a, ,(F) 


(a,) 


a,,F 
(a,) 


a,,F 
a2,F 


a,, r 


a 2 ,F 
a,, r 


(a,' F) 
a, 


a,, r 


Surface 
Condition 


(a , ) 


a,,F 







Name 


Zenda 
Udei Station 
Four Corners 
Mertzon 
Colfax 
Mesa Verde 
Woodbine 
Bitbur!! 
Pitts 
Persimmon Creek 
San Cristobal 


Name 


Holland's Store 
Edm onton (Canada) 
Bennett County 
Negrillos 


Braunau 
Scottsville 
Okano 
Cincinnati 
Bruno 
Boguslavka 
Pirapora 
Walker County 
Angra dos Reis 
Murphy 
Cedartown 
Sierra Gorda 
Richland 
San Francisco d.M. 
A vee 
Patos de Minas (H) 
Siratik 
Wathena 
Forsyth County 
Indian Valley 


Chico Mts. 
North Chile 
Yarroweyah 
Keen Mountain 
Coahuila 
Pima County 
Calico Rock 
Locust Grove 
Hex River 
Bingera 
Lombard 
Kopjes Vlei 
Uwet 
Mejillones 
Lick Creek 
Chesterville 
Smithonia 
Gressk 
Okahandja 


Class 
Weight 


(kg) 


Om 3.7 
Om 103 
Om 25 
Om 3.7,M 
Om 2.4 
Om 3.5 


Anom 48 .2 
A nom I ,500? 


Of, A nom 3.8,M 
Opl, Anom 5 
D, A nom 4 


Class 


H 
H 
H 
H 


H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 


Weight 
(kg) 


12 .5 
7.3 
89 


28.5 


41,M 
10 
4 .7 
1.5? 
12.7 


257,M 
2.6 
75 
6.2 
7.8 
11.6 
26? 
15.4 
7.5 
1.23 
32 
< I 
0.57 
23 


30,M 


266,M 
9.6 
6.7 


2,000,M 
0.21 
7.3 
10.3 
61 


10.8,M 
7 


7.5 
55 
15 


1.24 
16.5 
70 


303 
6.5 
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GROUP I - ANOMALOUS (cont'd) 


Composition 
Year Ni% P% Ge ppm 


1955 ( 8.5 ) (0.25) 
F: !927 8.9 0.12 


1923 9.24 0.15 
1936 9.3 0.25 
1880 I 0 .51 0.3 
1922 I 0.56 0 .2 
195 3 10.6 0.5 
1805 12.4 


F: l921 12 .9 0.2 
1893 14.45 0.2 
1897 25.6 0.18 


214 
204 
179 
293 
155 
142 
114 
140 
94 
78 
26 


Kamacite 
mm Struct. 


0 .9 
0.6 


0.80 
0.80 
0 .60 
0.60 
0.3 


0.20 
0.06 
0.01 


N 
N 
N 
N 


N,A 
N 
N 
a, 
N 


Hardness HV Minerals 
Kamac. Taenite Troil. Others 


+ 
180 
185 
143 
175 
176 
+ 


165 
180 
180 


+ 
+ 
+ 


+ 


+ 
+ 


360 
+ 


+ 


350 
350 


+ G 
+ s 
5 H,G,S 
5 s 


1,2 H 
3,4 G,Gc 
4 G,C,S 
+ s 


3,4 Co,G,S 
1 G ,S 


H,C,Co,G,S 


Surface 
Condition 


a, 
a,,F 
(a,) 


(a,) 


a,,F 


~2,F 


a,, F 


GROUP IIA 


Composition 
Year Ni% P% lr ppm 


188 7 5.35 0.25 
1938 5.37 0.2 
1934 5.37 0.23 
1936 5.38 0.22 


F: 1847 
1867 


5 .39 0.24 
5.40 0.21 


F :1904 5.40 0.23 
1870 5.4 0.2 
1931 5.41 0.20 


F: 1916 5.42 0.2 
1954 5.45 0.3 
1832 5.46 0.28 
1888 5.46 0 .2 
1899 5.47 0 .34 
1898 5.4 7 0 .30 
1898 5.48 0 .23 
1951 5.48 0.21 
1867 5.50 0.20 


F:1908 5.5 0.2 
1925 5.5 0 .2 
1716 5.5 0.26 
1939 5.54 0.27 
1894 5.54 0.21 
1887 5.56 0.27 
1915 5.56 0.33 
1922 5.59 0.30 
1903 5 .59 0.2 
1950 5.59 0.23 
1855 5.59 0 .28 
1947 5.60 0.25 
1938 5.61 0.28 
1857 5.63 0.25 
1882 5.64 0.25 
1880 5 .64 0.24 
1953 5 .65 0.28 
1914 5 .65 0.3 
1908 5.66 0.25 
1905 5.67 0.33 
1879 5 .7 0.3 
1849 5.71 0.30 
1940 5.72 0.20 
1954 5.73 0.28 
1926 5.75 0.3 


20 
33 
44 
59 


12 
49 


11 


37 
24 


3 .0 
31 
34 
8.2 
43 
8.2 
21 
58 


7.0 
31 
10 


6.2 
3.6 
18 
12 
15 


8.9 
8.6 
7.5 
4.4 
3.2 
2.3 
3.1 
2.7 
2.3 


1.8 
34 
7.7 
9 


Kamacite Hardness HV Minerals 
mm Struct. Kamac. Taenite Troil. Others 


100 
!50 
250 
250 


250 
!50 


100 
80 
100 
600 


250 
100 
250 
250 
140 
200 
100 
70 
160 


R! ,P 
N,A 
N,A 
N 


N,A 
N 
N 
a, 


N,A 
N,R 
N 
N 


N,A 
N,P 


R ,O. l 
N 


N,A 
a, 


N 
N 


190 
125 
165 
180 


!55 
200 


170 


(150) 
200 


172 
!50 
240 
145 
205 
!56 


(+ ) 5 
5 
5 
5 


5 
5 
2 


4 


2 
5 
+ 
5 
5 
5 
4 


G 
(Co) 
G 
Co 


Co,G 


Co 
Co,Cg 


G,Gc,C 
Cg 


Cg,G 
s 


Surface 
Condition 


a, 
a,,F 


a,,F 


a,, F 


a,,F 
a,,F 


a, 


a, 
(a,) 


a,,F 
a, 


a, and seve rely altered by reheating and forging 
50 
100 
!50 
50 


500 
R 


140 
500 
50 
!50 


400 
100 
60 
100 
100 
100 
100 


100 
100 
100 


R ,0.5 
N,R,0.5 


N,R 
R,0.5 
N,P 


N,R 
N,A 


N,R,0.5 
N 
a, 
N,R 


R.l ;A 
N 


R,0.5,P 
N,R 


R ,0.5 
N 
a, 
N 


N,R 
N,P 


146 (+) 5 G 
165 (+) 5 G 
145 - 5 G 
180 (+) 5 G 


145-270 


225 
180 


175 
152 
164 
!55 
185 
170 
162 


165 


165 
180 
190 


(+) 


(+) 


(+) 


5 Co,G,H 


5 G 
I ,2 Co,(S),H 
5 G 
2 Co 
+ (G) 


5 G,S 
5 G 
2 Co 


G 
5 G 
5 G 
2 Co,H 


(5) Co 
1,4 
5 


4,5 


Co,H 


Co 


a, 
a,,f 
(a,) 


a,,F 


a, 
(a,) 


a,, f 


a, 


a 2 ,(F) 


a, 
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Name 


Navajo 
Mount Joy 
Sandia Mountains 
Sikho te-Aiin 
Nenn tmannsdo rf 
Smithsonian Iron 
El Burro 
Iredell 
Lake Murray 
Ainsworth 
S~o Ju!H!o 
Silver Bell 
Santa Luzia 
Elton 


Name 


Cra theus (1950) 
Perryville 
Kumerina 
Salt River 
Ballinoo 
Unter-Massing 
Wiley 


Name 


Bridgewater 
Puquios 
N'Kandhla 
Mount Ouray 
Carbo 
Elbogen 
Needles 
Brownfield 
Rodeo 
Hraschina 
Wallapai 


Name 


Picacho 
Rateldraai 
Haig 
Greenbrier County 
Livingston (Mont) 
Kalkaska 
Davis Mountains 


GROUP Iffi 


Class 
Weight 


(kg) Year 


Ogg 2,180,M 1921 
Ogg 384 1887 
Ogg 30? 1925 
Ogg 23,000,M F: 1947 
Ogg 12.5 1872 
Ogg 3.6 1852 
Ogg 38.5 1939 
Ogg 1.5 1898 
Ogg 270 1930 
Ogg 81,M 1863 
Ogg 160 1877 
Ogg 5.1 1939 
Ogg 1,925,M 1922 
Ogg 1.9 1936 


Composition 
Ni% P% lr ppm 


5.5 
5.74 
5.90 
5.90 
5.9 
5.9 
5.92 
6 .0 
6.3 
6 .3 
6.4 
6.43 


0.3 
0.28 
0.40 
0.46 
0.3 
0.25 
0.32 
0.2 
0.5 
0.5 
0.9 
0.8 


6.60 0.9 
6.9 


0.46 
0.46 
0.14 
0.03 


0.05 
0.06 
0.06 
0.02 
0.03 


0.012 
0.012 
0.010 
0.053 


Kamacite Hardness HV Minerals 
mm Struct. Kamac. Taenite Troil. Others 


10 
10 
10 
9 
10 
10 
10 
10 
10 
6 .0 
6 
5 
5 


€ 


N 
N 


N,P 
E,A 
N 
N 
N 


N,A 
E,R 
N 
N 


N,A 


250 
155 
210 


180-270 
190 
200 
205 
222 
160 


183-249 
188 
190 
175 


(+) 


(+) 


360 
(+) 


(+) 


+ 


+ 
(+) 
(+) 


+ 
+ 


+ 
4 


+ 
+ 


3 
2 


(5 ) 
2 
I 
2 


2-5 


Co 


Co 
Co,S 
Cg 
Co 
Co 


Co 


H 
Co 


GROUP IIC 


Class 


Opl 
Opl 
Opl 
Opl 
Opl 
Opl 
Opl 


Class 


Om 
Om 
Om 
Om 
Om 
Om 
Of 
Om 
Om 
Om 
Of 


Class 


Om 
Om 
Om 
Om 
Om 
Om 
Om 


Weight 
(kg) 


? 
17.5 
53.5 
4? 


42.9 
80 
3.5 


Weight 
(kg) 


13.2 
6.6 
17.5 


1 
450 
107 


45.3 
1.6 
44 


48.7 
430,M 


Weight 
(kg) 


22 
550 
504 


5 
1.6 
9.4 
700 


Composition Kamacite Hardness HV Minerals 
Year Ni% P% lrppm mm Struct. Kamac. Taenite Troil. Others 


1950 
1906 
1937 
1850 
1893 
1920 
1938 


8.96 0.3 
9.58 0.34 
9.62 0.4 
9.80 0.43 
9.86 0.5 
9.9 0.4 


11.6 0.37 


9.5 
11 
8.1 
6.6 
9 


4.4 
6.2 


0.06 
0.06 
O.o? 
0.07 
0.07 
0.06 


0.0 35 


N 
N 
A 
a , 


R,A 
N 
N 


GROUP liD 


Composition 
Year Ni% P% Ir ppm 


1890 9.9 
1885 9 .96 


f-:1912 9.96 
1898 10.1 
1923 10.2 
1812 10.25 
1962 10.3 
1966 10.32 
1852 10.6 


F: 1751 10.6 
1927 11.4 


0.35 
0.35 
0.3 
0.4 
0.4 
0.3 
0.85 


0.75 
> 0.4 
0.9 


10 
13 


18.5 
is 
13 
14 


4.8 
10 
8.0 
12.4 
3.5 


Kamacite 
mm Struct. 


0.65 
0.75 
0.85 
0.80 
0.85 
0.75 
0.47 
0.75 
0.65 
0.7 


0.43 


€ 


N,E,P 
N 


N,E 
N,A 
a , 
N,R 


a, 
N,R 


N,E,P 


GROUP IliA 


Year 


1952 
1909 
1951 
1880 
1936 
1947 
1903 


Composition 
Ni% P% Ir ppm 


7.08 0.06 
7.25 0.08 
7.34 0.10 
7.38 0.08 
7.40 0.09 
7.4 0.1 
7.41 0.11 


19 
12 
10 
10 


9.3 
11 
14 


Kamacite 
mm Struct. 


1.0 
0.90 
0.90 
1.00 
0.95 
1.00 
0.95 


€ 


€ 


€ 


a, 
€ 


€ 


E,A 


175 
185 
168 
178 
155 
+ 


172 


D 
0 :275 


200 
+ 
A 
+ 


0 :195 


Hardness HV 


I ,2 
5 


+ 
5 
2 
2 


Minerals 
Kamac. Taenite Troil. Others 


270 
235-325 


250 
265 
175 
172 
220 


177 
185 
255 


335 
425 
360 
340 
260 
+ 


350 


+ 
+ 


400 


2 
5 
5 


3,4 
5 
5 
5 
+ 
4 


2,4 
1 


H 
G 


Hardness HV Minerals 
Kamac. Taenite Troil. Others 


280 
325 
173 
330 
290 
250 


+ 
330 
+ 
+ 
+ 
+ 
+ 


2 
2 


5 
1 


2,3 
5 


Surface 
Condition 


a,,f 


a, 
(a,) 


(a,) 


Surface 
Condition 


(a,) 


a, , F 
a, 


Surface 
Condition 


a,' (f) 
a, ,F 


a , ' (F) 
(a,) 


a, 


a,, F 
a,,F 
a,,F 


Surface 
Condition 


a, 
a 2 ,F 


a,,F 







Name 


Chulalmnee 
Schwe tz 
Wabar, C 


Ange lica 
Dalto n 
Ru sse l Gulch 
No rfo lk 


Kento n County 


Hayden Creek 
Uegit 
Duke to n 
Henbury , C 


lvanpah 


Chambord 
Santa Apolonia 


Costilla Peak 
Glasgow 
Fort Pierre 
Mo rito 
Willamette 
Harriman 
Dimitro vgrad 
Ve rkhne Udinsk 
Canto n 
Milly Milly 


San Angelo 
Cacaria 
Dexte r 
Boxhole, C 
York (iron) 
Emmitsburg 
Iron Creek 
Casas G ran des 


Canyon City 


Maple ton 


Toubil Rive r 
Madoc 
R ed River 
Lo re to 


R o wton 
Lism o re 
Wooster 
Tonganoxie 
Chilkoo t 
Billings 


Cape Yo rk 
Yo uanmi 
Frankfo rt (iron) 
Ssy rom olo tovo 
Su suman 


Bear Lodge 
La Port e 
Cachiyuyal 
Guilfo rd County 
Quartz Mountain 
Uwharrie 
Murfreesboro 
Yarri 
Norfork 
Mercedita s 
Sacramento Mts. 
Rancho de Ia Pila 


Class 


Om 
Om 
Om 


Om 
Om 
Om 
Om 


Om 


Om 
Om 
Om 
Om 


Om 
Om 
Om 


Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 


Om 


Om 
Om 
Om 
Om 
Om 
Om 
Om 


Om 


Om 


Om 
Om 
Om 


Om 


Om 
Om 
Om 
Om 
Om 
Om 


Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 


Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 


Weight 
(kg) 


16 
21.5 


2,500 ,M 
15 
53 


13.I 
23 


I94 ,M 
0.27 
252 
II9 


1200,M 
58 
6.6 


I ,050 
35.5 
20,M 


16 
10,100 
14 ,100 


12.9 
100 
18.5 
7.0 


26 .5 
88 


41.4 
1.7 


SOO,M 
0.8 


0.5 ? 
175 


1,540 
8.5 
49 
22 
168 
800 
95 
3.5 
10 
22 
12 
4 3 


24.5 
58 ,000,M 


119 
11 


197 
18 .9 
48 .7 
14.6 
2.6 
13 
4.8 
73 
8.6 
1.52 
1? 
43 
237 
46 .5 


Year 


1873 
1850 
I887 
1916 
1879 
1863 
1906 
I889 
189I 
1921 
194 7 
1931 
1880 
1904 
1872 
188I 
1922 
1857 
16I9 
1902 
1938 
I956 
1854 
1894 
I92I 
1897 
1876 
1889 
1937 
I878 
I854 
1871 
1867 
1875 
1939 
1891 
1854 
1800 
1898 


F:1876 
1958 
1858 
1886 
1881 
1903 
1819 
1917 
1866 
1873 
1957 
1931 
I900 
1875 
1822 
1935 
1930 
1847 
1908 


F: 1918 
I884 
I890 
1882 
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GROUP IliA (cont'd) 


Composition 
Ni% P% lr ppm 


7.42 0.17 
7.44 0.09 
7.45 O.IO 
7.46 0.1I 
7.47 O.IO 
7.48 0.13 
7.48 0.1 
7.49 0.08 
7.5 0.1 
7.5 O.I 
7.5 0.2 
7.5 0.09 
7.51 0.17 
7.53 0.1 
7.54 0.12 
7.60 0.09 
7.60 0.1 


( 7.6 )(0.1 ) 
7.61 0.12 
7.62 0.14 
7.63 0.14 
7.64 0.12 
7.64 0.14 
7.64 O.IO 
7.64 0.20 
7.65 0.10 
7 .~6 0.11 
7.67 0.12 
7.67 0.11 
7.7 0.12 
7.7 0.11 
7.72 0.17 
7.72 0.15 


7.72 0.10 
7.73 0.15 
7.76 0.18 
7.76 0.11 
7.78 0.12 
7.78 0.12 
7.79 0.15 
7.8 0.15 
7.8 0.15 
7.82 0.13 
7.83 0.12 
7.84 0.10 
7.84 0.15 
7.85 0.15 
7.85 0.17 
7.86 0.15 
7. 87 0.15 
7.88 0.14 
7.88 0.18 
7.88 0.15 
7.9 0.15 
7.9 0.12 


( 7.9 ) (0.15) 
7.91 0.15 
7.92 0.17 
7.92 0.14 
7.92 0.13 
7.93 0.12 
7.93 0.15 


5.5 
11 
7.4 
9.3 
9.6 
7.2 


10.5 
15 
8.1 
6.3 
4 
13 


3.8 
9.8 
8.3 
IS 


5.0 


9.2 
4.3 
IO 
3.0 
3.3 
8.6 
2.8 
7.8 
9 


1.2 
8.2 


3.3 
5.0 
11 
1.4 
5.0 
6.8 
4.4 
3.8 
2.8 


1.8 
4.0 
5.0 
2.6 
1.8 
3.3 
2.2 


I.4 
3.1 


4.2 
3.6 
2.2 
4.0 
0.3 
3.4 
6.7 
0.70 


Kamacite Hardness HV Minerals 
mm Struct. Kamac. Taenite Troil. Others 


1.10 
1.00 
0.95 
1.20 
1.10 
0.90 
1.00 
0.90 
1.00 
0.95 
1.0 


0.95 
1.05 
0.95 
0.95 
1.00 
1.05 
1.05 
1.05 
1.05 
0.95 
1.05 
1.15 
1.05 
1.00 
0.95 
1.20 
1.1 
1.00 
1.00 
1.00 
1.05 
1.15 
1.00 
1.00 
1.15 
0.95 
1.05 
1.15 
1.15 
1.0 
1.00 
1.10 
1.00 
1.15 
1.20 
1.10 
1.15 
0.95 
1.00 
1.15 
1.05 
1.30 
1.10 
1.10 
1.15 
0.95 
1.00 
1.05 
1.00 
1.00 
1.05 


N,A,oc 2 
N,P 


N,oc2 
N 


N,R 
p 


E,P 


E 


E 


(N) 


N,R ,P 


E 


E 


E,A 
E 


0<2 
E 


R,A 
E 


N,E 
A ,oc 2 
Acic. 


N ,P 


N ,P 


0<2 
E 


E,A,R 
E 


E 


E,A 
N,P 


E 


E 


0< 2 
E,P 


E,A 
E,A 
E,A 


N,A 
N ,E 


N,P,A 
E 


N,P 


N,A 
E 


E,A 
E,A 
N,R 
E,A 


E 


E,A 


N 
E 


N,E 
E,N 


N ,P,A 
E 


172 
220 
205 
355 
155 


240-340 
305 
325 
295 


170-290 
310 
3IO 
303 
260 
280 
185 
300 
!5 3 
300 
300 
185 
220 
225 
270 
ISO 
330 
210v 
305 
270 
240 
245 


305 
315 
2I O 


240-340 
262 
2IO 
"215 


I82 
270 
220 


(235) 
!80v 


325 
I66 
320 
210 
230 
200 
200 
310 
I88 
205 
280 
250 
270 
I95 
300 


220 
350 
+ 
+ 
A 


425 
+ 
+ 


370 
+ 
+ 
+ 
+ 


365 
+ 
+ 


390 
200 
+ 


159 
+ 


335 
240 
3IO 
+ 


320 
+ 


335 
+ 
+ 
+ 


240 
+ 


370 
370 


+ 
+ 


330 
+ 


270 
+ 


+ 
365 
+ 


325 
340 


+ 


340 
ISO 
400 
300v 
390 
207 
270 
340 
225 
+ 


360 
+ 
+ 


3IO 
+ 


4,5 
5 


3,4 ,5 
5 


2-3 
2,3 
2 


(l-2) 
+ 


3,5 
2 


(2) 


I 
I ,2 
2,4 
4 
2 
5 


5 
2 
5 


I ,3 
3,4 
+ 


2-5 


2 


4,5 


3 
(1-2) 


3,4 
5 
5 
+ 
+ 
+ 


+ 


2-5 
+ 


2 
2 


+ 


2-5 
5 
2 
+ 
2 
I 
5 
+ 


Co 


(Co) 


(Co) 


(Co) 


Cg 


Surface 
Condition 


oc2 ,F 


0 2, (F) 


0<2 


oc2,F 
0 2 ,F 
0 2, F 


0<2 


a2, F 


oc2 ,F 
oc2, F 


0<2 
0 2 , (F) 


oc2 ,F 


oc2, F 


oc2 ,F 


oc2,F 


oc 2, F 


oc2, F 


0< 2 
oc 2, F 


0<2 


0 2, (F) 


0<2 
0<2 


oc2 , F 


0< 2 
oc 2, F 
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Name Class 


Charcas Om 
Savannah Om 
Samelia Om 
Cumpas Om 
Durango Om 
Puente del Zacate Om 
Sandtown Om 
Ilimaes Om 
Augusta County Om 
Juncal Om 
Roebourne Om 
Kyancutta Om 
Bagdad Om 
Kayakent Om 
Denton County Om 
lder Om 
Briggsdale Om 
Thunda Om 
Providence Om 
Gundaring Og 
Lanton Om 
Tamentit Om 
Trenton Om 
Carthage Om 
Franceville Om 
Quinn Canyon Om 
Casimiro de Abreu Om 
Drum Mountains Om 
Thule Om 
Aggie Creek Om 
Losttown Om 
Marshall County Om 
Veliko-Nikolaevskii Priisk Om 
Tamarugal Om 
Orange River Om 
Sierra Sandon Om 
Capen Om 
Ruff's Mountain Om 
Joel's Iron Om 
Spearman Om 
Seneca Falls Om 
Weiland Om 
Plymouth Om 
Avoca Om 
Juromenha D 
Bartlett Om 
Lenarto Om 
Nazareth (iron) Om 


Weight 
(kg) 


1,400,M 
60 


2.5,M 
28.5 
164 
30.7 
9.4 


52.9 ,M 
76,M 
107 
86.8 
32.6 
2.2 
85 
18 


140 
2.2 
62 
6.8 
113 


13.8,M 
510 


505,M 
127 
18.3 


1,450 
24.2 
529 
48.6 
43 
3.0 


6.8? 
24.3 


325,M 
150 
6.3 
115 
53.1 
1.3 


10.4 
4 
8 
14 


37.9 
25.2 
8.6 
108 
11.3 


Weight 
Name Class (kg) 


Owens Valley 
Campbellsville 
Luis Lopez 
El Capitan 
Los Reyes 
Baquedano 


Om 
Om 
Om 
Om 
Om 
Om 


193 
15.4 
6.9 


27.5 
19.5 
22 


Year 


1783 
1923 


F:1921 
1903 
1900? 
1929 
1938 
1860 
1858 
1866 
1894 
1932 
1960 
1%1 
1856 
1959 
1949 
1886 
1903 
1937 
1932 
1864 
1869 
1846 
1890 
1908 
1947 
1944 
1955 
1942 
1867 
1860 
1902 
1903 
1855 
1923 
1896 
1844 
1858 
1934 
1850 
1888 
1883 
1966 


F : 1968 
1935 
1814 
1968 


Year 


1913 
1929 
1896 
1893 
1897 
1930 


GROUP IliA (cont'd) 


Composition Kamacite Hardness HV Minerals 
Ni% P% Ir ppm mm Struct. Kamac. Taenite Troil. Others 


7.96 0.14 
7.99 0.14 
8.03 0.15 
8.04 0.18 
8.06 0.17 
8.08 0.19 
8.09 0.2 
8.10 0.3 
8.1 0.15 
8.1 0.21 
8.12 0.17 
8.15 0.18 
8.17 0.12 
8.20 0.21 
8.2 0.2 
8.2 0.2 
8.21 0.18 
8.24 0.21 
8.25 0.23 
8.30 0.25 
8.3 0.18 
8.31 0.21 
8.34 0.17 
8.35 0.2 
8.39 0.21 
8.40 0.22 
8.43 0.23 
8.4 7 0.25 
8.49 0.20 
8.49 0.20 
8.5 0.25 
8.5? 0.3? 
8.5 0.3 
8.52 0.28 
8.54 0.26 
8.55 0.3 
8.58 0.24 
8 .59 0.26 
8.60 0.26 
8.61 0.36 


( 8.6 ) (0.3 ) 
8.66 0.25 
8.69 0.25 
8.7 0.3 
8.7 0.3 
8.78 0.3 
8.78 0.3 
8.90 0.35 


2.1 
0.6 
3.5 
2.2 
1.0 
1.4 
1.4 


0.17 
8.9 
1.8 


0.65 
1.7 
6.8 
1.1 


0.28 
2.8 


0.72 
2.2 


0.39 
0.31 
3.5 
2.5 
2.4 


0.56 
0.38 
0.58 
0.25 
0.66 
2.6 


0.70 


0.6 
0.58 
0.12 
0.3 


0.24 
0.47 
0.26 
0.7 


0.25 
0.3 


0.66 
0.3 


0.24 
0.72 
0.33 
0.44 


1.05 
1.20 
1.10 
1.20 
1.15 
1.05 
1.20 
1.10 
1.15 
1.10 
1.10 
1.05 
1.10 
1.20 
1.15 
1.20 
1.25 
1.20 
1.15 
1.40 
1.05 
1.20 
1.15 
1.25 
1.10 
1.10 
1.3 
1.15 
1.15 
1.20 
1.00 
1.20 
1.15 
1.10 
1.20 
1.00 
1.00 
1.25 
1.10 
1.15 
1.10 
1.20 
1.30 
0.90 


1.10 
1.15 
1.00 


GROUP Ilffi 


€ ,a.2 


E 


E 


E 


R,0.1 
N,P 
D 
E 


E 


E 


R 
N 


E 


N,A 
E 


N,E 
E 


E 


E 


E 


0<2 


N,P 
N 


R,0.4 
N,P 
N,P 


E 


R 
E 


E 


N,E,P 
E 


E 


R,A 
R 
E 


R,0.2 
E 


E,R 
E,R 
R 
E 


E,A 
E 


(175) 
355 
300 
270 
180 
215 
200 
275 
305 
310 
180 
270 
275 
310 
200 
285 
190 
305 
355 
260 
285 
330 
330 
158 
250 
180 
170 
275 


175-300 
300 
150 
195 
295 
305 
310 
295 
280 


150-225 
155 
325 
170 
335 
190 
225 
170 
260 
215 
285 


+ 
375 
350 
+ 


192 
275 
300 
380 
390 
385 
185 
+ 


360 
360 
+ 
+ 
+ 


350 
380 
360 
+ 


425 
400 
175 
+ 
+ 
A 
+ 


380 
+ 
+ 
+ 


360 
385 
+ 


435 
360 
+ 


165 
435 


D:155 
365 
200 
235 
+ 


(330) 
350 
365 


4 
2 


2 
+ 
2 


4,5 
2 


3,4 
5 
1 
2 


5? 
5 


2-5 
+ 
2 


2-5 
2-4 


+ 


5 
3-4 
2 
+ 
+ 
+ 
2 
+ 


+ 


5 


2 
5 


+ 
4 
5 


5 
2 


S? 


Composition Kamacite Hardness HV Minerals 
Ni% P% lr ppm mm Struct. Kamac. Taenite Troil. Others 


8.60 0.25 
8.61 0.30 
8.64 0.33 
8.68 0.43 
8.71 0.35 
8.79 0.24 


0.15 
0.08 
0.15 
0.11 
0.12 
0. 11 


1.15 E,R 
1.25 E• 


1.15 N,P,R 
1.10 E 


0.90 R 
1.20 N,P 


167 
295 
178 
275 
180 
235v 


200 
365 
210 
+ 
+ 


340 


+ 


5 
4,5 
+ 
2 


Surface 
Condition 


"'2 (F) 


a2,F 
a2,F 


Surface 
Condition 


0<2, (F) 







Name 


Turtle River 


View HiU 
Cleveland 
Wo nyulgunna 
Moorumbunna 
Zacatecas (1969) 
Oroville 
Knowles 


Maldyak 
Asheville 
Joe Wright Mountain 
Wolf Creek, C 
Ko uga Mountains 
llinskaya Stanitza 
Grant 
Mount Edith 
Delegate 
Bald Eagle 
Hopper 
Trey sa 
Smith's Mountain 
Norri stown 
Apoala 
Sanderson 
Augustinovka 
Roper River 
Chupaderos 
Thurlow 
Tambo Quemado 
BeUa Roca 
Bear Creek 
Narraburra 
San1 's VaUey 
Tiera co Creek 


Name 


Hassi-Jekna 
Havana 
Anoka 
Mungindi 
Edmonton (Kentucky) 
Carlton 


Name 


Tazewell 
Dayton 
FiiUinge 
Wedderburn 
Freda 


Class 


Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 


Om 
Om 
Om 


Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 
Om 


Class 


Of 
Of 
Of 
Of 
Of 
Of 


Class 


Off 
Off 
Off 
D 
D 


Weight 
(kg) 


22.4 
33.7 


122,M 
37.8 
77 
6.7 


24.5 
162 
1.0 
15? 


42.7 
?,M 


1175 
5.6 


530,M 
161 
27.6 
3.2 
1.9 


63.3 
5.0 
4.3 
85 
6.8 
400 
6.4 


24,300,M 
5.4 
141 
33 


225 
32.1 
12,M 
41.7 


Weight 
(kg) 


1.25 
<0.1 
1.1 


51.2,M 
10.2 
82 


Weight 
(kg) 


27 
26 .3 
0.4 


0.21 
0.27 


GROUP IIIB (cont'd) 


Year 


1958 
1952 
1867 
1937 
1943 
1969 
1893 
1905 
1939 
1839 
1884 
1947 
1903 
1915 
1918 
1913 
1904 
1891 
1889 


f:1916 
1863 
1965 
1889 
1936 
1890 
1953 
1600 
1888 
1950 
1889 
1866 
1855 
1894 
1920? 


Composition 
Ni% P% lr ppm 


8.80 0.35 
8.87 0.45 
8.88 0.40 
8.89 0.35 
8.90 0.29 
9.0 0.5 
9 0.4 
9 0.4 


9.02 0.21 
9.1 
9.16 0.47 
9.22 0.6 
9.29 0.45 
9.34 0.4 
9.34 0.8 
9.36 0.8 
9.36 0.5 
9.41 0.27 
9.5? 0.5 ? 
9.51 0.40 
9.56 0.7 
9.64 0.5 
9.7 0.9 
9.81 0.6 
9.86 0.8 
9.86 0.6 
9.9 0.5 
9.9 0.5 
9.9 0.83 
9.91 0.85 
9.95 0.7 


10.0 1.0 
10.23 0.86 
10.6 0.8 


0.057 
0.03 
0.094 
0.03 
0.26 


0.029 
0.053 
0.02 
0.39 


0.015 
0.036 
0.022 
0.29 


0.04 
0.016 


1.6 
O.Dl8 


1.2 
0.023 
0.016 
0.05 


0.021 
0.04 
0.04 
0.02 


0.017 
0.02 


0.014 
0.06 


0.016 
0.017 
0.040 


Kamacite 
mm Struct. 


1.10 
0.80 
1.0 


0.95 
0.95 
0.70 
0.85 
0.75 
1.0 
0.6 


0.85 
0.85 
0.70 
0.70 
0.80 
0.80 
0.85 
0.80 
0.70 
0.85 
0.63 
0.65 
0.65 
0.75 
0.80 
0.65 
0.65 
0.65 
0.75 
0.70 
0.60 
0.60 
0.75 
0.52 


R 
E 


N,P 


E 


R,A 
N,P 


E 


(E) 


E 


N,P 


E 


N 
E 


E 


E 


N,P 
N 


E,A 
N,P 


E 


E,A 
E,A 
a, 


E 


E 


E 


GROUP IIIC 


Year 


F: 1885 
1945 
1961 
1897 
1942 
1887 


Composition 
Ni% P% lrppm 


10.5 
11.37 
11.75 
12.1 
12.65 
13.3 


0.25 
> 0.2 
0.30 
0.4 
0.3 
0.6 


0.18 
0.3 
0.4 


0.47 
0.55 
0.07 


Kamacite 
mm Struct. 


0.47 
0.35 
0.34 
0.40 
0.32 
0.21 


N 
P,R 
N,A 
N 
N 


N,A 


GROUP IIID 


Composition 
Year Ni% P% lr ppm 


1853 16.9 
1892 17.6 
1932 18.1 
1951 22.8 
1919 23.1 


0.3 
0.4 
0.2 


0.15 


0.063 
0.028 
0.072 
0.05 
0.02 


Kamacite 
mm Struct. 


0.045 
0.045 
0.04 
0.01 


0.015 


N 
N 
a , 
N 
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Hardness HV Minerals 
Kamac. Taenite Troil. Others 


160-235 
310 
275 
325 
+ 


175 
275 
280 


290 
280 
265 
225 
260 
310 
325 
310 


220 
290 
280 
275 
210 
215 
285 


215 
190 
200 
260 
275 
255 
260 
+ 


270 
310 
+ 
+ 
+ 


180 
400 


+ 
+ 
+ 
+ 


+ 


320 
360 
415 
340 
+ 
+ 
+ 


350 
340 
+ 
+ 


350 
+ 


290 
230 
+ 


390 
340 


+ 


370 
+ 


4 


2-4 
1,2,3 


2 
4? 
5 
3 
4 


4 
2 
5 


2,3 
2 
2 
+ 


+ 
5 
+ 
5 
5 
2 


4,5 
3-5 
+ 


4,5 
2 
2 
2 
+ 


S? 


Hardness HV Minerals 
Kamac. Taenite Troil. Others 


200 
240 
200 
220 
230 
210 


300 
220-360 


260 
+ 


360 
+ 


+ 
c 
H 
H 
H 


Hardness HV Minerals 
Kamac. Taenite Troil. Others 


165 
165 
165 


265 
D 


365 


340 


2 
2 


5 


Co,H 
G? 


c 
Co,H,G 


Surface 
Condition 


a , 
(a,) 


a, , r 


a , .( f ) 


(a,) 


(a, , F ) 


a ,' f 
(a') 


a,,f 


a ,,f 
a , 


a, ,l-" 
a,,f 


a 2 .(F) 


a,,f 
a,,f 


a,,f 


Surface 
Condition 


a,,F 


a,' f 
a, ,F 


a, 
a,,f 


Surface 
Condition 


a,,r 
a,' F 
a,,r 


a, 
a,,F 
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Name 


Kokstad 
Burlington 
Coopertown 
Rhine Villa 
Staunton 
Tanakami Mountain 
Willow Creek 


Name 


Obernkirchen 
Yanhuitlan 
Jan1estown 
Social Circle 
San Francisco Mts. 
Western Arkansas 
La Grange 
Maria Elena 
Crat heus (1931) 
Bishop Canyon 
Otchinjau 
Signal Mountain 
Iron River 
Shirahagi 
Huizopa 
Gibeon 
Harriman (00 
Serrania de Varas 
Bodaibo 
Yudoma 
Para de Minas 
Putnam County 
Bristol 
Wood's Mountain 
Charlotte 
Muoniona1usta 
Seneca Township 
Altonah 
Mantos Blancos 
Bushman Land 
Novorybinskoe 
Boogaldi 
Hill City 
Smithland 
Mart 
Duchesne 
New Westville 
Chinautla 
Cranberry Plains 


Class 


Og 
Om 
Og 
Og 
Og 
Og 
Og 


Class 


Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
Of 
D 
Of 
Of 
Of 
Of 
Of 


Weight 
(kg) 


341 ,M 
75? 
16.8 
3.3 


44,M 
174 
51 


Weight 
(kg) 


41 
400? 
4.0 
100 
1.65 
1.8 
51 


15 .5 
27.5 
8.6 
30 


57.9 
1.4 


33.6,M 
140,M 


21,000,M 
? 


1.5 
15.9 
7.4 
112 
32 
20 


3.9,M 
4.0 


28.7,M 
11.5 
21 


10.3 
3.0 
3.1 
2.1 


11.7 
10? 
7.1 


24.6 
4.8 
5.7 
1? 


Year 


1878 
1819? 
1861 
1900 
1871 
1885 
1914 


Year 


1863 
1825 
1885 
1926 
1920 
1926 
1860 
1935 
1931 
1912 
1919 
1919 
1889 
1890 
1907 
1838 


? 
1875 
1907 
1946 
1934 
1839 
1925 
1923 


F : 1835 
1906 
1923 
1912 
1876 
1932 
1937 
1900 
1944 
1846 
1895 
1906 
1941 
1901 
1852 


GROUP IIIE 


Composition Kamacite Hardness HV Minerals 
Ni% P% Ir ppm mm Struct. Kamac. Taenite Troil. Others 


8.32 0.21 
8.34 0.23 
8.47 0.19 
8.61 0.29 
8.62 0.31 
8. 75 0.4 
8.77 0.35 


0.57 1.35 N,R 
0.45 ( 1.30) a 2 


0.51 1.5 N,E 
0.12 1.4 N 
0.11 1.60 N 
0.22 1.50 N 
0.05 1.40 R 


GROUP IVA 


Composition 
Ni% P% Irppm 


7.50 0.02 
7.52 0.02 
7.53 0.05 
7.61 0.06 
7.62 0.05 
7.62 O.Q3 
7.65 O.Q3 
7.72 0.02 
7.72 0.05 
7.76 0.05 
7.85 0.05 
7.85 0.04 
7.87 0.05 
7.87 < 0.1 
7.90 0.04 
7.93 0.04 
7.96 <0.1 
8.00 0.05 
8.00 0.04 
8.0 <0.1 
8.04 0.07 
8.05 0.04 
8.07 0.06 
8.20 0.04 
8.22 0.055 
8.42 0.05 
8.52 0.08 
8.54 0.09 
8.86 0.10 
8.90 0.10 
9.1 ~0.1 


9.1 0.15 
9.19 0.12 
9.23 0.15 
9.23 0.15 
9.37 0.18 
9.40 0.14 
9.44 0.17 
9.5? 0.2 


3.2 
2.7 
3.5 
2.8 
3.0 
2.8 
2.3 
3.1 
2.3 
2.6 
2.6 
2.5 
2.1 
2.3 
2.8 
2.3 
2.3 
1.8 
1.7 


2.4 
2.0 
1.7 
2.4 
1.5 
1.6 
1.8 
1.5 


0.91 
0.98 
0 .9 
0.6 


0.88 
0.89 
0.64 
0.42 
0.55 
0.12 


Kamacite 
mm Struct. 


0.26 
0.33 
0.26 
0.30 
0.23 
0.30 
0.27 
0.30 
0.30 
0.30 
0.29 
0.28 
0.28 
0.3 


0.28 
0.30 
0.30 
0.31 
0.30 
0.32 
0.33 
0.28 
0.30 
0.30 
0.30 
0.29 
0.28 
0.28 
0.35 
0.33 
0.3 


0.42 
0.38 


0.38 
0.35 
0.42 
0.35 
0.35 


E,R 
a, 


E,A ,P 
R 


N,P 
E ,0.2 


N,c,P 
R 
A 
N 


N 
N 
p 


N,P,R 
N 
N 


N,R 
N,A 


N 


N 
R 
N 
€ 


c,A 


N 
N 


€ 


N,P 


180 
200 
285 
207 
252 
258 
15 2 


185 
+ 
+ 


300 
380 
+ 


190 


5 
+ 


3-5 
5 
2 
1 
5 


Cg 


H 
H 
H 
H 


Cg 


Hardness HV Minerals 
Kamac. Taenite Troil. 


210 
166 
210 
166 
190 
180 
270 
172 
200 
154 
270 
175 


+ 
185 


170-300 
200 
167 
186 


185 
295 
200 


190-255 
200 
335 
210 
185 
245 
180 


190 
205 
220 
190 
225 
285 
260 
200 


+ 
+ 


235 
175 
+ 
+ 
+ 
+ 


230 
180 
+ 


270 
+ 
+ 
+ 
+ 


270 
255 
195 
+ 
+ 


300 
+ 
+ 
+ 


350 
265 
+ 


250 
280 
+ 
+ 
+ 
+ 


220 
+ 


290 
+ 
+ 


3-5 
1-4 
5 
5 
+ 
+ 


2,3 ,5 
5 
5 


2-5 
2 


5 
5 
5 


5 


1 
1-2 


3-5 


5 
5 
5 
5 
2 


+ 
5 
5 
5 


1,2 
1,2 


S? 


s 


s 


Surface 
Condition 


Damaged 


Surface 
Condition 


a, ,(F) 


a 2 , F 
a 2 ,F 
a 2 ,F 
a,,F 







Name 


Kokomo 
lquique 
Tlacotepec 
Cape of Good Hope 
Hoba 
Chinga 
Ternera 
Tawallah Valley 
Weaver Mountains 
Skookum Gulch 
Warburton Range 


Name 


Tombigbee River 
Auburn 
BeUsbank 
Kendall County 
Soper 
Summit 
La Primitiva 
Zacatecas (1792) 
Union County 
Nedagolla 
Horse Creek 
Murnpeowie 
Nocoleche 
New Baltimore 
Saint Francois County 
Santa Rosa 
Chihuahua City 
Kingston 
Clark County 
Nelson County 
Livingston (Tennessee) 
Weekeroo Station 
Glenormiston 
Oakley (iron) 
Reed City 
Piedade do Bagre 
Santiago Papasquiaro 
Ysleta 
Mundrabilla 
Waterville 
Colomera 
Moonbi 
Saint Genevieve County 
Barranca Blanca 
Kodaikanal 
Elga 
Hammond 
Gun Creek 
Netschaevo 
Arlington 


Mbosi 
Chebankol 
La Caille 


Class 


D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 


Weight 
(kg) 


1.85 
13 
71 
135 


60,000 
80,M 
2,M 
76 


38.8 
15.9 
56.7 


Year 


I 862 
1871 
1904 
1801 
1920 
1912 
1884 
1937 
1898 
1905 
1963 


GROUPIVB 


Composition 
Ni% P% Ir ppm 


15.8 0.08 
16.0 0.08 
16.20 0.05 
16.32 0.12 
16.4 0.07 
16 .58 0.05 
17.5 0.1 
17.6 0.12 
17.7 0.10 
18 0.19 


18.00 0.10 


31 
28 
24 
36 
27 
3.6 
15 
16 
17 
18 
13 


Kama cite 
mm Struct. 


0.02 
0.02 
0.03 
0.03 
0.02 
0.01 


0.008 
0.006 
0.01 


0.008 


p 


(a,) 


a, 
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Hardness HV Minerals 
Kamac. Taenite Troil. Others 


D:178 
D:204 
D:242 
D:244 
D:270 
D:300 
D:l80 
D:205 
D:300 
D:260 


2 ,4 
I 
4 


3,5 
1,2 
5 
2 
5 


+ 


s 


Surface 
Condition 


a,,r: 


a,,r: 


ANOMALOUS IRON METEORITES 


Class 


H 
Ogg 


H 
A nom 
A nom 
Ogg 


A nom 
A nom 
Ogg 


A nom 
A nom 
A nom 
A nom 
A nom 


Og 
A nom 
A nom 
Om 
Om 
Ogg 
Om 


A nom 
An om 


Og 
Og 
Om 


A nom 


Weight 
(kg) 


44,M 
3.6 
38 


20.8 
3.7 
I 


27,M 
1,000 


7 
4.6 
0.6 


I ,140 
20 
18 


3.6? 
825,M 


54 
13 


I 1.3 
73 
12 


94.2 
41 
113 
19.8 
59.1 
130 


Anom 141 
Anom 22,000,M 
Anom 34 
Anom 134 


Om 13.2 
Of 244 


Anom 12.5 
Off 15 .9 


Anom 28.8 
Om 27 
Om 20 


Anom 250 
Om 9 


Year 


1859 
1869 
1955 
1887 
1938 
1890 
1888 
1792 
1853 


F:1870 
1937 
1909 
1895 
1922 
1894? 
1823 
I 931 
1891 
1937 
1856 
1937 
1924 
1925 
1926 
1895 
1922 
1958 
1914 
1911 
1927 
1912 
1892 
1888 
1855 
1898 
1959 
1884 
1909 
1846 
1894 


Om 
Og 
Om 


16,000 1930 
124 1938 


650,M 1828 


Composition 
Ni% P% lr ppm 


5.1 1.8 
5.2 0.3 
5.3 2.0 
5.42 0.34 
5.68 2.1 
5.7? 0.5? 
5.8 1.7 
5.95 0.6 
6.1 0.2 
6.12 0.02 
6.3 0.5 
6.37 0.2 
6.42 0.17 
6.43 0.04 
6.54 0.34 
6.74 0.36 
6.87 0.39 
6.96 0.09 
6.99 0.19 
7.00 0.18 
7.05 0.25 
7.22 0.15 
7.24 0.36 
7.3 0.28 
7.48 0.45 
7.50 0.07 
7.50 0.01 
7.62 0.05 
7.75 0.26 
7.81 0.3 
7.86 (0.7) 
7.89 0.22 
7.94 0.22 
7.99 0.15 
8.09 0.3 
8.18 0.47 
8.23 0.45 
8.45 0.4 
8.46 0.15 
8.52 0.02 
8.74 0.15 
8.92 0.29 
9.1 0.35 


0.06 
0.02 
0.15 
1.7 


0.011 
0.03 
0.04 
2.2 
2.1 
4 


1.8 
8.2 
12 


0.11 
0.07 
0.11 


4 
6.2 
7.9 
0.7 
2.8 
2.7 
5.3 
54 
11 


4.0 
7.0 
0.8 
0.3 
7.7 
1.5 
1.8 
4.9 
5.2 
4.1 
0.10 
0.05 
1.8 
6.1 
6.5 
0.11 
10 


Kamacite 
mm Struct. 


2-100 
8 


100 
R,2 


R,0.2 
6 


100 


1-10 


R,l 
0.8-2 
1.0 
2.7 


R,O.I 
0.80 
1.0 


1-10 
0.8 
2.5 
6 


1.40 
1.8 


0.75 
R,0.1 


0.55 


(0.7) 
0.55 
0.49 


0.10 


0.60 
0.75 
1.25 
0.80 


N,A 
N 
N 


N,a, 
R 
N 


N,A 
N,P 


N 
N,A 


E 


N,A 
N,a 2 


N 
N,A,a 2 


N 
N,P 
R 1 
N 
N 
N 


A,N 
N,A 
R,A 
N 
N,P 
N,P 
N,P 
a, 
N 


N,A 
N,P 


R 
N,A 
a, 
N 


0.80 N,P 
2.5 N,P 
1.10 R,A,a 2 


Hardness HV Minerals 
Kamac. Taenite Troil. Others 


ISO 
160 
182 
195 
155 
235 
280 
177 
250 


252 
185 
177 
280 
164 
200 
185 
155 
240 


250-350 
170 
220 


225 
185 
173 
153 


175 
230 
180 
200 
208 
178 
210 


160 
175 
155 
160 
215 
265 
180 


(+} 


(+) 


(+) 


D:200 


(+) 


+ 
(+) 


+ 
(+) 


+ 
+ 
+ 
+ 


235 
340 


+ 
+ 


250 
+ 


D:219 
235 
395 
+ 
+ 


275 
260 


(240) 


156 
190 
+ 
+ 
+ 


450 
180 


5 
5 


2 


+ 
5 
5 
2 


2 
5 
+ 
5 
5 


3,4 
2 
5 
2 


5 
3 


5? 
2 
5 


2? 
5 


1,2 
2,3,4 


5 


I 
2 


4,5 


5 


+ 


4 


G,S 


G,C 
Ni 5 Si 2 


Co 
Cg 


H,Co,G,Gc 
Co 


G,Gc 
s 


G 
G 
s 


S? 
s 
s 


s 


C,S 


Surface 
Condition 


a, 
a, 


a, , en 


a,,F 
a,,r: 
a,,F 


a,,F 
a,, (F) 


(a2, F) 
a,,F 


a, 


a,,F 
a2, F 


a2 


a,,F 


a, ,tF) 
a, 


a2,F 


a, ,F 







156 


Name 


Cruz del A ire 
Grand Rapids 
Emsland 
Rich a 
Pram ban an 
N'Goureyma 
Rafriiti 
Tucson 
Bacubirito 
Washington County 
Arltunga 
Duel Hill (1854) 
Guffey 
Cambria 
Algoma 
Monahans 
Hopewell Mounds 


(Brenham) 
Dorofeevka 
Nordheim 
Babb's Mill 


(Blake's Iron) 
Glorieta Mountain 
Victoria West 
DelRio 
Illinois Gulch 
Muzzaffarpur 
Soroti 
Laurens County 
Corowa 


Cowra 
Deep Springs 
El Qoseir 
Mount Magnet 
Gay Gulch 
Butler 
Linville 
Pinon 
Shingle Springs 
Garden Head 
Babb's Mill 


(Troost's Iron) 
South Byron 
Britstown 
Kofa 
Morradal 
Lime Creek 
Twin City 
Tishomingo 
Santa Catharina 
Dermbach 
Oktibbeha County 


ANOMALOUS IRON METEORITES (cont'd) 


Class 


Of 
Om 
Om 
Om 
Off 


A nom 
D 


A nom 
Off 
D 
D 
Of 
D 
Of 
Om 
Opl 
Pall. 


Opl 
D 
D 


Pall. 
Of 
D 
D 


Opl 
A nom 


Of 
Opt 


Opl 
D 
D 


Opl 
Opl 
Opl 
D 
D 
D 


Opl 
D 


Weight 
(kg) 


23,M 
52 
19 
1.5 
? 


37.7 
18.2 


922,M 
22,000 


5.8 
18 
4.0 
309 
16.3 


4 
29.5 


4 ,300,M 


12.7 
15.4 
135 


190,M 
3 


3.6 
2.5 


1.2,M 
2,M 
2.1 


11.3 
5.6 
11.5 
2.4 


16.5,M 
0.48 
40 
0.4 
17.8 
38.5 
l.3 


8.7,M 


D 6 
Opl 0.54 
Opl 0.5 
D 2.8 


Anom 25? 
D 5.1 


Anom 164 
A nom 7 ,OOO,M 
A nom 
Anom 0.16 


Year 


Composition 
Ni% P% lrppm 


Kamacite 
mm Struct. 


Hardness HV Minerals 
Kamac. Taenite Troil. Others 


1911 
1883 
1940 
1960 
1865 


F:1900 
1886 
1850 
1863 
1916? 
1908 
1854 
1907 
1818 
1887 
1938 
1890 


9.11 
9.31 
9.40 
9.4 
9.4 
9.41 
9.43 
9.53 
9.70 
9.9 
9.91 


10.3 
10.3 
10.4 
10.7 
10.75 
10.8 


0.31 
0.2 
0.27 
0.3 
0.16 
0.05 
0.06 
0.09 
0.16 
0.39 
0.24 
0.15 
0.02 
0.5 
0.25 
0.09 
0.14 


1910 
1932 
1876 


11.42 0.10 
11.67 0.04 
11.8 0.05 


1884 
1868 
1965 
1897 


F: 1964 
F:1945 


1857 
1964 
1888 
1846 
1921 
1916 
1901 
1875 
1882 
1928 
1869 
1944 
1842 


11.9 
12.0 
12.1 
12.3 
12.9 
12.9 
13.1 
13.1 
13.3 
13.4 
14.0 
14.6 
15.1 
15.7 
16? 


16.28 
16.95 
16.96 
17.5 


1915 18.0 
1926 18? 
1917 18.3 
1892 19.0 
1834 29.5 
1955 30.0 
1965 32.5 
1875 35.3 


42 
1854 61 


0.37 
0.6 
0.11 
0.08 
0.4 
0.15 
0.3 
0.3 
0.23 
O.D3 
0.16 
0.15 
0.3 
0.05 
0.25 
0.34 
0.33 
0.2 
0.12 


0.22 
0.25 
0.15 
0.15 
0.19 
0.34 


0.2 
~0.2 


~0.1 


5.9 0.48 N,R 
14 0.55 N 
2.9 0.90 N 
17 0.55 N 


0.12 a 2 


0 .6 
0.007 R ,0.02,A 


2.1 (a 2 ) 


4.9 0.08 N 
O.D7 R,0.05 
17 0.005 D 


0.64 0.35 € 


5.0 0.015 D 
0.84 0.48 N,P,R 
0.39 0.60 N 


13 0.05 N 
0.045 0.8 N,P 


23 
11 
1.7 


0.014 
0.02 
18 
5.3 
1.4 


0.06 
7.9 


0.77 
14 
10 


5.5 
0.036 
0.11 


I 


15 
2.6 


0.12 
35 


28 


0.09 
0.02 


0.85 
0.22 
0.07 
0.04 
0.1 


0.13 
0.30 
0.2 
0.07 


0.005 


0.015 
0.06 
0.15 
0.3 


O.Dl5 
0.015 
0.1 
0.01 


0.01 
0.02 


0.035 
0.01 


R,0.03 


N,P 
N,a 2 


E,P 
A nom 


N,P 


N 


N 
D 


A 
N 


175 
200 
210 
200 


225-375 


145 


220 
+ 


200 
250 


155 
155 
195 


187 


+ 
A 
+ 


310 


D:215 
+ 


D:220 
+ 
+ 
D 
+ 


D:l87 
190 
+ 


D: 195 
+ 


265 
D:240 


+ 


164 300 
170 240 


D:270 
260 mart 


225-300 D :245 
290 380 
186 350 


185 225 
D:238 


D:195 
155 D 
180 375 
230 D 
165 D:205 


205 


D:278 


D :233 


D:230 
385 


D:265 
D:205 


0.1 
0.61 
1.1 0.01 tempered martensite: 192 


O.Dl5 0.005 D:325 


5 


+ 
2 
+ 


2-5 


2 


2 
1,2 
5 
4 


3,4 


2 


5 
I 
2 


2 
+ 
5 
5 


I ,2 


2 


4 


5 
1-2 
2 
2 


5 
3 


5 
5 
5 


0.02 
O.D3 


martensite:425 5 
175-560 1 ,2 


+ 


s 


s 


s 
s 
G 


G 


s 


G 


G,S 


H,G 
s 


s 


G 


Surface 
Condition 


a,,r 
a 2 ,F 
a 2 ,F 
a 2 ,F 
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Appendix 2. Name Weight 


129 New or Insufficiently Known Meteorites. Guadaloupe County 20 g. Said to be a Canyon 


(Compare page 37) 
Diablo fragment, but this is 
apparently not the case. 


Name Weight 
Hart Range 608 g. Probably a fragment 


of Boxhole. 


Adzhi-Bogdo (iron) 600 kg? Hatfield ? kg. Apparently a medium 


Agua Blanca 49 kg octahedrite of group IliA. 


Albuquerque 157 g ? See the Supplement. Holliday 10 g? 


Alexander County 200 g? ltutinga 5 kg? 


Al-Ghanim (iron) 500 g ? oxidized Jalandhar (fell1621) 2 kg. was entirely used up in 


Alikatnima 20 kg? Ataxite with about forging sword blades. See 


13% Ni , see Reed 1972b. Figure 1869. 


Alt Bela 3.9 kg Jonesboro 30 g ? 


Ameca-Ameca 10 g? Karasburg 11.6 kg 


Aprelskij 54.6 kg. See the Supplement. Klamath Falls 13.6 kg. Apparently an 


Armanty 30 tons anomalous fine octahedrite. 


Asarco Mexicana 2.57 kg Komagone 238 g 


As wan 12 kg. Medium octahedrite Krzadka 2-3 kg,. now lost 


of group III A, see the Kuga 6 kg 


Supplement. Lafayette (iron) 11 g, lost 


Barbacena 9 kg , oxidized Laguna Manantiales 92 kg 


Blue Tier 1.3 kg Lancaster County 13 kg, apparently lost 


Bluewater 538 g Landor 9 kg 


Botetourt County ? Lasher Creek 639 g 


Cabin Creek (fell 1886) 48 .2 kg Las Salinas 3,515 g 


Castray River 10 g. Probably awaruite, see Lazarev 10 kg 


p.438 Lebedinnyi 410 g, now lost 


Cleburne 6.8 kg Lefroy 0 .2 g 


Clinton 7.7 kg, oxidized ? Lonaconing 1.3 kg. Finished too late to be 


Coldwater (iron) 18.4 kg, oxidized incorporated in Appendix 1 


Cowell ? Lucky Hill 20 kg, oxidized . Apparently 


Cratheus (19 50) ? a medium octahedrite of 


Cuba 1.5 kg group IliA. 


Dad in 37.3 kg or rather 27.3 kg Lujan 33 g of an entirely corroded 


Dehesa 300 g? octahedrite 


De Hoek See the Supplement. Lusk 46 g, oxidized 


Dellys 76 g ? Perhaps a fragment of Magnesia (fell1899 ?) 4 ,960 g. Only a piece of a 


Tamentit, see p . 529 larger mass. See the 


Dermbach New find Supplement. 


Dorrigo 8 kg , oxidized Maldyak 992 g. See also the 


Dower in 100 g? Supplement. 


Elga 28.8 kg Manitouwabing 39 kg 


El Simbolar 40 kg Manlai 400 kg? 


El Timbu 500 kg Maria ville 340 g, lost? 


Etosha See the Supplement. Minnesota (iron) 6g 


Floydada 12.5 kg Monturaqui See the Supplement. 


Fukue ? Morden 2.6 kg. Group I iron with 


Gallipoli Station See the Supplement. 6 .6% Ni, according to Reed 


Ganado 39 g. Appears to be a 1972b. 


weathered slug of Canyon Mrirt, Marocco 79 .9 kg 


Diablo . Murchison Downs 33 g 


Garhi Yasin (fell1917) 380 g Naif a 8g 


Gerzeh a few grams of oxidized Nashville (iron) 18 kg, oxidized 


material New Mexico 130 g. Probably an iron of 


Glen Rose (iron) 11 kg group liB ground into an axe. 
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Name Weight Name Weight 


Niagara II5 g Pooposo Probably a fragment of 
Nieder Finow 287 g Bolivia 
Nochtuisk 8g Puerta de Arauco I .5 kg 
Norin-Shibir 3 I / 2 g Que sa (fe II 1898) I0.7 kg 
Norquin 19.25 kg Red fields See the Supplement. 
Northampton 17 g Red Willow 2.7 kg, now lost ? 
Nuleri 120 g. Apparently a medium Rembang (felll9!9) 10 kg. Iron with 8.7% Ni, 


octahedrite of group IliA see Reed 1972b. 
related to Henbury and Repeev K.hutor (fell1933) 12.35 kg. Anomalous, with 
Boxhole. about 14% Ni. See p. 1014 


Nutwood Downs See the Supplement. Roswell 30 g ? Almost certainly a 
Nyaung (fell 1939) 737 g transported Canyon Diablo 
Oil dale 50 g. Almost certainly a Can- mass. 


yon Diablo slug, transformed Sakauchi (fell1913) 4.18 kg, now lost 


by impact-shock to stages VI Salina I 0 kg, oxidized 


and VII. See p. 944 Sel~any 20 g 
Oktibbeha County !56 g. A unique iron meteor- Seymchan 300 kg. See the Supplement 


ite with 60% Ni. See Reed Shohaku I 01 g 
I972a. Slaghek's Iron 1.9 kg 


Opava 14.7 kg South Dahna 275 kg, oxidized 
Otasawian 9 kg. See the Supplement. Suwa 203 g ? 
Palinshih ( fe II I 914 ?) 18 kg Tabarz 100 g? 
Palisades Park 120 g. Almost certainly a Can- Teocaltiche IO kg 


yon Diablo slug, transformed Tepla I7 kg 
by impact-shock to stage V. Ur oxidized fragments 
See p . 959 Ute Pass ? 


Paloduro 3 kg Vicenice 4.37 kg 
Paneth's Iron See the Supplement. Waingaromia 9 .2 kg. Medium octahedrite 
Parma Canyon 2.I5 kg with schreibersi te skeleton 
Patos de Minas (0) oxidized crystals. 
Paulding County 725 g, oxidized 


Win burg 50 kg 
Pierceville (iron) 100 kg, oxidized 
Pierre ? Withrow 8.7 kg 


Point of Rocks 23 g Zapata County ? 
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Synonyms and Paired FaDs. 


(Compare page 37) 


The 79 meteorites marked below with an asterisk are 
listed as independent meteorites in the most recent cata
logue by Hey (1966), but are shown here to have no 
independent existence. Several others, e.g., Fort Duncan 
and S ulechow, have been considered independent 
meteorites by other authors. 


* Abakan, see Toubil River 
* Abancay , see Saint Genevieve 
* Adargas , see Chupaderos 


Agpalilik, see Cape York 
Agram, see Hraschina 
Akpohon, see Cape York 
Alandroal, see Juromenha 
Amalia Farm, see Gibeon 


* Amates, see Toluca 
*Anderson, see Hopewell Mounds 


pseudo Apoala, see Durango 
*Aragon, see Cedartown 


Aroos, see Yardymly 
* Ashfork, see Canyon Diablo 
*Barraba, see Bingera 


Barringer Crater, see Canyon Diablo 
*Basedow Range, see Henbury 
*Bechuanaland, see Gibeon 


Bedminster, see Canyon Diablo 
Bethany, see Gibe on 


*Black Mountain, probably a fragment of Duel Hill (1873) 
*Bloody Basin, see Canyon Diablo 


Boaz, see Hope 
*Breece, see Grant 


Butcher Iron, see Coahuila 
*Camp Verde, see Canyon Diablo 


Caranzatillo, see Pan de Azucar 
*Carsons Well, see Needles 


Catorze, see Charcas and Descubridora 
*Central Missouri, see Ainsworth 


Cerros del Buei Muerto, see North Chile (Tocopilla) 
*Chanaral, see Ilimaes 
*Chichimeguilas, see Mazapil 


Chile , see Maria Elena 
Claiborne, see Lime Creek 
Concepcion, see Chupaderos 


*Cookeville , see Smithville 
*Corrizatillo, see Pan de Azucar 


Cottonwood Gulch, see Thoreau 
*Coya Norte, see North Chile 
*Cuernavaca, see Chupaderos 


Damaraland, see Gibeon 
*Descubridora, see Charcas 
*Ector County, see Odessa 
*Ehrenberg, see Canyon Diablo 


*Elberton, see Smithonia 
El Inca, see Tamarugal 
El Taco, see Campo del Cielo 
El Toba, see Campo del Cielo 


*Espiritu Santo, see Chupaderos 
Fairbanks, see Aggie Creek 


*Fair Oaks, see Canyon Diablo 
* Filomena, see North Chile 


Fort Duncan, see Coahuila 
*Galleguillos, see Ternera 


Gallipoli, see Henbury 
*Helt Township, see Canyon Diablo 
*Houck, see Canyon Diablo 


Huejuquilla, see Chupaderos 
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Humboldt's Iron, see Chupaderos and Durango 
*Jackson County, see also Carthage 
*Jefferson, see Bear Creek 


Jewell Hill, see Duel Hill 
Karawinsky's Iron , see Durango 


*Las Vegas, probably a fragment of Canyon Diablo 
*Loongana Station, see Mundrabilla 


Luca Valley, see Toluca Valley 
*Matatiele, see Kokstad 
*Mayodan, see Indian Valley 
*McCamey, see Odessa 
*McDowell County , see Wood's Mountain 
*Mejillones (1875) and Mejillones (1905), see Mejillones 


Meteor Crater, see Canyon Diablo 
*Michigan, see Toluca 
'''Moab, see Canyon Diablo 
*Monument Rock , see Canyon Diablo 
*Mooranoppin, see Youndegin 


Mount Elden, see Canyon Diablo 
*Mount Stirling, see Youndegin 
*Mount Tabby, see Duchesne 


Mukerop, see Gibeon 
Nativitas , see Santa Apolonia 


*Nejed , see Wabar 
*Niagara, probably a Toluca specimen 


Nico, see Gibeon No. 76 
Niro, see Verkhne Udinsk 


*North Portugal, see Sao Juliao 
Northumberland Island , see Cape York 
Nutwood Downs, see Henbury 
Oaxaca, see Apoala, Misteca and Yanhuitlan 
Oregon, see Klamath Falls 
Ottsjb , see Follinge 
Otumpa, see Campo del Cielo 


*Parra!, see Morito 
*Pojoaque, see Glorieta Mountain 
*Ponca Creek, see Ainsworth 
*Premier Downs, see Mundrabilla 
*Pulaski County , see Canyon Diablo 
*Puripica, see North Chile 
*Quairading, see Youndegin 
*Queensland, see Gladstone 
*Quillagua, see North Chile 
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Railway, see Gibe on 
Ranchito, see Bacubirito 
Rasgata, see Santa Rosa 


*Rifle, see Canyon Diablo 
*Rio Loa, see North Chile 


San Antonio, see Kendall County 
Sanchez Estate, see Coahuila 
San Gregorio, see Morita 


*San Martin, see North Chile 
*San Rafael, see Grant 
*Santa Fe, see Glorieta Mountain 
*Saotome, see Shirahagi 


Savik, see Cape York 
Schertz, see Canyon Diablo 
Senegal, see Siratik 


*Sierra Blanca, probably a Toluca fragment 
Southeast Missouri, see Saint Francois County 


*Southern Arizona, see Toluca 
Sulechow, see Seeliisgen 


*Tacubaya, see Toluca 
Taiga, see Toubil River 


*Tarapaca, see Tamarugal and La Primitiva 
*Temora, see Narraburra 
*Tennant's Iron, see Toluca 


Teposcolula, see Yanhuitlan 
*Thoreau, probably an Odessa fragment 
Tocavita, see Salt River 


*Tocopilla, see North Chile 
*Tonopah, see Quinn Canyon 
*Union, see North Chile 


Ussuri, see Sikhote-Alin 
*Verkhne Dnieprovsk, see Augustinovka 
* Warialda, see Bingera 


Whitfield County, see Cleveland 
*Wickenburg (iron), see Canyon Diablo 
*Williamstown, see Kenton County 


Xiquipilco, see Toluca 
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Pseudometeorites and False, Unsubstantiated Reports. 
(Compare page 37) 


Agricultural College, wrought iron. 
Angara, pseudometeorite (Zavaritskij & Kvasha 1952: 238) 
Calumet County, pseudometeorite (Meteoritic Bulletin, 


No. 47, 1969) 
Kirkland, falsely reported to fall. 
Koso-<:ho, artificial material . 
Majorca, probably a pseudometeorite. 
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Mejillones (1875) and Mejillones (1905), reported twice, 
but in fact one fall : Mejillones. 


Nova Lima , wrought iron 
Ovifak, terrestrial iron, see p. 413. 
Serrania de Varas, some samples are cast iron. 
Siratik, some samples are artificial products. 
Tandil, the 1 kg main mass in the La Plata Museum is a 


pseudometeorite. 
Tarapaca , some samples are cast iron or wrought iron . 
Tule, artificial casting. 
Tunguska, probably a minor comet, see p. 9. 
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Appendix 5. 


99 Meteorites which are shown to have been artificially reheated, 
either wholly, or fragments of the mass. (Compare page 41) 


Name Group Weight Known Ni% Reheated artificially to Damage to Implements Implements 
(kg) since < 750 750- partially whole part produced preserved 


1100° melted meteorite of it 


Alt Bela liD 3.9 1850 12.9 + + 
Altonah IVA 21.0 1912 8.5 + + 
Apoala IIIB 85 1889 9.7 + + 
Arispe A nom 683,M 1896 6.7 + + Used as an anvil (122 kg) 
A swan IliA 12 1955 8.2 + + 
Auburn A nom 3.6 1869 5.2 + + 
Babb's Mill A nom 8.7 ,M 1818 17.5 + + 


(Troost's 
Iron) 


Bacubirito A nom 22 ,000 1863 9.7 + + + 
Ben de go A nom 5,360 1784 6.5 + + + + 
Billings IliA 24.5 1903 7.8 + + + 
Bit burg I-Anom 1,500 1805 12.4 + + + 
Botetourt ? ? 1850 17 + + 


County 
Burlington IIIE 75? 1819 8.3 + + + 
Butler A nom 40 1874 15.7 + + 
Cacaria IliA 41 1876 7.7 + + Used as an anvil ( 41 kg) 
Campo del > 30,000,M 1576 6.7 + + 


Cielo 
Cape of IVB 135 1801 16.3 + + + + 


Good Hope 
Cape York IliA 58,000,M 1819 7.9 Cold-worked by the Eskimos + + + 
Carthage IliA 127 1844 8.4 + +? + 
Casey County 1877 7.0 + + + + 
Char cas IliA 780 1804 8.0 + + 
Char cas IliA 576 1783 8.0 + + Used as an anvil (576 kg) 


(Descubr.) 
Chesterville IIA 16.5 1849 5.7 + + + + 
Chulafinnee IliA 16 1873 7.9? + + + 
Chupaderos IIIB 24,300,M 1600 9.9 + + + 
Cincinnati IIA 1.5? 1870 5.4 + + 
Coahuila IIA 2,000 ,M 1854 5.6 + + + + 
Coahuila, liA 114 1854 5.6 Used as an anvil (114 kg) 


Sanchez 
Estate 


Colfax 2.4 1880 10.5 + + 
Comanche 19.7 1956 8.1 + + 
Coo lac 19.3 1874 6.9 + + 
Cosby's Creek 400 ,M 1837 6.7 + + + 
Cranberry IVA 1? 1852 9.5? + + 


Plains 
Cranbourne 8,600,M 1853 7.0 + + + + 
Denton IliA 18 1856 8.2 + + + 


County 
Elbogen liD 107 1400 10.3 + + + + 
Fort Pierre IliA 16 1857 7.6? + + 
Gibeon IVA 21,000,M 1838 7.9 + + + 
Gladstone 780,M 1894 6 .7 + + + 
Greenbrier IliA 5 1880 7.4 + + 


County 
Guilford IliA 13 1822 7.9 + + + 


County 
Hammond A nom 27 1884 8.2 + + + 
Holland's liA I2.5 -1887 5.4 + + + 


Store 
Hraschina liD 49,M Fell1751 10.6 + + + 
Iquique IVB 13 1871 16 + + 
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Name Group Weight Known Ni% Reheated artificially to Damage to Implements Implements 
(kg) since < 750 750- partially whole part produced preserved 


1100° melted meteorite of it 


Iredell liB 1.5 1898 6 .0 + + + 
Jackson Ili A 0 .4 1846 8.4 + + 
County 


Jalandhar iron 1.9 Fell1621 ? The whole mass fo rged into sword blades and lost. 
Karasburg IIIAB 11.6 1964 8.7 + + 
Kendall A nom 21 1887 5.4 + + 
County 


Kingston A nom 13 1891 7.0 + + 
La Caille A nom 650,M 1828 9.1 + + + 
Linville A nom 0.4 1882 16 + + 
Locust Grove IlA 10.3 1857 5.6 + + 
Los Reyes IIIB 19.5 1897 8.7 + + 
Losttown IliA 3 1867 8.5 + + 
Magura 1 1 ,600,M 1840 6.7 + + + + 
Marshall IIIAB 7? 1860 8.5? + + 
County 


Misteca I 11 1804 8.3 + + 
Moonbi An om 13.2 1892 7.9 + + 
Morito Ili A 10,100 1600 7.6 + + 
Mount Joy II B 384 1887 5.7 + + + 
Netschaevo A nom 250 1846 8.5 + + + + 
New Mexico II B? 0.1 1935 6? Only cold-worked and ground + + + 
North Chile, IlA 266,M 1922 5.6 + + 


Rio Loa fragment 
Paneth's Iron III E 100? 1873 8.9 + 1- ? + 
Petropavlovsk I 7.2 1840 8.5 + + ? + 
Pima County II A 0.2 1947 "5 .6 + + 
Pittsburgh I 13.2 1850 7.0 + + + 
Prambanan A nom ? 1865 9.4 + + + 
Rafrilti A nom 18.2 1886 9 .4 + + 
Rodeo liD 44 I 852 10.6 + + Used as an anvil (44 kg) 
Ruff's Ili A 53 1844 8.6 + + 


Mountain 
Salt River IIC 4 1850 9.8 + + 
Sam's Valley III B 12,M 1894 10.2 + + 
San II A 7.5 1867 5.5 + + 


F rancisco 
del 
Mezquital 


Santa Rosa A nom 825,M 1823 6.7 + + Used as an anvil (460 kg) 
Santa Rosa, A nom 825 ,M 1823 6.7 + + + 


Rasgata 
Seeliisgen I 102 1847 6.6 + + + 
Shirahagi IVA 33.6,M 1890 8 + + + 
Siratik II A < 1 1716 5.5 + + + + 
Skookum IVB 15 .9 1905 18 + + 


Gulch 
Smithland IVA I 0? 1845 9.2 + + + 
Tambo IIIB 141 1950 9 .9 + + 


Quemado 
Ternera, !VB 1.3 1884 17.5 + + 


Galleguillos 
fragment 


Toluca I 2,1 OO,M 1784 8.1 + + + + 
Tombigbee, A nom 44 ,M 1859 5 .1 + + + 


No. VI 
Tonganoxie IliA 12 1886 7.8 + + 
Toubil River IliA 22 1891 7.8 + + + 
Tucson, Ring A nom 635 1850 9.5 + + Used as an anvil (635 kg) 
Tucson, A nom 287 1850 9.5 + + Used as an anvil (287 kg) 


Carleton 
Turtle River IIIB 22 1968 8.8 + + 
Verkhne Udinsk Ili A 18.5 1854 7.8 + + + 
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Name Group Weight Known Ni% Reheated artificially to Damage to 
(kg) since < 750 750- partially whole part Implements Implements 


ll00° melted meteorite of it produced preserved 


Victoria A nom 3 1862 12.0 + + 
West 


Waldron 14 1887 7.6 + + ? + 


Ridge 
Western IVA 1.8 1927 7.7 + + 


Arkansas 
Wooster IliA 22 1858 7.8 + + 


Yanhuitlan IVA 300? 1816 7.5 + + ? + Used as an anvil (300 kg) 
Youndegin I 3,800 ,M 1884 6 .7 + + + 
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Appendix 6. 


26 Venerated Iron Meteorites 


Name Group Weight Known Ni% Remarks Known to 
(kg) since the natives 


since about -


Canyon Diablo I 61.5 1950 7.2 Found wrapped in a feather blanket 1100 
(Camp Verde), in an Indian burial ground near 
U.S.A. cliff dwellings. 


Caperr, Argentina IliA 115 1871 8.6 Considered taboo to Patagonian 
Indians. 


Casas Grandes, IliA I ,545 1867 7.7 Found swathed like a mummy in an 1400 
Mexico Indian temple ruin. 


Chilkoot, U.S.A. IliA 43 1881 7.8 Regarded with veneration by the 1780 
Indians. 


Gerzeh, Egypt ? O.oi 1911 ? Beads were found in royal graves; the 3,000 B.C. 
evidence is not conclusive that they 
were of meteoritical origin 


Glorieta Mountain Pall. 190,M 1884 11.9 A fragment was carried in the pouch 1200 
(Pojoaque), of a medicine man. 
U.S.A. 


Havana, U.S.A. IIIC <O.I 1945 11.4 29 rounded beads were recovered from 0 
Hopewellian burial grounds. 


Hopewell Mounds, 
(Brenham), U.S.A. Pall. 4,300,M 1890 10.8 Small fragments were worked into 0 


beads and adzes by the Indians. 
Huizopa, Mexico IVA 140,M 1907 709 Five masses were found in an Indian ruin. 1400? 
Iron Creek, Canada IliA 175 1871 7.7 Tribute was paid by Crees and 


Blackfeet Indians. 
Kaalijiirv, Estonia I <I,M 1928 6.6 Ancient crater name means "Sacred 


Lake." 
Livingston IliA 1.6 1936 7.4 Found in an Indian grave. 


(Montana) U.S.A. 
Mbosi, Tanzania An om 16,000 1930 8.7 The huge mass was taboo to the natives. 
Mesa Verde, U.S.A. I 3.5 1922 10.6 Found in ancient pueblo ruins. 1200 
Morita, Mexico IliA 10,100 1600 7.6 Venerated by the Indians; landmark. 
Navajo, U.S.A. liB 2,180,M 1921 5.5 Believed to be a sacred monument of 


the Navajo Indians. 
Nedagolla, India An om 4.6 Felll870 6.1 After its fall, the meteorite was 


worshipped in the village temple. 
Oktibbeha, U.S.A. An om 0.2 1854 60 Found in an Indian tumulus. Fusion 


crust from the atmospheric flight 
is partially preserved. 


Red River , U.S A. IliA 800 1800 7.7 Tribute paid by Indian tribes. 
Tamentit, Algeria IliA 510 1400 8.3 Regarded with veneration by the 1400 


Arabs. 
Thunda, IliA 62 1886 8.2 Regarded with veneration by the 1800? 
Queensland Aborigines. 
Ur, Chaldea, ? 0.1 1928 ? Two corroded oval blades were found 2,500 B.C. 


Iraq together with a copper saw in a 
King's Grave. Meteoritic origin 
Inconclusive. 


Uwet, Nigeria IIA 55 1908 5.7 Tribute paid by the Nigerian tribes. 1825 
Wabar, Arabia IliA 2,500,M 1887 7.4 Legends associated with the craters 1500? 


and the impactites. 
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Name 


Wichita County, 
U.S A . 


Willamette, U.S A. 


Group 


IliA 


Weight Known 
(kg) since 


150 1836 


14,100 1902 


Ni% Remarks Known to 
the natives 


since about -


6.8 Considered a powerful medicine stone 
by the Wichita Indians , Texas. 


7.6 Considered a powerful medicine stone 
by the Clackamas Indians, Oregon . 
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Appendix 7. 
The concentration of important , spallogenic noble gas nuclides. The cosmic-ray exposure ages in 


the last column have been determined by Voshage (1967; and personal communications) . 
Group I 


Name and specimen identification Total mass X l0-8STPcm3per gram 3Hej4He 4He/21Ne Ref. 4t Kj4oK 
kg 3He 4He 2tNe 3•Ar age,Myr 


1. *Annaheim 11 .8 320 1208 3.31 0.265 365 3 
2. Bischtiibe 50 324 1358 3.40 0.239 399 3 825 ±80 
3. *Bogou 8.8 413 1673 4.72 0.247 354 3 560±80 
4. Bohumilitz > 59 165 589 2.24 0.288 262 1 
5. Campo del Cielo > 44,000 1.3 6.7 0.011 0.09 0.194 611 2 


Otumpa < 1 < 4 < 0.01 < 0.04 8 
6. Canyon Diablo > 10" 238 959 2.45 0.248 39 1 3 650±100 
7. Odessa No. 78/2 > 104 34 128 0.384 0.266 333 3 890±70 


No. 49/ 1 177 703 1.98 0.252 355 3 
No. 49/2 1.6 7.4 0.020 0.218 370 3 
No. 33.20 220 710 2.3 12.0 0.31 308 7 
No. 83 44.5 185 0.478 2.60 0.242 395 8 
No. 100 103 415 1.16 6.75 0.249 360 8 
No. 97b 235 920 2.77 15.0 0.257 330 8 


8. Osseo 46.3 329 1137 4.65 (19.2) 0.289 245 2;3 490±55 
9. Seelasgen 102 95 398 1.05 0.240 379 3 


10. Smithville > 70 36.8 152 0.346 0.242 439 1 
11. Toluca No. 4a > 2,100 1.42 6. 1 0.016 0.087 0.233 38 1 5 


No. 729 100 295 0.8 2.4 0.34 . 369 7 
No. 95 28.5 11 9 0.250 1.65 0.227 475 8 


12. *Yardymly 153 663 2400 7.30 0.276 329 1 915±50 
No. 98 655 2540 8. 15 43 .5 0.258 310 8 
No. 104 655 2510 8.1 5 42.5 0.260 310 8 


13. Youndegin > 3,800 6 1 270 0.486 0.226 556 3 


Group IIA 
14. *Boguslavka 257 47 223 0.668 0.2 13 334 3 
15 . *Braunau 4 1 3.33 32.7 0.134 0.103 244 I 
16. Cedartown 11.6 239 961 3.04 0.249 316 3 215 ±80 
17. Coa huila > 2,000 5. 18 35. 1 0.148 6 
18. Keen Mountain 6.7 219 745 2.49 0.294 299 1 


No. 19-23 210 760 2.95 13.5 0.277 260 8 
19. Lombard 7 63 275 0.594 0.229 463 3 295 ±200 
20. Mayodan 30 13.5 150 0.090 6 


No. 15 12 129 0.425 0.09 1 304 3 
21. Negrillos 28.5 9.6 40 0.14 0.69 0.24 285 8 
22. North Chile > 266 


Coya Norte 26.1 192 0.136 6 
Coya Norte 30.0 144 0.385 2.20 0.210 375 8 
Filomena 19 110 0.225 0.177 489 3 
Rio Loa 42.5 192 0.221 6 
Rio Loa 31.5 140 0.360 2.1 0 0.226 390 8 
San Martin 22 144 0.419 0.156 344 3 
Tocopi lla 58 280 0.93 0.207 301 3 
Tocopilla 68.5 295 0.92 4.70 0.231 320 8 


23. Uwet 55 1.3 14 .7 0.032 0.096 459 3 


Group IliA 
24. Cape York, metal >60,000 0.5 5 0.01 < 0.02 0.10 500 9 


troili te 0.5 6 0.05 0.015 0.08 120 9 
25. Casas Grandes 1,540 80 349 0. 71 0.229 489 3 


Casas Grandes 130 370 1.0 3.6 0.35 370 7 
Center 54.0 245 0.515 3.25 0.220 475 8 
Surface 133 560 1.38 8.30 0.238 405 8 


26. Cha rcas No. 27 1,400 530 1980 6.30 33.5 0.266 315 8 
No. 106 540 2040 6.75 34.5 0.264 300 8 
Descubridora 156 675 1.56 0.232 433 3 510± 110a) 


27. Costilla Peak 35.5 600 2055 7.68 34.0 0.292 267 2 
28 . Gundaring 113 572 2178 6.60 33.0 0.262 330 2 630±90 







168 


Group IliA ( cont'd) 


Name and specimen identification 


29. Kalkaska 
30. Kenton County 


Williamstown 
Williamstown No. 85 
Williamstown No. 105 


31. Mercedi tas 
No. PWG 
No. 114 


32. Murfreesboro 
33. Norfolk 
34. *Norfork 
35 . Puente del Zacate 
36. Roebourne 
37. Ruffs Mountain 


No. 3a 
38. Sacramento Mountains 
39. San Angelo 
40. Santa Apolonia 
41. Tamarugal 
42. Thunda 
43. Trenton 


No.7 
No. 10 


44. Willamettc 


Group IVA 
45 . Bristol 


No. HHN 
46 . *Charlotte 
47 . Gibcon 
48. Hill City 
49. Huizopa 
50. Iron River 
51. Jamestown 
52. Maria Elena 
53. Putnam County 


No. HHN 
54. Smithland 
55. Yanhuitlan 


No. 162a 


Group IVB 
56. Cape of Good Hope 
57. Chinga 
58. Hoba 


No. WJL 
59. Skookum Gulch 
60. Tlacotepec 


No. HHN 
61. WeaverMts. 


No. LFB 


Various 


X l(f8STPcm3 per gram Total mass 
kg 3He 4He 21 Ne 35Ar 


9.4 387 
194 519 


480 
465 
460 


43 545 
565 
540 


8.6 651 
23 639 


l ? 597 
30.7 543 
86.8 134 
53. 1 35 


39.8 
237 245 


88 220 
1,050 204 


325 449 
62 574 


> 500 370 


14,000 


357 
324 
< I 


20 375 
347 


4.0 321 
> 21,000 < 1 


11.7 260 
140 218 


1.4 340 
4.0 56 


15 .5 459 
32 326 


361 
10? 63.0 


400 174 
Ill 


135 275 
> 76 21.9 


60,000 53 
35 


15.9 728 
71 627 


544 
38.8 288 


287 


1303 
1791 
1920 
1800 
1800 
2015 
2036 
2040 
2344 
2153 
2244 
2040 


550 
222 
238 
920 
926 
790 


1770 
2140 
1425 
1447 
1356 


5.05 
7.22 
6.0 
5.30 
5.25 
6.41 


6.55 


8.43 
6.37 
6.72 
l. 73 
0.67 
0.71 
3.19 
2.20 
2.51 
5.31 
6.33 
4.79 
4.28 
3.76 


< 3 <0.02 


1250 
1266 
1015 


< 4 
923 
810 


1085 
230 


1922 
1112 
1247 
258 
663 
480 


1180 
102 
224 
!57 


2826 
2287 
2186 
1104 
1106 


4.80 


4.46 
< 0.02 


3.70 
2.56 
4.67 


5.49 
4.01 


1.95 
l.lO 


2.52 


0.48 


9.29 
5.90 


3.42 


23.4 
33.3 
26.4 
27.0 
29.0 
31.2 


34.0 


32.0 
8.9 
3.4 
3.45 


12.9 


24.8 


< 0.03 


18.5 
< 0.05 
16.3 
13. I 
19.0 


20.3 


10.6 


15.1 


3.1 


17.4 


Name and specimen identification Total mass Group 
kg 


X 1 (f"STPcm 3 per gram . 
3He 4He 21 Ne '"Ar 


62. 
63. 


64. 
65. 


Admire 
Ainsworth 


Central Missouri 
Ponca Creek 


Arispe 
Ballinoo 


> 50 
81 


683 
42.9 


Pall. 62.5 
ll B 5 30 
liB 711 
liB 517 
1-Anom. 270 
liC 11.4 


270 
2160 
2866 
2005 


930 
109 


0.775 
5.97 
7.20 
6.10 
2.3 


3.85 
32.5 


31.6 
8.9 


0.296 
0.289 
0.25 
0.258 
0.256 
0.270 
0.278 
0.265 
0.278 
0.297 
0.266 
0.266 
0.244 
0.158 
0.167 
0.266 
0.237 
0.258 
0.254 
0.268 
0.259 
0.247 
0.239 


0.298 
0.274 
0.316 


0.282 
0.269 
0.313 
0.243 
0.239 
0.293 
0.289 
0.244 
0.263 
0.231 


0.233 
0.215 
0.236 
0.222 
0.258 
0.274 
0.249 
0.261 
0.260 


0.231 
0.245 
0.248 
0.258 
0.29 
0.105 


258 
248 
320 
340 
340 
314 


310 


255 
352 
303 
318 
331 
335 
288 
421 
315 
333 
339 
298 
338 
361 


260 


227 


250 
316 
232 


350 
277 


340 
436 


468 


466 


304 
388 


323 


350 
362 


329 
404 


2 
2 
7 
8 
8 
2 
6 
8 
6 
3 
3 
2 
4 
4 
5 
3 
3 
2 
3 


2 


3 
3 
8 


I 
6 
2 
8 
2 
2 
2 
6 
3 
2 
6 
6 
2 


3 


2 
6 
2 
6 
3 
3 
6 
2 
6 


8 
2 
3 
2 
7 
6 


650±55 


600±80 


685±55 
700±80 
690±85 


300±60 
580±80 
730±65 
585 ±85 
680±60 
570±60 


470±60 


340±100 


435 ±90 
430±90 
360±70 


740±55 
410±75 


370±55 


630±70 


300± 110 


915 ±90 
915 ±55 


385 ±50 


1280±120 
ll90± I 00 
905 ± 90 
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Various (cont'd) 


Name and specimen identification Total mass Group X Hf8STPcm3 per gram 3Hej4He 4He/21Ne Ref. 4'Kj4oK 
kg 3He 4He 2'Ne 3"Ar age,Myr 


66. Carbo, surface 450 liD 417 1700 4.30 0.245 395 I >850 
center 314 1380 3.20 0.228 432 I 


No. Ia 315 1319 3.28 17.5 0.239 402 5 
surface 410 1685 4.40 25.0 0.242 385 8 
center 280 1220 2.80 17.0 0.232 435 8 


67. Clark County 11.3 An om. 1110 3810 13.2 0.293 289 1 1440±55 
No. HHN 1118 4420 0.253 6 
No. 101 1095 3820 15.2 69.0 0.286 250 8 


68. Deep Springs 11.5 A nom. 1399 5168 0.271 6 2250±70 
No. 102 1465 5460 17.7 90.0 0.268 310 8 


69. Glorieta Mt. > 190 Pall. 88 344 1.08 5.7 0.256 319 2 230±70 
70. Grant 530 IIIB 456 1764 4.77 24. 1 0.259 370 5 695±70 


surface 550 1990 7.45 34.5 0.276 265 8 
center 440 1780 5.15 27.0 0.248 345 8 


71. *N'Goureyma 37.7 Anom. 298 1010 4.03 0.297 250 
72. Paneth's Iron b) ~100 IIIE 423 1530 4.40 0.277 348 
73. Rodeo 44 liD 284 1050 3.70 18.4 0.27 1 284 2 
74. Santa Rosa > 825 A nom. 112 479 0.234 6 
75. *Sikhote-Alin > 23,000 liB 39.6 !57 0.431 0.253 364 I 355±70 


No. 2052 130 481 1.5 4.1 0.27 321 7 
Nos. 26, 78, 80 38.0 165 0.400 2.35 0.23 1 410 8 
No. 96 120 490 1.35 7.60 0.244 365 8 
No. 99 160 620 2.10 10.5 0.262 295 8 
No. 121 170 630 2.20 10.5 0.270 285 8 


76. *Trey sa 63.3 IIIB 579 1920 7.47 0.302 257 1 620±60 
77. Washington Co. 5.8 A nom. 146 3307 2.11 0.044 1567 3 575±80 


No. 61 205 2180 2.77 13.5 0.095 790 8 
No. 70a 225 1810 2.94 14.5 0.117 620 8 
No. 70b 165 870 2.12 10.5 0.192 410 8 
No. !35a 265 2570 3.52 16.0 0.102 730 8 
No. 135b 225 1930 2.90 14.0 0.116 670 8 


78. Wiley 3.5 IIC 459 1517 5.05 0.303 300 3 740±90 


Footnote a) The cosmic-ray exposure age probably about 600 Myr (Voshage, pers. comm.) 
Footnote b) Previously mislabeled Toluca, see Supplement, Paneth's Iron. 
*Indicates a fall. 
References: 1) Hintenberger & Wanke 1964; 2) Schultz & Hintenberger 1967; 3) Hintenberger et al. 1967; 4) Schultz 1967; 5) Schultz et al. 
1971 ; 6) Bauer 1963; 7) Schaeffer & Zahringer 1960; 8) Signer & Nier 1962; 9) Lew Lev sky, personal communication, 1974. 
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Appendix 8. 


List of Meteorite Collections 


The sections marked "collections" under the descrip
tions of the individual meteorites comprise information 
regarding the actual whereabouts of the material. This 
information has been compiled from catalogs in the 
collections, personal visits to the collections and exchanges 
of letters with curators. It gives me great pleasure to be able 
to express my thanks for all the assistance I have received 
during these visits and in response to my enquiries. 


Below, an alphabetical list of the most important 
collections is to be found. In addition, detailed reference is 
made to the lists and catalogs, old editions as well as new, 
upon which the work is founded. The complete list of 
literature references begins on p. 1 7 5. 


Adelaide 
South Australian Museum, North Terrace, Adelaide , 


South Australia. 
Catalog: Corbett (1968), 90 entries. 


Albuquerque 
Institute of Meteoritics, University of New Mexico, 


Albuquerque, New Mexico 87106, U.S.A . 
Catalog: LaPaz (1965) , 110 entries. 


Amherst 
Pratt Museum, Amherst College, Massachusetts 01002, 


U.S.A. 
Catalogs: Shepard (1872a) ; unpublished list from 


about 1960, approx. ~50 entries. 
Ann Arbor 


University of Michigan, Ann Arbor, Michigan 48103 , 
U.S.A. 


Austin 
University of Texas, Austin, Texas 78710, U.SA. 
Catalog: Barnes (1939a). 


Bally 
Museum Bally-Prior, Schi:inenwerd, Aarau, Switzerland. 
Catalog: Dautwitz (1922) . 


Berlin 
Mineralogisches Institut der Humboldt-Universitat, 
lnvalidenstrasse , Berlin N-4 , Deutsche Demokratische 
Republik. 
Catalogs: Rose (1864a) ; Klein (1889); Klein (1904a); 


Klein (1906); Wappler & Hoppe (1969), 506 
entries. 


Bloemfontein 
The National Museum, P.O. Box 266, Bloemfontein, 


South Africa. 
Catalog: Rudge (1912). 


Bonn 
Mineralogisches Institut der Universitat, Liebfrauenweg 


3, Bonn, Germany. 
Catalogs: Rath (1875); Laspeyres (1895); Brauns 


(1926), 353 entries. 


Braunschweig 
Mineralogisch-Geologisches Institut, Technische Hoch


schule, Braunschweig, Deutschland. 
Catalog: Heide (1919), 25 entries. 


Bruxelles 
Musee de I 'lnstitut royal des sciences naturelles, 48 rue 


Vautier, Bruxelles. 
Catalog: Dewalque (1905). 


Budapest 
Mineralogical-Petrographical Department, Hungarian 


National Museum, Muzeum-ki:irut 14-16, Budapest 
VIII , Hungary. 


Catalogs: Semsey (1886); Tokody & Dudich (1951); 
Ravasz (1969), 267 entries. 


Buenos Aires 
Museo Bernardino Rivadavia, Avenida Angel Gallardo 


470, Buenos Aires , Argentina 


Cairo 
AI Mathaf al-Geologee (Geological Museum), Kasr al 


Enni Street, Cairo , Egypt. 
Catalog: Attia et al. (1955). 


Calcutta 
The Geological Survey of India, 27 Chowringhee Road, 


Calcutta 13 , India. 
Catalogs : Oldham (1864) ; Brown (1916); Coulson 


(1940); Khan ( 1950), about 500 entries. 


Cambridge 
Department of Mineralogy and Petrology , University of 


Cambridge , Downing Place, Cambridge CB2 3EW, 
England. 


Canberra 
Australian National University, Canberra, A.C.T. 
Catalog: Unpublished list (about 1965). 


Capetown 
South African Museum, Capetown. 


Chicago 
Field Museum of Natural History, Roosevelt Road at 


Lake Shore Drive, Chicago, Illinois 60605, U.S.A. 
Catalogs: Farrington (1895) ; Farrington (1903); Far


rington (1916); Horback & Olsen (1965), 845 
entries. See also: Ward (1900); Ward (1904a). 


Copenhagen 
Mineralogical Museum of the University, 1/)ster Vold


gade 5-7, 1350 Copenhagen, Denmark. 
Catalogs : Forchhammer (1861), Ussing (1905), Buch


wald & Munck (1965), 227 entries. 


Denver 
Meteorite Collection, Denver Museum of Natural 


History, Denver, Colorado 80202, U.S A. 
Catalog: Unpublished list by Murphy (1970), 138 


entries. 


Dorpat 
see Tartu. 







Dresden 
Mineralogisches Museum, Dresden, Deutsche Demo


kratische Republik. 
Catalogs: Purgold (1882); Schreibers (1912), 160 


entries. 
Dublin 


Geological Section, National Museum of Ireland, Kil
dare Street, Dublin 2, Ireland. 


Catalog: Seymour (I 9 51). 
Fort Worth 


Texas Observers, Oscar E. Monnig, 29 Chelsea Drive , 
Fort Worth, Texas 76134, U.S.A. 


Catalog: Barnes (1939a). 
Frankfurt 


Natur-Museum Senckenberg, Senckenberganlage I, 6 
Frankfurt am Main, Germany. 


Catalog: Unpublished list (1974) , about 40 entries. 
Gottingen 


Mineralogisch-Petrologisches Institut der Universitat, 
Wilhelmsplatz, Gottingen, Germany . 


Catalogs : Wohler (I 865); Klein (1879); Koritnig 
(1962) , 230 entries. 


Graz 
Steiermark Landesmuseum, Graz, Austria . 
Catalog: Sigmund (1924),44 entries. 


Greifswald 
University. Catalog: Cohen (1904), about 300 entries. 


Hamburg 
Mineralogisch-Geologisches Institut, Hamburg, 


Deutschland. 
Catalog : Horn (1912), 146 entries. 


Harvard 
Mineralogical Museum, Harvard University , 24 Oxford 


Street, Cambridge, Massachusetts 02138, U.S.A. 
Catalogs: Smith (1876b); Huntington (1888) ; Palache 


(1926b) ; Fronde! (1965), 524 entries. 
Heidelberg 


Max Planck Institut fiir Kern physik , Saupfercheckweg I , 
69 Heidelberg, Germany. 


Heidelberg 
Department of Geology, Heidelberg University, 


Germany. 
Helsinki 


University of Helsinki, Etela Hesperiankatu 4, Helsinki 
10, Finland. 


Catalog: Unpublished manuscript. (about 1968). 
Kazan 


Kiev 


Geological-Mineralogical Museum, V.I. Ulyanov State 
University, Ul.Lenina 18,Kazan, USSR. 


Catalog: Selivanovskij & Kashtanov (1939) . 


Academy of Sciences of the Ukrainian SSR, Kiev, 
USSR. 


Catalog: Suschytskij (1948) . 
La Plata 


Museo de La Plata, Paseo del Bosque , La Plata Argentina. 
Catalogs : Kantor (1921); Radice (1959). 
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Leningrad 
Gornyi Muzei (Mining Museum), Vasilievsky Ostrov 21, 


Linija 2, Leningrad, USSR. 
Catalog: Kuznetsova (1955), 194 entries. 


Leningrad 
Geological Faculty, A .A. Zhdanov State University, 


Universitetskaya Nab 7-9, Leningrad, USSR. 
Catalog: Rimskaya-Korsakova (1958), 55 entries. 


Lisbon 
Servico Meteorologico Nacional, R. Saraiva de Carvalho 


2, Lisboa 3, Portugal. 
Catalog: Pinto (1932); Jeremine (1954). 


London 
British Museum (Natural History), Cromwell Road, 


London , S.W. 7. England. 
Catalogs: Buchner (1862) ; Story-Maskelyne (1877) ; 


Fletcher (eleven editions between 1881 and 1914); 
Prior (1923a); Prior (1953); Hey (1966), 1,121 
entries. 


London 
Geological Survey Museum, Exhibition Road, London 


S .W. 7, England. 


Los Angeles 
Institute of Geophysics and Planetary Sciences, Univer


sity of California, Los Angeles , California 90024, 
U.SA. 


Catalog: Rowland (1963), 192 entries. 


Los Angeles 
Griffith Observatory of the City of Los Angeles. 


Madrid 
Museo Nacional de Ciencias Naturales , 84 Paseo de la 


Castellana, Madrid, Spain. 
Catalog: Navarro (1923). 


Mainz 
Max Planck Institut fiir Chemie, Saarstrasse , Mainz, 


Germany. 
Catalog: Unpublished list (about 1965, 220 entries). 


Mexico 
Institute of Geology, R. Cipres, Mexico City , Mexico. 
Catalog: Haro (I 931 ), about 45 entries. 


Milano 
Museo Civico di Storia Naturale di Milano, Corso 


Venezia 55, Milano 20121 , Italy. 
Catalog: Michele (1965), 52 entries. 


Modena 
Mineralogical Institute, University of Modena, Via 


dell'Universita , Modena, Italy. 
Catalog: Donati (1960), 17 entries. 


Moscow 
Committee on Meteorites, Academy of Sciences, Ul. M. 


Ulianovoy 3, Korpus 1 , Moskva 117 ,313, USSR. 
Catalogs: Kulik (1941a); Krinov (1945a); Krinov 


(1947) ; Kvasha (1962), 277 entries. 
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Napoli 
Instituto di Mineralogia, Universita di Napoli, Via 


Mezzcannone 8, Napoli, Italy. 
Catalog: Fiore (1930). 


New York 
American Museum of Natural History, Central Park 


West at 79th Street, New York, N.Y., U.SA. 
Catalogs: Hovey (1896); Reeds (1937); Mason (1964), 


850 entries. 


New York 
City University of New York, New York, N.Y., U .SA. 
Catalog: Sickels (1917), 19 entries. 


Oshkosh 


Oslo 


Oshkol>h Public Museum, 1331 Algoma Boulevard, 
Oshkosh, Wisconsin 54901, U.S A. 


Mineralogisk-Geologisk Museum, Universitetet, Sars 
Gate 1, Oslo 5, Norway. 
Catalog: Griffin (I 974, in press), 90 entries. 


Ottawa 
National Meteorite Collection, Museum of the Geo


logical Survey, 601 Booth Street, Ottawa 4, 
Canada. 


Catalogs: Millman (1938); Millman (1953); Dawson 
(1963); Douglas (1971), 292 entries. 


Paris 
Collection de Mineralogie, Museum National d'Histoire 


Naturelle, 57 Rue Cuvier, Paris-Se, France. 
Catalogs: Meunier (1893a); Labat (1909); Lacroix 


{1927c). Catalog in preparation, about 600 entries. 


Perth 
Western Australian Museum, Beaufort Street, Perth, 


Western Australia. 
Catalog: McCall & de Laeter (1965); about 110 entries. 


McCall (1968b). 


Penigia 
Institute of Mineralogy University of Perugia, Italy. 
Catalog: Baldanza et al. (1969), 28 entries. 


Philadelphia 
Academy of Natural Sciences, 19th and the Parkway, 


Philadelphia, Pennsylvania 19103, U.SA. 
Catalogs: Gordon (1933); Barringer (manuscript list 


1962), 124 entries. 


Prague 
Department of Mineralogy, National Museum, Vaclav


ske Namesti 1 700, Praha I, Czechoslovakia. 
Catalogs: Vrba (1904); Tucek (1958); Tucek (1966), 


272 entries. 
Pretoria 


The Geological Survey Museum, Private Bag 112, 
Pretoria, South Africa. 


Catalog: Steyn (1957). 
Raleigh 


North Carolina Museum of Natural History, Salisbury 
Street, Raleigh, North Carolina 27601, U.S A. 


Riga 
P. Stuchka State University, Boulevard Rainisa 19, 


Riga, Latvian SSR. 
Catalog: Schweder (1912),42 entries. 


Rio de Janeiro 
Museu Nacional, Quinta da Boa Vista, Rio de Janeiro, 


Brazil. 
Catalog: Oliveira (1931). 


Rome 
lstituto di Mineralogia e Petrografia della Universita di 


Roma, Citta Universitaria, Roma, Italy. 
Catalog: Millosevich (1928), 192 entries. 


San Francisco 
Museum of the California Academy of Sciences, 


Golden Gate Park, San Francisco 18, California 
U.S.A. 


Catalog: Linsley (1934). 


San Francisco 
Mineral Exhibit, California Division of Mines and 


Geology, Ferry Building, San Francisco, Califor
nia, U.S.A. 


Catalog: Linsley (1934); Butler & Mathews (1966). 


Sarajevo 
Geological Department of the National Museum, 


V ojvode Putnika 7, Sarajevo, Yugoslavia. 
Catalog: Ramovic (1965), 65 entries. 


Saratov 
Mineralogical Museum, Chernyshevsky State Univer


sity, Astrakhanskaya 83, Saratov, USSR. 
Catalog: Vasilev (1949). 


Sofia 
Musee Mineralogique, Faculte de Geologie et de Geo


graphie, Universite de Sofia, Sofia, Bulgaria. 
Catalog: Kostov (1960). 


St. Louis 
Museum of Science and Natural History, Oak Knoll 


Park, St. Louis, Missouri 63105, U.S A. 
Catalog: Unpublished list by W .S. Houston (1955), 25 


entries. 


Stockholm 
Naturhistoriska Riksmuseum, Frescati, Stockholm, 


Sweden. 
Catalog: Nordenskjold (1870a); Lindstrom (1884); 


unpublished list (about 1960), 285 entries. 


Strasbourg 
Collection de Mineralogie, Faculte des Sciences, 2 Rue 


de Toussaint, 67 Strasbourg, France. 
Catalog: Bruhns (1903); Weil & Siat (1947), 278 


entries. 


Sydney 
Australian Museum, 6-8 College Street, Sydney South, 


New South Wales, Australia. 
Catalogs: Anderson (1913); Hodge-Smith (1939); Un


published list (about 1965), about 160 entries. 







Taipei 
Institute of Geophysics, National Central University, 


47 3rd Section Hsin-I Road, Taipei, Republic of 
China (Formosa) . 


Catalogs: Dyakonova (1959). 
Tartu (previously Dorpat) 


Geological Institute, Academy of Sciences of the 
Estonian SSR, Tartu, Estonian SSR. 


Catalogs: Loewinson-Lessing (1897); Orviku (1955); 
Aaloe & Nestor (1963) , 186 entries. 


Tempe 
Arizona State University, Tempe, Arizona 85281, 


U.S.A. 
Catalog: Moore & Lewis (1964), about 700 entries; Karr 


et a!. (1970), about 800 entries. 
Tokyo 


National Science Museum, Ueno Park, Taito-ku, 
Tokyo-to, Japan. 


Catalog: Murayama (1953; 1960). 
Torino 


Instituto Mineralogia di Universita di Torino, Via S. 
Massimo 24, Torino, Italy. 


Tubingen 
Mineralogisch-Petrographisches Institut der Eberhard


Karls Universitat, Wilhelmstrasse 56, Tubingen 74, 
Germany. 


Catalogs : Brezina (1896) ; Machatschki (1940); Weiss
kirchner (1969) , about 300 entries. 


Tucson 
College of Mines, Department of Geology, The Univer


sity of Arizona, Tucson, Arizona 85721 U.SA. 
Uppsala 


Mineralogisk Institut , Universitetet , Uppsala , Sweden. 
Catalog: Hogbom (1900), 86 entries. 


Urbana 
Natural History Museum, University of Illinois, 


Urbana, Illinois, U.S.A. 
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Utrecht 
Geological-Mineralogical Institute, Oude Gracht 320, 


Utrecht, The Netherlands. 


Vatican 
Meteorite Collection of the Vatican Observatory, 


Castel Gandolfo, Vatican, Italy. 
Catalogs: Mauroy (1913); Salpeter (1957), 430 entries. 


Vienna 
Mineralogisch-Petrographisches Abteilung, Naturhis


torisches Museum, Burgring 7, Wien I, Austria . 
Catalogs: Noehden (1817); Schreibers in Chladni 


(1819); Partsch {1843); Haidinger (1860c); Buch
ner (1862); Tschermak (1872a); Brezina (1885); 
Brezina {1896); Berwerth (1903), about 580 
entries. 


Vilno 
Lithuanian SSR. 
Catalog: Vasiljev (1969). 


Warsaw 
Muzeum Ziemi, Aleja na Skarpie 20-26, Warszawa, 


Poland. And: Institute of Geology of the Polish 
Academy of Sciences, Aleja Zwirki i Wigury 6, 
Warszawa. 


Catalog: Pokrzywnicki (1964), 50 entries. 


Washington 


Yale 


United States National Museum, Smithsonian Institu
tion, Constitution Avenue at lOth Street, Washing
ton, D.C. 20560, U.SA. 


Catalogs: Clarke (1889); Tassin (1902a); Merrill 
(1916a) . Presently about 1,250 different 
meteorites. 


Peabody Museum of Natural History, Yale University, 
New Haven, Connecticut, U.SA. 


Catalogs: Dana (1886); Washington (1897); Servos 
{1956); Turekian (1966), 314 entries. 
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CHAPTER ONE 


The Minor Bodies of the Solar System 


It is widely believed that about 4600 million years ago 
our solar system suffered a chain of disruptive events 
associated with condensation, intense heating, melting and 
eruptions, and that such events never occurred again with 
the same intensity. Throughout the remainder of cosmic 
history, the primary planetary and meteoric bodies are 
assumed to have cooled more or less homogeneously. 
Mutual collisions have increased their number and reduced 
their average size. On the other hand, through gravitational 
pull of the planets, a large number of the smaller bodies 
have already been eliminated in crater-producing events, 
while a few have been captured as satellites of the larger 
planets, Jupiter, Saturn, Uranus, Neptune and Mars. 


It is now well known that the larger bodies of our solar 
system, Earth, Mars and Moon, are scarred to a considerable 
degree by craters which on Earth are called astroblemes 
(Dietz 1963). The fact that the smaller bodies are also 
severely damaged, or perhaps are themselves fragments, was 
proved when in November 1971, the U.S. spacecraft 
Mariner 9 succeeded in relaying the frrst detailed views of 
any natural satellites in the solar system except the Moon. 
Photographed from a distance of 5500 km, Mars' two 
satellites, Phobos and Deimos, were found to be irregular, 
angular objects. The roughly potato shaped Phobos is 
26 km long and 21 km wide and displays at least a dozen 
impact craters. The biggest depression, about 6 km across, 
probably indicates where a large fragment broke off during 
an asteroidal collision. The morphology of these tiny 
satellites not only suggests that they are very old but also 
that they possess considerable structural strength. 


On January 3, 1970, at 2014 local time, a fireball 
brighter then the full moon descended over Oklahoma and 
caused sonic booms that were heard over a 100 km long 
zone below the line of flight. The fireball was photographed 
by the Prairie Network and the analysis of the trajectory 
indicated that it had produced some sizable meteorites. A 
careful search resulted in the recovery of four fragments of 
a stone meteorite totaling 17 kg. The successful recovery 
was immediately followed by extensive studies of the 
mineralogy, chemistry, and isotope chemistry, with the 
result that the Lost City meteorite is today perhaps our 
best known from all points of view (McCrosky et a!. 1971; 
Clarke eta!. 1971b). 


The entire range of basic problems in meteoritics may 
be divided into two main parts. One comprises the study of 
the circumstances of meteorite falls on the Earth and is 


Figure lA. The Lost City Fireball. A photograph taken at the 
Hominy, Oklahoma, camera station, operated by the Smithsonian 
Astrophysical Observatory, showing the spectacular meteor descend
ing the eastern sky on January 3, 1970. It remained visible for nine 
seconds as may be deduced from the series of dashes into which the 
trail was automatically broken by a chopping shutter. Star trails of 
Taurus, Orion, and Canis Major cross the background. (Courtesy 
R.E. McCrosky.) 


closely associated with the astronomical interpretation of 
the orbits of meteoroids and minor planets of our solar 
system. The other is mainly concerned with the physical
chemical study of meteoritic matter itself and with the 
solution of the problem of the origin of meteorites and the 
size of the parent bodies. A start will be made by examining 
some basic aspects of the solar system. We will then turn to 
the physics of the meteorite fall and eventually examine the 
fallen meteorite. Finally, in the main part of the handbook, 
the individual iron meteorites will be described in alpha
betical order. 
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I 
Figure lB. Lost City (U.S.N.M. no. 4848). Reconstruction by Roy 
S. Clarke, Jr. of the mass. The 9.8 kg main mass was found on 
January 9th after analyzing the trail in Figure lA; three other 
masses were found Ia ter. Lost City is an olivine-bronzite chondrite 
of a common type (H5), containing about 15% (by weight) 
karnacite, 1.5% taenite, 6% troilite and 0.5% chrornite (Clarke eta!. 
1971b; S.I. neg. 1636c.) Scale bar 5 ern. 


Asteroids 


When comparing the orbits of the planets, there 
appears to be an exceptionally large gap separating Mars 
and Jupiter. At an early date Kepler suggested that a planet 
might be found in this region of the solar system, and in 
1772 a German astronomer, J.E. Bode, publicized what has 
later become known as Bode's rule (Jaki 1972). According 
to this, the distances, in astronomical units (A.U.), of the 
successive planets from the Sun are obtained by adding 0.4 
to each of the following numbers: 0, 0.3, 0.6, 1.2, 2.4, 4.8, 
etc.; see Table I. The discovery of Ceres, in 1801 , appeared 
to fill the gap in the system, but by 1807 three other 
similar bodies (see Table 2) had been discovered with orbits 
in the same region. These also happened to be the largest of 
all asteroids and their orbital elements are typical for the 
majority of asteroids. Chladni (1819: 412) discussed the 
then known four asteroids as possible sources of meteorites, 
and he expected more asteroids to be found. 


This assumption proved to be correct. By 1800, 280 
had been discovered and subsequently, after the introduc
tion of the systematic photography of the skies, the 
number increased sharply. Today, 1779 are numbered 
(Ephemerides, Chebotarev, 1971) and accurate orbits have 
been calculated. There are in addition, however, a large 
number of smaller asteroids which usually have only been 
seen and identified once, at the time of their discovery. 
According to the recent extensive photographic survey 
conducted at the Palomar and Leiden observatories, the 
total number of asteroids that become brighter than 
photographic magnitude 20.4 at mean opposition is about 
40,000; see Figure 2. The steady growth in numbers as that 
magnitude limit is approached makes it very likely that the 
sequence continues down to bodies as small as meteorites 
and dust grains. 


The great majority of the asteroids move in orbits 
which lie within the range of 2.1 to 3.5 A.U. from the Sun, 
so that the approximate average of 2.8 is in agreement with 
the requirement of Bode's rule. See Table 2. The orbital 
periods vary between 3.3 and 9 years, with an average of 
4.5 years. Most eccentricities lie between 0.02 and 0.3, with 
an average of 0.15. The orbital inclinations range from 0° 
to 35° with an average of about 10°. They all move in their 
orbits in the same direction as the major planets, i.e., direct 
or counterclockwise. 


The large asteroids, such as Ceres, Pallas and Vesta, are 
nearly spherical, but many others have irregular, angular 
shapes suggesting that they are secondary collision frag
ments. The angular shape is indicated by the large variation 
in brightness observed as the asteroid rotates and reflects 
sunlight from different regions on its surface. See Figure 3 
or McCord et al. (1970). From the fluctuations in bright
ness of Eros, for example (table 3), it has been estimated 
that it measures about 24 x 8 x 8 km in three perpendicular 
directions. The masses of even the largest asteroids are too 
small to be determined by conventional methods. Rough 
estimates based upon the observed, not too precise dimen
sions, and on the assumption that the density is comparable 
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Figure 2. Each point represents the cumulative number of bodies in 
the entire asteroid ring. (Adapted from a diagram by C.J. van Hou
ten in Astronomy and Astrophysics Supplement, Vol. 2, Springer 
Verlag, 1970.) 







to that of the Moon, 3.3 g per cm3
, leads to a figure of 


7.6 x 1017tons for Ceres, or about one percent of the mass 
of the Moon. The total mass of all asteroids is estimated to 
be about 3 x 1018 tons (Putilin 1952). 


Among the relatively few asteroids whose orbital 
characteristics are outside the range given above are a 
number which have attracted special attention ; see Table 3. 
Hidalgo has the largest orbit known, almost touching the 
orbit of Saturn. It was possibly deflected into its present 
orbit relatively recently as the result of a collision with 
another minor planet (Marsden 1970). Eros was the first 
asteroid found to cross inside the orbit of Mars and use was 
made of this to calculate a much improved value for the 
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Earth-Sun Distance, the astronomical unit. Kepler and 
Amor belong to a small family of asteroids with Mars
crossing orbits. Apollo , Hermes, Ikarus and Geographos are 
members of the Apollo family of eight asteroids with high 
eccentricities and Earth-crossing orbits. The Amor and 
Apollo asteroids are very probably former normal asteroids 
which were perturbed into their present orbits by Mars. 


The known asteroids are no doubt accompanied by a 
huge number of smaller fragments not large enough to be 
observed from Earth. The 80 em telescope on board Skylab 
may, however, have a chance to identify some of the 
smaller asteroids since the optical resolution is much 
improved outside our atmosphere. As the asteroidal orbits 


Table 1 - The Planets 


Planet Bode's Mean Eccen- Inclination Sidereal Diameter Mass Mean 
and date Rule distance tricity to ecliptic period, km tons density 
of discovery 1771 from Sun, years g/cm 3 


A.U. 
a e i T 


Mercury 0.4 0.39 0.21 70 0.24 4 800 0.32. 1021 5.4 


Venus 0.7 0.72 0.007 3°241 
0.62 12 200 4.87 • 1021 5.1 


Earth 1.0 1.00 0.017 00 1.00 12 740 5.98. 1021 5.52 


Moon - - o.oss 5091 - 3 475 0.074. 1021 3.34 


Mars 1.6 1.52 0.093 1°51 1 1.88 6 750 0.64. 1021 4.1 


Ceres 1801 2.8 2.77 0 .076 10°371 4.60 760 0.76 • 10 111 3.3? 


Jupiter 5.2 5.20 0.048 1°181 
11.86 138 000 1.90 • 1024 1.33 


Saturn 10.0 9.54 0.056 2°291 29.46 114 000 0.57 • 1024 0.71 


Uranus 1781 19.6 19.18 0.047 0°461 84.01 48 000 87. 1021 1.55 


Neptune 1846 38 .6 30.06 0.009 1°461 164.79 45 000 103 • 1021 2.47 


Pluto 1930 76.6 39.5 0.247 17°81 247.7 6 000 ? 3? 


All distances are in astronomical units, A.U . One A.U. equals the mean Sun-Earth distance, i.e., 149.6 • 106 km . 


Table 2 - Some Normal Asteroids, or Minor Planets 


Planet Discovered Mean Eccen- Inclination Sidereal Mean Absolute Estimated 
distance tricity to ecliptic period, opposition magnitude diameter 


from Sun, years magnitude km 
A.U. 


a e i T 


1 Ceres 1801 2.77 0.076 10°371 4.60 7.6 4.1 760 


2 Pallas 1802 2.77 0.234 34°481 
4.60 8.6 5.2 490 


3 Juno 1804 2.67 0.259 13001 4.34 9.7 6.4 190 


4 Vesta 1807 2.36 0.089 7°8 1 
3.63 6.8 4.3 515* 


5 Astraea 1845 2.58 0.185 5°201 4.14 11.0 8.0 120 


6 Hebe 1847 2.43 0.203 14°451 3.78 9.4 6 .7 230 


41 Daphne 1856 2.76 0.270 15°521 4.59 11.8 8.3 100 


279 Thule 1888 4.28 0.032 2°201 
8.80 15.5 9.8 50 


*Veverka (1971) 
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Figure 3. Photoelectric light curve of the asteroid Laetitia (No. 39). 
From observations like this a period of 5 hours 11 minutes was 
derived. (From Watson 1956.) 


shift and fluctuate, due to collisions and gravitational pull 
from Mars and Jupiter, the fragments must from time to 
time come into a collision course with Earth (Anders 
l965a; Hartmann & Hartmann 1968; McAdoo & Burns 
1973). Such objects, if recovered after the collision, are 
meteorites by definition. It is now widely believed that a 
large percentage or perhaps all of the known meteorites are 
of asteroidal origin. Anders (1964; l97la, b, c), in 
particular, has considered the various problems asso<;:iated 
with this interpretation. He concluded that most meteorites 
come from a small number (6 to 11) of parent bodies, with 
radii mainly between 100 and 300 km. The most likely 
sources are believed to be seven asteroid families with 
semimajor axes between 1.9 and 2.8 A.U. and with eccen
tricities sufficiently high to permit their collision debris to 
cross the orbit of Mars. 


Comets 
While asteroids have only been known for a relatively 


short period and were dependent upon telescopes and, 
later, photography for their discovery, comets have been 
known from ancient times. Particularly good reports are to 


be found in Japanese and Chinese annals. In Europe it 
appears that the medieval astronomers were not interested 
because they believed comets to be phenomena in the 
atmosphere of the Earth. Tycho Brahe found, however, 
that the comet of 1577 had the same position among the 
stars when seen from Prague and from his observatory, 
Uranienborg, on the island of Hveen outside Copenhagen . 
He estimated the distance of the comet to be at least six 
times greater than the distance to the Moon and con
sequently concluded that comets were truly astronomical 
objects. Newton created the mathematical apparatus for 
determining the orbital elements. In 1705 Halley calculated 
that the comet from 1682 which was named after him had 
a sidereal period of about 76 years and predicted its 
reappearance in 1758. Later, archival studies have shown 
that the same comet had been observed and registered in 
European annals in 1531 and 1607, and in Asiatic annals as 
early as 240 B.C. Halley calculated orbits for 24 bright 
comets. Today the orbits of five or six hundred comets 
have been computed with reasonable accuracy but these 
constitute only an insignificant fraction of the whole 
population of comets. 


The comets with well known orbital elements fall into 
two categories. In the larger one, comprising about eighty 
percent, the orbits are highly eccentric and the periods are 
long, many of them being several hundred and possibly up 
to a million years. These long-period comets have highly 
inclined orbits and roughly half of them revolve about the 
Sun in direct orbits, like the planets and asteroids, while the 
other half display retrograde orbits. Because of uncer
tainties in their orbits, - the eccentricities are very close to 
1, and slight variations mean either elliptic (e < 1), para
bolic ( e = 1) or hyperbolic orbits ( e > 1) - the periods of 
the long-period comets are not well known. However, it is 
believed that e is usually smaller than one, so that comets 
do belong to our solar system; for a major part of their life , 
though, they are in parts of their orbits well beyond Saturn 
and even Pluto. 


The smaller category comprises ninety-four short
period comets, half of which have been seen more than 


Table 3 - Some Anomalous Asteroids 


Planet Discovered Mean Eccen- Peri- Aphelion I nclina tio n Sidereal Mean Absolute Estimated Closest 
distance tricity he lion A.U. to ecliptic period, opposition magnitude diameter approach 
from Sun A.U. years magnitude km to 


A.U. Earth, A.U. 
a e q Q i T 


944 Hidalgo 1920 5.82 0.66 2.00 9.6 42°30' 13.9 19.3 12.0 1.0 


433 Eros 1898 1.46 0.22 1.13 1.80 10°50' 1.76 11.5 12.4 24X8X8 0.1 7 


11 34 Kepler 1929 2.68 0.47 1.43 3.94 15°2' 4.40 18.7 15.4 


1221 Amor 1932 1.92 0.44 0.85 2.99 II 0 55' 2.66 20.4 19.2 5 0 .11 


- Apollo ' 1932 1.47 0.57 0 .65 2.3 6°20' 1.78 19 18 1-2 O.Q2 


- Hermes ' 1937 1.64 0.47 0.68 1.9 6° 13' 2.10 20 19 1-2 0 .005 


1566 Icarus 1949 1.08 0.83 0.19 1.97 23°0' 1.1 2 12.4 17.1 2 1.52 0 .04 


1620 G eogra phos 1950 1.24 0.33 0.41 2.07 13°20' 1.38 13.4 16.0 3X1 


I) Apollo a nd Hermes were discovered when they approached Earth closely and were na med because of their unusual o rbi ts. They were no t numbe red because their orbital eleme nts we re 
not sufficiently accurate fo r a prediction of their movements. T hey have no t been seen since their discovery. 


2\ Veverka & Liller 1969 







once. These have definitely elliptical orbits about the Sun, 
and their orbital periods range from 3.3 to roughly 200 
years. While most of them dispiay direct orbits, seven have 
retrograde orbits, i.e., the inclination is above 90°. Halley's 
comet and the Tempel-Tuttle comet are two such cases; see 
Table 4. 


As a comet approaches to within I or 2 A.U. of the 
Sun, it may develop an observable tail, which is directed 
away from the Sun (Wurm I968; Wurm & Rahe I969). 
Because of the rapid motion of the comet, the tail generally 
appears to be curved. Many comets are undoubtedly 
difficult to recognize or may even go unobserved if their 
perihelia lie further out than 2-3 A.U. There is a story that 
when Baade discovered Hidalgo in I920 (Table 3), he could 
not decide whether to call it an asteroid or a comet and 
finally selected the former appellation mainly because he 
thought that in that case observers would be more likely to 
pay attention to it. Telescopic observations usually reveal 
the comets as nebulous luminosities which have an exterior 
fuzzy coma and an interior, more substantial, nucleus. The 
size of the nuclei is estimated to range from 1 to 25 km, 
with an average value of only a few kilometers. 


The mass of even the heaviest comet is too small to 
produce a detectable perturbation in the orbit of any 
adjacent celestial body. Estimates indicate that the mass of 
an average comet is comparable to that of the smaller 
asteroids, i.e., roughly 10-9 of Earth's mass. The total 
number of comets, up to an including bodies with 
extremely eccentric orbits, with aphelia of I200 A.U., is 
estimated to be about 1011 (Porter I952). In spite of this 
enormous number, the total mass of the comets may only 
be of the order I 02 that of Earth. 


Whipple (1950; I963) proposed a theory for the 
cometary structure which has been widely accepted and 
discussed (see e.g., Donn I963). The nucleus is very cold 
and consists of a conglomeration of solidified methane, 
ammonia, carbon dioxide and water. Within these "ices" 
there are inclusions of particles of minerals, ranging from 
microscopic sizes to walnut-size or perhaps even meter-size. 
The total mass of the inclusions is perhaps one-fourth of 
the whole mass of the comet. As the comet approaches the 
Sun, the ices vaporize and the resulting gases produce the 
coma. At distances of I or 2 A.U., the pressure of solar 
radiation and the impact of the electrically charged 
particles in the solar wind blow part of the coma away to 
form the comet's tail. Calculations indicate that about 0.5% 
of the mass of a comet is lost by vaporization of the ices 
and dispersion of the mineral matter in the nucleus upon 
each approach to the Sun. A point is eventually reached 
when the comet disappears as a result of complete 
disruption, rather than of gradual attrition. In general, a 
comet may not be expected to survive more than a hundred 
or so passages through its perihelion (Sekanina I969). 


In Table 4, Biela's comet represents an example of a 
vanishing comet. It was first observed in I772 and then 
reidentified in I8I5 , I826, 1832 and I845. About that 
time it split into two bodies which were observed in I852 
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Figure 4. Estimates of the absolute magnitudes at each return of 
three periodic comets. Comet Encke seems to be a remarkably 
stable object, since most periodic comets fade as quickly as Faye or 
Wolf. (From Hindley 1971.) 


and I859. Renewed observations at the following opposi
tions failed to identify the comet; instead, in I872 and 
I885, eminent meteor showers appeared, and even an iron 
meteorite, Mazapil, page 808 , was observed to fall. Unfor
tunately the records of the fall are insufficient to prove 
beyond doubt that Mazapil was originally part of Biela's 
comet, but the circumstantial evidence is in favour of it. 
Meteors which are probably remnants of Biela's comet have 
occasionally been observed and have been photographed 
and thoroughly discussed by Hawkins et a!. (I 959). 


The famous Siberian explosion which occurred near 
Tunguska River (60°54'N, 10I 0 57'E) on June 30, I908, 
has puzzled the whole world for two generations. Up to the 
I960s, it was generally assumed that an iron meteorite 
caused the explosion (see bibliography in Hey I966: 493, 
558), but the Russian scientists now favor the theory first 
proposed by F .J. W. Whipple (I 930) that it was due to a 
comet. In numerous papers, mainly Russian, Kulik ( I92I ; 
I922), Vosnessenski (1925), Astapovich (1933), Krinov 
(1949), Levin (1954), Fesenkov (1964) and others have 
accumulated facts and ideas, based upon several difficult 
and costly expeditions to the remote area. 


The phenomena associated with the explosion, such as 
the destruction of the forest within a radius of about 
20 km, the luminescent night clouds over Northern Europe, 
the retrograde motion of the impacting body and the 
absence of craters and meteoritic material, indicate that the 
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Figure 5. Photograph from Aalborg, Denmark, towards north on 
the bright night of August 30, 1908. The rays from the Sun, which 
is below the northern horizon, are reflected from a particle cloud at 
an altitude of several hundred kilometers. (Photo by N.B. Buchwald, 
August 30, 1908, at 11 :55 p.m. local time.) 


explosion was caused by a rare and hitherto unrecorded 
phenomenon, namely the collision between a minor comet 
and the Earth. The cometary nucleus exploded at an 
altitude of about 5 krn, while the cometary tail was 
decelerated at a very high altitude, probably 400-600 krn. 
The detained dust particles of the tail reflected the direct 
solar rays at midnight and thus gave rise to the noctilucent 
sky. The phenomenon was only observed over Russia and 
Northern Europe, because the cometary tail extended in 
that direction, away from the Sun at the moment of 
impact. Only gases and insignificant iron-nickel spherules 
(< 0.1 mm in diameter) survived the impact; some of these 
particles have afterwards been isolated by a tedious 
separation of soil samples. The energy released by the 
impact has been estimated to be of the order of 1022-1023 


ergs (10 15-1016 Joule). 
Summaries, with bibliographies, have been published 


by Astapovich (1940), Buchwald (1961a), Krinov (1966a), 


and Zotkin (1969). The Academy of Sciences in Moscow 
has prepared a 35 minute film, edited and translated in 
1969 by the Smithsonian Institution; the film shows how 
the understanding of the event slowly developed towards a 
cometary interpretation as more and more data accumu
lated during systematic expeditions and laboratory experi
ments. 


Meteors and Extraterrestrial Dust 


A meteor is a light- and ionization-producing phenom
enon caused by the interaction of a rapidly moving, small 
celestial body with the earth's atmosphere. When the streak 
of light has a luminosity which equals or exceeds that of 
the brightest planets it is called a fireball. 


Cases are known when fireballs have been brilliant 
enough to illuminate briefly one hundred thousand square 
kilometers of the Earth's surface. By far the greatest part of 
the light of a meteor is concentrated around the vaporizing 
and disintegrating meteoroid, the head; and, as a result, the 
average bright meteor approximates a moving point of light 
when seen by an observer. Some luminosity, called the 
train, may extend behind the head. Train luminosity of 
short duration, lasting a small fraction of a second, has been 
called the wake; that lasting considerably more than a 
second is known as the persistent train. The term meteor 
trajectory defines the line of motion of a meteor in a 
three-dimensional coordinate system referred to the Earth. 
The meteor path is the trajectory as seen by the observer 
projected on the celestial sphere. The meteor radiant is the 
point where the meteor trajectory intersects the celestial 
sphere (Millmann 1963). 


Meteors which occur randomly and singly in various 
parts of the sky are called sporadic. Meteors which recur 
annually or periodically at the same date(s) and come from 
the same parts of the sky - i.e., have the same radiant - are 
called showers. They are named after the constellation from 
which they seem to radiate. It is well established that 
several of the best known showers display orbital elements 


Table 4 - Some Short-period Comets, or Periodic Comets (P/) , and Their Associated Meteor Streams 
Associated Meteor Shower 


Apparitions Mean Eccen- Peri- Aphelion Inclination Sidereal Name Radiant Max. Average 
distance tricity he lion A.U. to ecliptic period Day Velocity 


from Sun A.U. years Month y -A.U. km/sec 
N a e q Q i T <> 8 


P/Encke' 46 2.22 0 .85 0.34 4. 1 12°24 ' 3.30 Tau rids 64° +22° 7.XI 30 


1 18 19 1 0 .76 1 0.77 10° 
r 6 ( Draconids P/Pons-Winnecke2 16 1886 0 .73 0 .89 114°30' 5.8 220° +55° 28.YI 20 


195 1 3.36 0 .65 1.16 5.56 2 1°42' 6 . 1 


P/Giacobini-Zinner 7 3 .46 0 .73 0 .94 5.97 3 1° 6.42 Draconids 266° +53° IO.X 23 


P/Biela 6 3 .53 0 .76 0 .86 6. 19 13° 6.62 Andromedids 25° +43° 22.XI 16 


P/Oterma 4 3.96 0 .14 3.39 4.53 40 7.88 - - -


P/Neujmin 1 3 6.86 0.77 1.55 12.17 15° 17.97 ·- - -


P(fempei-Tuttle3 2 10.33 0 .9 1 0 .98 19.7 163° 33.2 Leo n ids 152° +22° 15.XI 72 


P/Halley4 29 17.95 0 .97 0 .59 35.3 16 2° 76.0 
{ Eta-Aquarids 334° - 20 5.Y 60 


Orio n ids 92° + I 5° 20.X 66 


I) Estimated to transfo rm to an Apollo-like object in the nex t few hund red ycaJS (Marsde n 1970). 
2) Orbital variations due to Jupiter's influence. 
3) Associated with the Leonid showers 1799, 1833, 1866 etc. 
4) The first identified periodic comet. 
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Figure 6. Systematic observations of the first and last appearance of 
typical meteors. The clear Arizona night sky favored the visual 
observations made by trained observers. (From Watson 1956.) 


similar to some of the short-period comets. Typical 
examples are given .in Table 4. It is t.ommonly inferred that 
all meteors - including the sporadis - are fragments of 
comets, released by vaporizarion of the ices and thereafter 
occasionally or periodically caught when crossing the orbit 
of Earth. Apparently about 10% of observed meteors have 
asteroidal orbits. 


Both photographic and radio-echo methods (Sekanina 
I970) - based upon the reflection of radio waves from the 
ionized trail - indicate that meteors begin to appear at 
heights of 60 to 130 km and that they are visible down to 
between 40 and 90 km. Bright meteqrs penetrate much 
lower than do faint ones, and shower meteors seem to begin 
and end somewhat higher than do sporadic meteors; see 
Figure 6. On the average, something like ten meteors per 
hour can be seen by a single observer (Olivier I960). 


The hourly rate of visual meteors is, however, found to 
vary during the night by a factor of about two. As early as 
I866, Schiaparelli qualitatively explained the higher rate of 


The Minor Bodies of the Solar System II 


appearance in the hours after midnight by pointing out 
that, if meteors are distributed randomly in the solar 
system, there will be a noteworthy increase of encounters 
in the direction in which the Earth moves in its orbit. The 
morning side of the Earth is the side which faces the 
direction of the Earth's motion and, therefore, it receives a 
larger number of encounters than does the evening side. 


The largest variation in the rate of meteor encounters 
occurs during the periods of meteor showers. Typical major 
showers will at their maximum display rates of 50 to 
I 00 per hour. Occasionally, showers have reached for a 
brief period of time the phenomenal rate of I2,000 per 
hour, such as was the case for the Leonids in I833 (Watson 
I956: 95). 


Calculations by Opik (I 923) and Watson (I 956) 
indicate that perhaps 24 x I 06 particles, producing visible 
trails, enter Earth's atmosphere each day. While estimates as 
to the total mass vary widely, it is generally accepted that 
the individual meteor particles weigh no more than 
I-IO grams (Whipple I952; I959; Levin I956;0pik I958b; 
Millman 1970b; Dohnanyi 1972). The specific gravity is 
probably between 0.1 and 1, suggesting that the particles 
are either porous, or loosely compacted aggregates of 
somewhat heavier minerals. 


In addition to the meteor particles, a significant influx 
comes as invisible dust particles, or micrometeroids. 
Various estimates indicate that the Earth thereby daily 
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Figure 7. A graph which indicates the approximate particle flux in 
the solar system near Earth. Data from various sources as indicated. 
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acquires about 106 kg (Millman & McKinley 1963, Table 8; 
Hawkins 1963; Singer 1969). However, the collection, 
identification and interpretation of these very small parti
cles pose extraordinary problems, and it has turned out that 
it may be extremely difficult to arrive at final conclusions 
as to their origin, see, e.g. , the discussion by Bigg et al. 
(1972). 


In an attempt to measure the flux directly, numerous 
satellites have been equipped with micrometeoroid detec
tors. Early detectors based on piezoelectric microphones 
have provided data that were interpreted as if the Earth was 
surrounded by a rather voluminous dust cloud, comprising 
particles of masses between 10-7 and 10-13 g. These results 
could, however, not be reconciled with the significantly 
lower (1 0 2 ) fluxes deduced from photometric measure
ments of zodiacal light, and Nilsson (1966) has shown that 
the satellite data probably were in error because the 
piezoelectric sensors were oversensitive to intrinsic tempera
ture changes on the skin of the satellite. 


Qualitative knowledge of the composition of the 
meteors is derived from the photographic study of meteor 
spectra from bright meteors above magnitude -1. From the 
examination of about 250 spectroscopical plates, Millman 
(1962) concluded that iron was the most common element 
and was identified in practically every case. In addition, 
spectra from meteor showers almost always contained 
sodium, calcium and magnesium as prominent elements. 
Other elements identified were silicon , aluminum, nickel , 
chromium, manganese, hydrogen, oxygen and nitrogen. The 
last three elements may either be due to ionization of the 
upper atmosphere , or they may derive from decomposition 
of the organic compounds of carbonaceous chondrites , or 
they may derive from the "ices" of any cometary particles. 
The first mentioned nine elements are known to occur 
abundantly in both stony and iron meteorites, but manga
nese and, sometimes, chromium are less abundant and, 
perhaps are associated with bodies which are so frail that 
they rarely penetrate our atmosphere but completely 
disintegrate as meteors . 


Orbital Velocities and Temperatures 


It is probably not altogether out of place to put in a 
few words here about the celestial mechanics, since it will 
help in understanding the velocities and temperatures to 
which the various bodies of the solar system may be 
exposed. We will also need the velocities when we discuss 
the meteorite fall - i.e. , the collision of a small celestial 
body with our Earth. 


Kepler translated Tycho Brahe's magnificent tables of 
data into a simple and comprehensive system of curves and 
rules. Kepler's three laws may be expressed thus ; compare 
Figure 8: 
I. Each planet moves in an elliptical path with the Sun at 
one focus, F (1609). 
II. As a satellite moves in its orbit , radius vector , R,joining 
the satellite's center , m , to the focal point , sweeps out 
equal areas in equal periods of time (1609). 


par abola 


Figure 8. A schematic illustration of a circular, elliptic and para
bolic orbit around the Sun which is situated at F. For symbols see 
text. 


III. The square of the sidereal period, T, is proportional to 
the cube of the semimajor axis, a, of the elliptical orbit, or 
a3 /T2 =constant (1618). 


The elements of the elliptical orbits are presented in 
Figure 8. The eccentricity is defined as 


also 


FC . P 
e = PC = sm ¢ = q -


e=~ 
a 


!2_:__g_ 
Q + q 


The derivation of an expression giving the velocity of a 
planet - or a meteoroid - at any point in its elliptical orbit 
is based on the law of gravitation. The mathematical 
treatment is fairly complicated but the result is relatively 
simple. If M represents the mass of the Sun in the focal 
point F, and m is that of a small celestial body in an 
elliptical orbit , ABP, then the velocity of m is given by the 
so called vis viva integral 


v2 = G(M + m) (~I - ~), 


where G is the universal gravitational constant. If m is small 
compared toM, the equation becomes: 


v = . I GM (1 - l) 
" R a 


and v is then independent of the mass of the orbiting 
particle and varies solely with the orbital parameters. The 
maximum velocity of m is reached in perihelion P, where R 
is minimum and equals the focal distance q: 


vp = j GM (2 - l) = 29.8 j 1 - l km/sec. 
q a q a 







Similarly, the minimum velocity is reached at aphelion A, 
where R is maximum and equals Q: 


v A = j GM ( ~ - ±) 
Comparing the expressions for vp and v A, it is noted that 


VI' 2a-q=.Q_ 
VA q q 


The perihelion and aphelion velocities are thus inversely 
related to their respective radius vectors. Thus, for example, 
the asteroid Icarus, Table 3, moves ten times faster at 
perihelion," and Halley's comet, Table 4, moves 60 times 
faster at perihelion than at aphelion. The time spent in the 
high-temperature regime near the perihelion is thus a 
relatively small fraction of the object's total sidereal peri9d. 


For bodies that move in near circular orbits, q 
approaches a and Q, and e-+ 0_ The maximum velocity 
approaches circular velocity and becomes constant at 


v =~=~ c a q , 


when the orbit is a mathematical circle. 
At the other extreme, when Q > > q, e approaches 


unity, and in the limit we have the parabolic case, where Q 
and a are infinite. A body in a parabolic orbit will have ave
locity at perihelion 


v = f2GM par V -==---q 


It follows, therefore, that at a given distance from Earth's 
center, i.e. at a specified altitude of, for instance, 200 km, a 
particle approaching Earth in a parabolic orbit moves at a 
velocity that is V2 times that of a similar particle in a 
circular orbit. Particles in hyperbolic orbits move at 
velocities above V2 times the circular velocity. Particles in 
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parabolic and hyperbolic orbits cannot continue to reside 
within our Solar system, except if they are perturbed by 
gravitational pull from some major planet into an elliptical 
orbit. 


In many of the descriptions in the book we shall be 
concerned with the temperatures to which the meteorites 
may have been exposed when orbiting in space as relatively 
small bodies, meteoroids. If the source of heat is assumed 
to be the Sun, and other possible internal heat sources are 
neglected, a heat balance will be attained in which the 
infrared emission from the body (according to Stefan
Boltzmann's law, proportional to the surface area and to 
T 4 ) accurately equals the Sun's irradiation. It can then be 
shown that the average temperature at a given solar distance 
can be approximated by the equation 


T(K) = 277 IVR 


where the distance R is expressed in astronomical units 
(Jones 1923; Wylie 1934; Watson 1956: 181; Peebles & 
Dicke 1962). 


If the body is small and rotating and with a good heat 
conductivity, it will have a fairly uniform temperature 
throughout ; for example, at Earth's distance from the Sun, 
277° K or 4° C. If, on the other hand, the body is large or 
has one side exposed to the Sun for long intervals, as the 
Moon has, the temperature of the illuminated side may rise 
to 120° C and that of the dark side decrease to about 
-180° C (Saari 1964; Allen & Ney 1969). 


Bodies in elliptical orbits move through cyclical reheat
ing and cooling. An asteroid, like Apollo (Table 3), will pass 
a maximum temperature of about 70° C and a minimum 
temperature of -90° C at aphelion, while Icarus will 
correspondingly suffer extremes of 365° C and -75° C. 
Evidently, if small meteoroids - the parent bodies for 
meteorites - are assumed to have orbits similar to those of 
these asteroids, they may in some cases arrive at Earth 
thoroughly heat-treated. Most iron alloys would recover 
fully and, perhaps in extreme cases, have a chance of 
recrystallizing through the cyclical reheating in eccentric 
orbits, provided they were first cold-worked or 
shock-deformed. 












CHAPTER TEN 


Primary Structures of Iron Meteorites 


The Widmanstiitten Structure 


The Widmanstiitten structure has puzzled geologists 
and metallurgists ever since it was revealed by Alois von 
Widmanstiitten and G. Thompson independently in 1808. 
Some historical aspects have been touched upon in this 
work when describing Elbogen, Lenarto, and Hraschina. 
Other aspects were discussed by Paneth (1960) , C.S. Smith 
(1960; 1962) and Mehl (1965) . The Widmanstiitten struc
ture is characteristic for a major group of iron meteorites, 
the octahedrites; and it also occurs in many anomalous 
irons, e.g., Netschaevo, and in mesosiderites, e.g., Mount 
Padbury. It is present on a microscopic scale in very many 
meteorites and in technological alloys, e.g. , cast a - (3 
brasses, welded joints in steels and tempered Al-Ag alloys. 


There was a time when it was believed that the 
Widmanstiitten structure of iron meteorites had formed 
directly by crystallization from a very slowly cooling melt . 
Smith (1855), Tschermak (1875), Sorby (1877), Cohen 
(1894 : 83), and Vogel (1927 ; 1932) were the foremost 
supporters of this theory . As they saw it , the structure was 
in accordance with observations of crystallizing ice and 
even with the ternary Fe-Ni-P diagram as developed by 
Vogel & Baur (1931). 


Osmond & Cartaud (1904) were the first to show that 
the Widmanstiitten structure must have formed at temper
atures that were at least 700° C lower than the melting 


Figure 179. Casas Grandes (U.S.N.M. no. 369) . Typical Widman
slatten structure of a medium octahedrite. The oriented sheen is 
mainly due to the different crystallographic orientations of the 
individual kamacite lamellae. Two large and several smaller troilite 
inclusions. Deep-etched. Scale bar 50 mm. (From Merrill 1916a: 
plate 16.) 


temperatures and that the process was one of solid state 
diffusion. For many years it appeared, however, that 
metallurgists did not clearly recognize the differences 
between the meteoritic Widmanstiitten structure, due to 
extremely slow cooling, and the so-called Widmanstiitten 
structure claimed to have been produced artificially in 
nickel-iron. The reports by Belaiew (191 0), Benedicks 
(1910), Mehl & Derge (1937), Buddhue (1948) and many 
others , thus, do not concern true Widmanstiitten structures, 
but a2 and martensitic structures obtained in the labora
tory by furnace cooling or quenching of austenitic nickel
iron. The true Widmanstiitten structure forms by a diffu
sion-controlled nucleation and growth process that is slow 
even on a geological time scale. The kamacite (ferrite) 
preferentially nucleates along the octahedral planes of the 
parent taenite (austenite) phase. The Widmanstiitten pat
tern is developed when the individual plates or bands of 
kamacite thicken by solid state diffusion and eventually 
touch one another. In octahedrites at least some traces of 
the high-nickel taenite precursor phase will almost always 
remain, usually as discrete blebs, wedges or platelets. In 
addition, the microscopic mixture of a and r, plessite is 
usually present as a hallmark of meteorites with between 
six and 20% Ni. 


The early attempts to interpret the Widmanstiitten 
structure were restrained by the imperfectly known binary 
Fe-Ni diagram which was usually thought to contain a 
eutectoid at 17-30% Ni and 350° C. See, e.g., Osmond & 
Cartaud 1906; Pfann 1918; Perry 1944: 38. Also, in mete
orites, the abundant occurrence of schreibersite caused 
Vogel (1952) to maintain that the majority of the 
phosphides had been formed from a liquid phase which 
persisted down to temperatures of about 970° C. Various 
distorted Fe-Ni-P diagrams have thus been in current use 
until the mid-1960s (e.g., Goldstein & Ogilvie 1963; 
Reed 1965a; Axon 1968a). 


However, with the presentation of the binary Fe-Ni 
diagrams of Owen & Sully (1939) and Owen & Burns 
(1939), the stage was set for a more thorough understand
ing so that Perry (1944: 43, etc.) could present a qualita
tively correct picture. Improved binary diagrams (Owen & 
Liu 1949; Goldstein & Ogilvie 1965a) and ternary diagrams 
(Buchwald 1966; Doan & Goldstein 1970) are· now avail
able and necessary in order to comprehend fully the various 
aspects of the Widmanstiitten structure. For data see 
Table 33 and Figures 181-184. 
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Figure 180. Edmonton (Kentucky) (U.S .N.M. no. 1413). Typical Widmanstiitten structure of a fine octahedrite.Three {Ill} directions form 
angles of 60°, while the fourth set of kamacite lamellae are almost parallel to the plane of section and appear as irregular wh1te plumes. Large 
schreibersite crystal with swathing kamacite to the left. Deep-etched. Scale bar 20 mm. S.l. neg. M-375 . 


It has even been possible, experimentally , to nucleate 
Widmanstiitten kamacite in synthetic Fe-Ni-P alloys with 
0.1-0.4% P (Buchwald, unpublished research; Goldstein & 
Doan 1972). Kamacite will first form as discrete blebs on 
grain boundaries then, at about 50° lower, as a Widmanstiit
ten grid in the homogeneous grain interior. The individual 
kamacite laths are narrow, about 1-10 11 ; although phase 
separation on a scale as large as that found in meteorites 
cannot be produced in the laboratory , the trend seems to 
be clear. 


The observation made by Osmond & Cartaud 
(1904; 1906) about solid state decomposition is generally 
applicable to cooling metallic systems. When a solid 
solution, stable at high temperatures, precipitates a new 
phase upon cooling, this new phase appears in a particular 
manner. It deposits in such a way that its lattice bears a 
definite crystallographic relation to the lattice of the parent 
solid solution. Young (1926) showed that the crystallo
graphic relationship in question was 


{111}-y II {llO}a 
[1101-y II [11I]a 


This was further supported by studies of Boggild (1927), 
Mehl & Barrett ( 1931) and Mehl & Derge ( 1937). The 
a-lamellae run parallel to the four planes defined by the 


faces of an imaginary octahedron, and for this reason iron 
meteorites displaying the Widmanstiitten pattern are called 
octahedrites. The problem of predicting the angles of the 
Widmanstiitten pattern on a section through the meteorite 
has been analyzed by various authors, e.g., Tschermak 
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Figure 181. The fe-Ni phase diagram. Broken lines indicate extra
polations to temperatures where experimental equilibrium was not 
obtained. The thin line, Ms. indicates the start of martensitic 
transformation to a 2 unde r non-equilibrium conditions. (From 
Kaufman & Cohen 1956 ; Goldstein & Ogilvie 1965a.) 







(1871b), Brezina (1882), Leonhardt (1928) and Hey 
(1942). A set of tables was recently prepared by Buchwald 
(1968b). 


Cooling Rates 


With the advent of the electron microprobe it finally 
became possible to analyze the detailed composition of 
kamacite and taenite and, from experimentally determined 
diffusion coefficients for the Fe-Ni system, to estimate the 
cooling rates of meteorites. Qualitative predictions had 
been presented by Uhlig (1954) and Urey (1956). Then 
quantitative data and interpretations were accumulated in 
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Figure 182. Isotherm section through the ternary Fe-Ni-P phase 
diagram 10° above the ternary reaction plane. (From Doan & 
Goldstein 1970.) 
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works by Maringer et al. (1959), Massalski & Park (1962), 
Wood (1964), Short & Andersen (1965), Goldstein & Short 
(1967), Fricker et al. (1970) and Goldstein & Doan (1972). 
For the determination of cooling rates, the measured Ni 
concentration gradients in the taenite that result from the 
growth of the Widmanstatten pattern are compared with 
the calculated nickel gradients obtained from a computer 
simulation of the growth process. The absolute values of 
the cooling rates range from 0.4° C to 500° C per million 
years. The cooling rates are only valid for the region in 
which the Widmanstatten pattern forms - i.e., 700-450° C. 
Typical estimates are given in Table 34. 
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Figure 183. Isotherm section through the Fe-Ni-P diagram at 
750° C. (From Doan & Goldstein 1970.) 


Table 33. Equilibrium Phase Data for the Ternary Fe-Ni-P System 


Ct 'Y Ph Liquid 
Temperature , OC Weight % Ni Weight % P Weight % Ni Weight % P Weight % Ni Weight % P Weight % Ni Weight % P 


1100 6.25±0.2 2.5±0.1 7.6±0.2 1.15±0.1 9.9±0.3 12.8±0.5 
(11 00) (4.5) (2.0) (7. 7) (1.25) (10) (9) 
1080 6.65±0.2 2.6±0.2 8.7±0.15 1.2±0.1 8.4±1.8 12.0±1.0 
1070 7.2±0.2 2.55±0.1 9.1±0.1 1. 2±0.1 10.7±2.0 12.5±0.8 
1060 6.9±0.3 2.50±0.1 8.9±0.3 1.2±0. I 11.3±1.0 13.5±0.8 
1040 7.4±0.2 2. 7±0.1 9.4±0.2 1. 3±0.1 10.7±1.0 11.7±1.0 
1025 7.3±0.3 2.7±0.1 9.3±0.1 1.3±0.1 11.4± 1.0 11.5± 1.0 
1010 7.8±0.1 2.8±0.1 9.9±0.1 1.3±0. 1 12.3±1.0 11.5±1.0 
1000 7.5±0.1 2.7±0.1 9.8±0.1 1.4±0.1 8.0±0.1 16.5±0.5 11.5± 1.0 12.5±1.0 


Four-phase reaction plane 


(970) (4.5) (2.0) (9.0) (1.2) (4.5) (15.5) (12) (10) 


Four-phase reaction plane 


975 6.6±0.1 2.3±0.1 8.8±0.1 1.1±0.05 7.0±0.15 16.2±0.5 
(950) (4.5) (2.0) (8.5) (1.1) (6.0) (15.5) 
925 5.6±0.1 2.05±0.1 7.7±0.1 0.9±0.05 6.2±0.15 16.3±0.5 
875 4.3±0.1 1.7±0.15 6.7±0.2 0.75±0.1 5.2±0.4 16.1±0.5 


(875) (4.5) (2.0) (7.0) (0.8) (10.0) (15.5) 
850 4.2±0. 1 1.55 ±0.05 6.50±0.1 0.65±0.03 5.25±0.1 16 .1±0.3 
750 4.2±0.2 1.03±0.03 7.6±0.5 0.37±0.02 6.2±0.2 16.4±0.5 


(750) (4.0) (1.3) (7.0) (0.65) (8.0) (15.5) 
700 4.7±0.2 0.65±0.1 9.5±0.5 0.27±0.03 8.4±0.5 15.5±0.5 
650 5.3±0.3 0.5±0.05 11.0±0.5 0.15±0.04 10.5 ±0.5 15.5±0.5 


(650) (3.8) (0.6) (14) (0.3) (16) (15.5) 
600 5.5±0.5 0.32±0.04 15±2.0 0.12±0.02 15 ±2.5 15 .5±1.0 
550 7.4 ±0.4 0.26±0.02 19±3.0 0.08±0.02 ~!9±3 > 13.3 


(550) (5.5) (0.4) (24) (0.1) (24) (15.5) 


Data in parenthesis from Buchwald (1966), the remainder from Doan & Goldstein (1970). 
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Figure 188 summarizes the development of the 
Widmanstiittten structure from an initially homogeneous 
high-temperature r-phase with e.g., 10% Ni. The homogene
ous taenite phase may have been produced by melting and 
solidification, but may as well have been produced by 
sintering and annealing inside the taenite field of the 
equilibrium diagram. Probably both cases occur within the 
field of meteorites. Some group I irons and some anom-


600°C 


Figure 184. Isotherm section through the Fe-Ni-P diagram at 
600° C. (From Doan & Goldstein 1970.) 


Table 34. Estimated Cooling-rates (Goldstein 1969) 


Group 


IIC 
IliA 
IIIB 
IVA 
IVB 


Cooling rate range 
o C per I 06 years 


1 - 3 
65 - 250 
1.5 - 10 


1 - 2 
7-80 
2-20 


Figure l85A. Widmanstiitten structure in a synthetic alloy with 
3% Ni and 0.9% P. Upon cooling from homogenization at 1100° C 
(70 hours), the austenite started decomposition to ferrite lamellae 
(dark) and retained austenite (light) when kept for 71 hours at 
760° C. Etched. Scale bar 30 ll· 


alous irons (e.g., Barranca Blanca) do not ever seem to have 
been melted, while on the other hand, group IIIA-IIIB, e.g., 
Cape York, and group IV A, e.g., Gibeon, almost certainly 
have passed through a completely molten stage. 


In the development of the theory of cooling rates 
various assumptions are made. First, it is assumed that new 
kamacite does not precipitate immediately when the 


Figure 1858. Sketches by Tschermak (1894) of the Widmanstiitten 
structure as it would appear on sections parallel to (1 OO)'Y, (110)'Y 
and (111)'Y of the parent taenite crystal. 


Figure 186. Cape York (Agpalilik) (Copenhagen no. 1967, 410). A 
cube has been accurately cut, so that all faces are parallel to (100) 
of the parent taenite crystal. On all faces the kamacite lamellae run 
in only two directions, as diagonals. A troilite inclusion, elongated 
after [ 1 00] 'Y' is also seen. Length of edge 68 mm; weight 2,418 g. 
The specific gravity, 7.69 glcm 3 , is low as the result of about 7 
volume % troilite inclusions. 







rfr + a boundary is crossed during cooling. Thus, on the 
one hand, it is maintained that the cooling rates are 
extremely low; therefore, one would expect equilibrium 
conditions to prevail at 700° C. On the other hand, it is 
argued that the nucleation process is so difficult that 
significant undercooling is required. Therefore, 50°-100° C 
undercooling - i.e., a lapse of several million years - is 
assumed on the grounds that this gives the best agreement 
between computed and experimental M-profiles. If the 
system was at complete undisturbed isolation one might 
perhaps accept an appreciable undercooling. On a celestial 
body of some size it appears, however, that relative 
displacements could have occurred, thereby introducing 
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Figure 187. Diagram showing diffusion of nickel from interface 
regions to interiors of crystals in cooling octahedrites. (From Wood 
1968.) 
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distorted reg~ Jns which could serve as nucleating sites. 
Movement of the overburden could have occurred both as 
the result of collapse of cavities caused by melting and 
shrinkage, and as the result of shock events on the surface. 
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Figure 188. The computed development of Ni profiles in a cooling 
octahedrite. Left edge of figure represents midpoint of a kamacite 
lamella; kamacite expands and increases in Ni content as tempera
ture falls. Right edge of figure is center of a residual taenite area. 
Here, the Ni content also increases, at first throughout the taenite, 
later along edges only. Final result is an M-shaped profile, like those 
shown in Figure 107. (From Wood 1968.) 


0 
0 


I • 


• I 


SIGNATURE 
I 


IIC • 
liD v 


111A, 111B 
111C o 
mo 
IVA 
IVB 


0001 ~-L--~-L--~~--~--L-~--~~---L--~-L--~~--~--L-~--~_.--~~~-L--~~--~~--~--L-~ __ L__. __ ~--~~ 
7 8 9 10 II 12 13 14 IS 16 17 18 19 20 21 22 23"1. Nickel 


Figure 189A. Kamacite bandwidth versus nickel percentage in iron meteorites. Each point represents one meteorite, and the chemical group 
is given. Also included are data from some ataxites (IVB) with narrow a-spindles. Data have been taken from the descriptive part. 
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Figure 1898. Log-log plot of kamacite bandwidth versus nickel percentage. Within the groups the bandwidths are inversely proportional to 
the nickel percentage . Group IliA and IVA apparently are exceptions. Compare the distinct clustering here with that obtained when using 
Ni-Ga or Ni-Ge plots (Figures 79 and 80) as a classification basis. For up-to-date numbers within each group, please see Table 27. 


There arc other assumptions which perhaps are less 
questionable, e.g., the exact boundaries of the Fe-Ni phase 
diagram, the change of these boundaries with slightly 
elevated pressures and alloying elements the activation 
energies and the extrapolation of diffusion coefficients to 
low temperatures. The superposition of secondary struc
tures caused by cosmic (or artificial) reheating can also pose 
many problems not usually taken into account. The 
influences of P, Co and C on the diffusion processes are 
difficult to explain quantitatively. Meteorites with less than 
7% Ni cannot be considered in cooling rate calculations 


because taenite and plessite occur in too small amounts or 
not at all. 


Nevertheless, the cooling rates are apparently semi
quantitatively correct, and the observation of differences of 
cooling rate between different resolved chemical groups is 
certainly valid. In the future, independent lines of evidence 
should be looked for in order to support the cooling rate 
data. 


It has been estimated that the cooling rates of the 
observed sizes would be characteristic of asteroidal-sized 
bodies, 10-800 km in diameter. Wood (1964) estimated 


that a planetary body greater than about 850 krn would 
thus not cool to below 500° C at the center within the age 
of the solar system. Therefore, any proposed parent body 
seems to be restricted to dimensions comparable with 
asteroids (Table 2) rather than the Moon or Earth 
(Table I). This conclusion is supported by the evidence 
against pressures of greater than a few k bars in the parent 
body. The arguments put forward by Uhlig (1954), Urey 
(1956), Ringwood (1960) and Carter & Kennedy (I 964) in 
favor of high hydrostatic pressures (30-50 k bar or higher) 
have all been discredited in a number of papers by Nininger 
(1956), Lipschutz & Anders (1961; 1964), Anders (1964) 
and Brett & Higgins (I 967), to name a few. Even it it is 
difficult to set a precise upper limit for the pressures in the 
primordial bodies, it is now generally agreed that pressures 
above 10 k bar are highly unlikely. 


A Typical Example From Group Ill 


From the solidification ages, page 138, it would seem 


that many iron meteorites went through a liquid state 
about 4.5 X 109 years ago. From the cosmic ray exposure 
ages, it would appear that the solidified and cool bodies 
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Figure l89C. Cape York (Agpalilik) (Copenhagen no. 1967, 410). 
A slice measuring 18 0 x 125 x 5 em has been polished on one side 
and slightly etched in one half of the picture. The oriented 
troilite inclusions are obvious. A comparison with Figure 158, which 
shows a parallel surface 55 mm distant, reveals that no inclusions are 
common to both slices. Other sections, perpendicular to those 
shown, and X-ray photographs, corroborate the conclusion that the 
troilite crystals are sausage-shaped with maximum thicknesses of 
about 5 em. The ruler measures 100 em. 


fragmented about 0.5 X 109 years ago. Thus a time interval 
of about 4 X 109 was available for the irons to solidify and 
cool to below 400° C when almost all diffusion processes in 
the Fe-Ni-P system - with the minor additional elements C, 
S, Si, Cr, etc. - ceased to be operative. 


Let us examine the primary structure of a typical iron 
meteorite of group IIIA-lllB, with information derived 
from Rowton, Cape York, Juncal, Kouga Mountains and 
Chupaderos. 


I. These iron meteorites are nearer in character to 
directionally solidified single crystals than to ordinary 
castings. Cape York, e.g., was, about 700° C, a single 
austenite crystal more than 200 em in diameter. The 
presence of large, parallel troilite inclusions, corresponding 
to a bulk S-content of 1.3%, indicates that the mass 
solidified slowly in one direction. Moreover, the troilite 
pockets are all parallel to [ 1 OOJ.y, a known growth 
direction of austenite. While the metallic solidification 
front advanced, the sulfides were trapped in elongated 
interstices in the metal. Many chromite and phosphate 
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crystals were washed out of the original heterogeneous 
material and are now to be found enclosed in the large 
troilite nodules. Whether a major portion of these oxygen
containing minerals was formed at the time of melting, thus 
capturing the oxygen from the metal - or whether they 
were just mechanically removed from the metal at this time 
- is not clear yet. 


The trapped minerals are usually concentrated at one 
and the same end of the troilite, suggesting the presence of 
an active gravity field during solidification or at least 
supporting the other evidence for a large scale directional 
solidification. It is possible that only a minor portion of the 
entire primordial material was heated above 1500° C and 
melted at any one time. The process may perhaps have been 
comparable to zone melting, a possibility which has been 
examined by Fricker et al. (1970) . 


II. Upon cooling from about 1400° C the material 
became thoroughly homogenized with respect to Fe, Ni, 
Co, C, P, etc. The taenite slowly became supersaturated 
with respect to chromium that precipitated as chromite 
lamellae parallel to 100 h. Any sulfur in solid solution 
also precipitated, either as minute angular troilite particles 
or as shapeless troilite sheets nucleated by the chromite
taenite interfaces. 


III. In the range of 900°-700° C a major part of the 
phosphorus, previously in solid solution in the taenite, 
precipitated as schreibersite. Favorable nucleation sites 
were (i) original taenite grain boundaries and the incoherent 
parts of the twin boundaries, and (ii) inclusions such as 
troilite, chromite, phosphates and - in group III only rarely 
- silicates . Nevertheless, homogeneous nucleation (iii) may 
also have occurred but perhaps only as an exception to the 
rule. 


Although theoretically well founded, case (i) is mainly 
speculation. Most iron meteorites of group IIIA-B are 
composed of huge parent austenite crystals in which grain 
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Figure 190. Monahans (Copenhagen 1966, 141). A thin straight 
chromite lamella has served as a substrate for two troilite blebs 
(gray). Upon further cooling, kamacite nucleated here and formed a 
swathing rim. Some Widmanstatten growth of the ferrite was 
apparently rapidly stopped. Etched. Scale bar 200 JJ.. 
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and twin boundaries only rarely are revealed by cutting. 
One good exception is Savannah, page 1088. Outside group 
III, Santa Rosa, page 1075, and Toluca, page 1209, may be 
cited. Case (ii), however, is very commonly observed. The 
large troilite inclusions nucleated copious schreibersite rims 
that grew to thicknesses of 0.1-1.5 mm, the final thickness 
reflecting the bulk phosphorus content of the meteorite. 
Also , the small troilite, chromite and phosphate crystals 
became enveloped by schreibersite - often to such an 
extent that the original nuclei became entirely swamped. 
(iii) Some schreibersite precipitated in the taenite grain 
interiors as Brezina lamellae oriented parallel to {110}r· In 
very many cases it appears that the nucleation was not truly 
homogeneous but was aided by minute troilite, chromite 
and phosphate particles. 


IV. Swathing kamacite started to form around many 
heterogeneous nuclei, when - depending on nickel content 
- the cooling parent body finally moved into the two-phase 
a+ r region of the equilibrium diagram. Or, with more 
phosphorus, it moved into the three-phase (a+ r + phos
phide) region. The swathing kamacite grew to 0.5-2 mm 
widths around troilite, chromite and schreibersite. It also 
precipitated along primary taenite grain boundaries. The 
swathing kamacite is often composed of several kamacite 
grains, each developed from a different nucleus. Its forma
tion may have been aided by Ni and P depletion around the 
primary schreibersite crystals, but this depletion was not 
necessary since swathing kamacite also formed around 
troilite, chromite and - in pallasites, etc. - around silicates. 


V. With the important solid-state reactions, that took 
place between about 725° C and 500° C, the meteorite 
finally acquired its characteristic macro- and micro' 
structure. 


a. The swathing kamacite of IV had grown appre
ciably, when - upon further cooling for 50° C or 100° C -
the Widmanstiitten structure started to appear. Depending 
on the actual nickel and phosphorus content it nucleated at 


Figure 191. Chupaderos (the Cuernavaca sample in Chicago 
no. 1 025). Brezina lamellae of schreibersite. Rough grinding and 
polishing has caused them to stand in low relief. Note the 
well-preserved fusion crust and a hole left by troilite which ablated. 
Deep-etched. Scale bar 20 mm. 


about 725° C to 700° C. It evidently nucleated homogene
ously in the grain interiors, simultaneously in many places. 
As the oriented kama cite lamellae grew, the nickel surplus 
was pushed into the residual taenite which also accom
modated a major part of any carbon in solid solution. The 
Widmanstiitten pattern was probably fully developed at 
around 450° C after which no further bulk diffusion could 
occur. Simultaneously with its formation, phosphorus -
previously in solid solution - precipitated along the a -a 


and a - r interfaces as irregular schreibersite particles and, 
in the kamacite lamellae , as prismatic rhabdites. In general, 
the smaller particles were precipitated at lower tempera
tures and became richer in nickel, in accordance with the 
experimentally determined Fe-Ni-P diagram. Imperfect reg
ulation of the nickel content of the primary schreibersite 
bodies towards higher nickel content also occurred. 


Figure 192. Wiley (Tempe no. 380.1x). Nucleation problems play a 
major role within meteoritic transformation processes, but . this is 
usually overlooked. The sequence of precipitation here was: 
phosphate (black) , troilite (dark gray), schreibersite (gray) and 
kamacite (white). Each phase nucleated the following. Etched. Scale 
bar 50 J.L. 


Figure 193. Cape York (Agpalilik) (Copenhagen no. 1967, 410). 
Etched portion of Figure 189, turned 90°. The Widmanstiitten 
structure is well developed, and since the slice is parallel to (100)-y 
only two diagonal kamacite directions are seen. Troilite appears 
black. Scale bar 40 mm. 







Figure 194. Providence (U.S.N.M. no. 1340). Subboundaries occur 
in the kamacite of all iron meteorites. In this particular one the 
array is confusing and extraordinary. Schreibersite (S) , rhabdite (R) 
and a plessite field to the left. Etched. Scale bar 200 !J.. 


Figure 195. Cape York (Agpalilik) (Copenhagen no. 1967, 410). 
Net plessite with corners of black taenite. In the adjacent kamacite, 
slipplanes are decorated with minute particles, possibly phosphides, 
and appear dark. Etched. Scale bar 300 !J. . 


Figure 196. Kouga Mountains (Brit. Mus. 1916, 60). High magnifi
cation of an area with decorated sliplines, like that in Figure 195. 
The precipitates are submicroscopic; i.e., less than 0.3 !lin diameter. 
Etched. Scale bar 20 !J.. 
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Figure 197. Canyon Diablo (U.S.N.M. no. 1705, the Rifle sample). 
Full slice showing graphite and graphite-troilite nodules. Rims of 
schreibersite and cohenite have precipitated upon them. The 
numerous skeleton crystals of schreibersite are enveloped in 
cohenite rims. Compare Figure 198. Etched. Scale bar 30 mm, S.I. 
neg . 44220. 


b . In octahedrites with less than about 7.5% Ni, some 
grain boundary adjustment took place, i.e., favorably 
oriented kamacite grains advanced at the expense of 
adjacent less favorably oriented grains. Swathing kamacite 
rims grew into adjacent kamacite lamellae, kamacite lamel
lae grew into the kamacite of plessitic regions, etc. Since 
the taenite simultaneously became almost resorbed and 
secondary shock and annealing events often produced 
matte kamacite, the characteristic bulk Widmanstiitten 
structure with straight lines and oriented sheen has some
times become severely modified; see, e.g., Davis Mountains, 
Chilkoot, Campo del Cielo (group I), Bischtiibe (group I) 
and Clark County (anomalous). 


c. Troilite with chromium in solid solution prectpt
tated daubreelite . The daubreelite lamellae exsolved parallel 
to the (000 1) planes of the hexagonal troilite. It appears 
that the finest exsolution lamellae formed at low tempera
ture within small, chromium-rich sulfide particles. 


d. Carlsbergite particles - i.e., chromium nitrides 
precipitated in the kamacite lamellae and along a - r and 
other heterogeneous interfaces. They were cogenetic with 
or slightly earlier than the rhabdites, which often envelop 
them. 


VI. Very minor changes occurred in the microstruc
ture below about 500° C. The kamacite became veined; i.e., 
was subdivided into numerous subgrains which are slightly 
tilted with respect to each other. The shift of orientation 
across a sub boundary is usually less than 1 o, as may -
among other things - be seen by the very slight shift in the 
direction of the subsequently introduced Neumann bands. 
Subboundaries arise through the running together of 
dislocations and were probably caused by relatively mild 
conditions of hot-working. The subboundaries are present 
in virtually all iron meteorites, irrespective of chemical 
group. Minute phosphide, and sometimes carbide and 
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nitride, particles ( ~ 1 J.l) have usually precipitated upon the 
dislocations of the sub boundaries . 


The taenite rims with 3040% Ni in solid solution had 
now also started to decompose to stained (or cloudy) 
taenite ; i.e ., submicroscopic duplex a+ 'Y mixtures. Carbon 
probably migrated somewhat ; it appears that taenite within 
the same polished section may contain rather different 
carbon concentrations. 


One of the last reactions to occur was the decomposi
tion of part of the retained taenite to a 2 , or directly or 
indirectly, to a+ 'Y. Mas sal ski et al. ( 1966) have treated this 
aspect thoroughly. The problem is extremely involved, and 
it may be that much of the taenite remained as undecom
posed, metastable austenite until very late when shock 
pressures associated with the breakup of the parent body 
altered it. 


The transformation of retained taenite to a 2 was 
associated with a small volume increase. Thereby plastic 
deformations were induced into the adjacent kamacite to a 
distance of 0.1-0.5 mm from the transformed region. As the 
system further cooled the sliplines in the kamacite were 
partially preserved by precipitation of fine particles(< 1 J.l) 
of phosphide or austenite; see, e.g., Thule. 


The solid state transformations in troilite at low 
temperatures and the exsolution of daubreelite lamellae 
from troilite possibly caused additional deformation of the 
adjacent kamacite . As above, fine particles might later 
precipitate in the strained ferrite phase. 


Modifications Caused by Other Compositions 


Although developed above for group lliA-IIIB meteor
ites, stages I-VI may be discerned in most iron meteorites. 
In group I, which is anomalously rich in carbon and 
silicates, the first stage (completely molten metal) is not 
well developed, and is perhaps absent. However, the sulfides 
have been melted and a significant part of the carbon has 
accumulated here as graphite. A part of the carbon 
remained in solid solution in the taenite until, during stage 
Ili-IV, it precipitated as cliftonitic graphite. During stage 


IV-Y carbon precipitated as cohenite which formed massive 
rims, nucleated by schreibersite, or formed elongated, 
branched millimeter-sized cohenite crystals in the a-lamel
lae. Finally, a small portion precipitated during stage VI as 


haxonite, mainly within pearlitic and spheroidized plessite. 
In group II , the hexahedrites, stage Va is not well 


developed. Either it was already entirely wiped out when, 
at about 600° C, the nickel-poor material (< 5.8% Ni) 
passed into homogeneous a-phase, or the Widmanstiitten 
structure was never present. Certain observations indicate 
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Figure 198. Detail of Figure 197, turned through 90° . Troilite T, 
graphite G, schreibersite S, and cohenite C in a coarse octahedrite of 
group I. Etched. Scale bar 10 mm. S.I. neg. 44220-C. 


Figure 199. Santa Luzia (U.S.N.M. no. 1219). A coarsest octahe
drite of group JIB. Swathing kamacite grew around four large 
troilite-schreibersite inclusions before the remaining taenite trans
formed to a Widmanstatten pattern. Etched . Scale bar 30 mm. S.l. 
neg. 32948. 


that the hexahedrites may have formed from high tempera
ture a+ 'Y mixtures by (massive) growth of kamacite from 
early, homogeneous or heterogeneous nuclei. In meteorites 
with slightly higher average nickel contents, e.g., group liB 
with about 6% Ni, it appears that both transformation 
mechanisms were active. In for example Sikhote-Aiin, Santa 
Luzia , Tombigbee and New Baltimore a nucleated and grew 
around primary schreibersite and troilite bodies, and , in 
competition, homogeneous Widmanstiitten transformation 
occurred a few centimeters away with the result that the 
structure is now a mixture of hexahedrite and coarsely 
crystalline octahedrite structures. 








CHAPTER ELEVEN 


Secondary Structures of I ron Meteorites 


As discussed in the previous chapter, the coarse 
precursor austenite crystals and the diffusion controlled 
Widmanstiitten structure indicate high initial temperatures 
in the austenite region followed by extremely slow cooling. 
Therefore, at one time , the iron meteorites must have 
resided inside a parent body of some considerable size, well 
insulated against thermal losses and well shielded from 
cosmic radiation. It is now generally assumed that the 
parent bodies were of sizes ranging from I 0-800 km in 
diameter. Whether the iron meteorites came from the 
interior mantle or from the core of one or more parent 
bodies is still open to dispute. It will be assumed here as a 
working hypothesis that the iron meteorites originated 
within a number of physically separated buns or more or 
less vertical dikes which were distributed at kilometer
depths within several parent bodies. They were probably 
overlain by sintered or melted, shock-metamorphosed rocks 
of mainly silicate composition. Whatever the assumption, 
the parent bodies must have been exposed to severe shocks 
in order to have become disintegrated so that they delivered 
the relatively small fragments which we now examine as 
meteorites. 


It appears plausible that the surfaces of the parent 
bodies were repeatedly hit by other celestial bodies while 
the iron meteorites to-be were still buried at some depth. 
Progressive stages of shock metamorphism were thereby 
introduced in near-surface rocks ; possibly the more deeply 
seated iron parent bodies were also influenced to some 
degree. 


Fin ally, a particularly violent collision must have 
occurred and disrupted the planetoid . Most likely the 
relatively small "projectile" was almost entirely lost by 
vaporization during the impact ; see page 33 . Sizable frag
ments - perhaps some tens to thousands of meters in 
diameter - could , however, survive from the impacted 
body, preserving a range of altered structures according to 
their distance from the point of impact. In orbit, the 
fragments might suffer further collisions and even to a 
minor degree become periodically reheated when near the 
perihelia of the orbit. See page 13 . Eventually, as in the 
case of Canyon Diablo , Morasko and other crater-producing 
meteorites, some meteoroids were again shocked during 
impact with the Earth . Usually the kinetic energy was 
insufficient for any violent damage to occur during terres
trial impact; the bulk of most iron meteorites display 
structures that were acquired at preterrestrial events . 


The purpose of the present discussion is to find criteria 
which could serve to classify the secondary structures and 
thereby correctly place them in time and space. However , 
since the meteorites in our collections only represent a 
small and perhaps biased selection of the various fragments, 
it is often difficult to arrive at a useful classification. 


It is thus quite obvious that the present subdivision is 
only an initial attempt and is far from exhaustive. One 
thing is clear, however: the iron meteorites present, even 
within the same chemical group, a surprisingly large 
variation in secondary structures and the underlying causes 
and events must have been rather complex; i.e., cycles of 
cooling and reheating, shocking and plastic deformation 
must have occurred on different intensity levels at various 
times. More criteria than used here, e.g., noble gas data and 
fission tracks, will eventually have to be applied to 
elucidate the events and permit more accurate conclusions. 


The surprisingly large number of iron meteorites which 
have been exposed to artificial deformation and reheating 
are not discussed here. Criteria to distinguish these effects 
from genuine cosmic effects have been established and 
discussed on page 40 and in numerous places under the 
individual descriptions. 


The secondary structures observed in iron meteorites 
may conveniently be divided into four main categories that 
somewhat overlap: (i) those caused by shock-induced plas
tic deformation, (ii) those caused by shock-induced solid 
state transfonnation, (iii) those caused by shock melting 
and (iv) those caused by thermal annealing, either due to 
shock relaxation or to orbital reheating in the perihelia. The 
secondary structures are , geologically speaking, metamor
phic structures. 


In terrestrial rocks the secondary me tam orphic struc
tures caused by meteorite impacts have been thoroughly 
studied since about 1960. See, e.g., French & Short (1968) 
and Stoffler (1971b). The metamorphism in chondrites has 
been well studied and even used as a basis for classification. 
See page 62. Recently, the lunar rocks have also been 
examined for an abundance of shock effects. See, e.g., 
Mason & Melson (1970), Short ( 1970) and Anderson 
(1973). The presence of quartz and framework silicates, 
e.g ., feldspar , have greatly assisted in the interpretation of 
the secondary structures of rocks and breccias from in1pact 
sites. Iron meteorites do not contain a sufficient amount of 
these shock indicators to be of importance in the study. 
Instead , interest must center upon kamacite, diamond, 
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cohenite, schreibersite and troilite ; and important contribu
tions have come from, e.g., Brentnall & Axon (1962) , 
El Goresy (1965), Heymann eta!. (1966), Lipschutz 
(1968), Axon (1969) , Zukas (1969) and Jain & Lipschutz 
(1970). For a general discussion of the effects of explosive 
shock on crystalline solids, the reader is referred to, e.g., 
Dieter (1962), Leslie eta!. (1962), Leslie eta!. (1965) , 
Doran & Linde (1966) and De Carli (1968). 


(i) Shock-Induced Plastic Deformation 


At relatively low rates of deformation the metallic 
matrix is cold-worked and the included minerals distorted 
and brecciated . Deformation rates and heating of the 
required low degree may have occurred in a hemispherical 
zone farthest away from the impact center on the parent 
body; see Figure 200. Relatively low deformation rates also 
apply to the breakup of an average meteorite in the Earth's 
atmosphere, and to bulk deformation processes of a 
geological character on the parent body. 


1. Kamacite. It will be assumed that the kamacite at 
the end of the primary cooling period was thoroughly 
annealed and exhibited minimum of hardness - i.e., a 
7% Ni kamacite showed a microhardness of 155±5 Vickers . 
Many meteorites, however, now display significantly higher 
hardness values, up to 325±25 , because they have been 
exposed to subsequent cold working. In Joe Wright 
Mountain, e.g., the high hardness appears to be the result of 
preatmospheric shock-deformation. But in Cape York and 
Campo de Cielo the hardening is almost certainly the result 
of the combined effect of planetary breakup and the plastic 
deformation caused by atmospheric disruption. The defor
mation bands in the kamacite near necked portions of the 
latter are very distinctive for atmospheric breakup. In fact, 
if one should observe necked near-surface portions with 
deformation bands on a new find, it is recommended that a 
field search be instigated for the missing fragments. 


Shock pressures above 10 k bar but below 130 k bar 
will cause simple twinning, with the twin density increasing 
as the shock pressure is increased . The number of disloca-
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Figure 200. Schematic representation of the different zones of 
shock metamorphism on a planetary surface. Peak pressures are in 
kilobars, and temperatures are post-shock temperatures. Formation 
conditions for coesitt- and stishovite from quartz are indicated. 
(From Stiiffler 197la.) 


tions, which simultaneously increases, must be assumed to 
be the direct reason for the observed significant hardness 
increase in shocked samples. In a preliminary electron-


. microscopic study of shock-deformed material from Cape 
York, kamacite with a microhardness of 250 Vickers was 
found to have a dislocation density of I 09 1/ em 2 . The 
dislocations formed irregular tangles and networks, and a 
major portion could be shown to be screw dislocations. See 
Figures 101 and 102 and Jago (1974). 


Under the microscope the mechanical twins appear as 
Neumann bands parallel to (112)o;, but usually not all of 
the possible twinning planes have been in operation. The 
appearance of the kamacite depends upon the orientation 
of the observed crystal relative to the plane of sectioning. 
The microhardness of the kamacite also depends on the 
orientation and moreover on the orientation of the indent
ing pyramid relative to the cubic crystal. The lowest 
hardness is always recorded when the impression takes on a 
pincushion shape, while the highest is associated with a 
barrel shape. A variation of ±10% may alone be ascribed to 
this orientation effect. For a thorough discussion of this 
aspect the reader is referred to Buckle (1959). 


Most Neumann bands in meteorites have extraterres
trial causes. They are often decorated by small particles 
caused by subsequent cosmic reheating . A few minor bands, 
usually located near internal cracks, have apparently been 
produced during the atmospheric disruption. 


In many cases microcracks are present in the kamacite 
of both hexahedrites and octahedrites. The cracks, which as 
a rule first become visible when well polished samples are 
examined, usually follow (I OO)o: cubic cleavage planes of 
the kamacite. They are referred to in the text as "cubic 
microcracks." 


2. Taenite. At the end of the primary cooling period 
the taenite was zoned and annealed to a hardness of about 
155±5 (~ 30% Ni). If subsequently exposed to low defor
mation rates, it became kneaded and distorted to a hardness 
of 300-400. The hardness is always found to be appreciably 


Figure 201. Cape York (Woman, New York). Severe necking and 
shear-<ieformation in near-surface areas of many meteorites suggest a 
violent disruption in the atmosphere. The kamacite hardness 
increases here to about 250 Vickers. Etched. Scale bar 300 p.. 







higher than in the coexisting kamacite; i.e., the taenite has a 
larger coefficient of work hardening than kamacite . This is 
perhaps not surprising for a face centered cubic phase 
compared to a body centered cubic phase. 


At high shock pressures the taenite responds by 
developing extreme hardness. It appears that a number of 
densely spaced slipplanes parallel to (Ill )-y are activated. 
These may often be detected by application of an oil 
immersion objective to a thoroughly polished and etched 
section, e.g., Veliko-Nikolaevskij Priisk. The slipped regions 
abut along a number of steps against the distorted kamacite 
that has usually transformed to the hatched €-variety. Peak 
hardnesses of 4 75±25 have been observed in shock
deformed taenite of many irons, e.g., Cranbourne, Osseo 
and Canyon Diablo. The hardest taenite is usually found in 
irons of group I where the deformation hardness is prob
ably enhanced by carbon in solid solution in the taenite. 
Odessa samples, that were shocked by De Carlie to peak 
pressures of I 000 k bar and examined for their hardness 
distribution during the present work, showed maximum 
taenite hardness of 560±30. See Figure 205. 


Figure 202_ Sierra Gorda (U.S.N.M. no. 1307). A typical hexahe
drite. The spotted appearance is mainly due to variation in numbers 
and sizes of phosphide precipitates. Decorated Neumann bands. 
Microfissures along cubic cleavage planes. Etched. Scale bar 1 mm. 
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Figure 203. Odessa, artificially shocked to peak pressures of 
800 k bar. Microhardness indentations in kamacite and taenite. 
Etched. Scale bar 50 J.L. 
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3. Troilite. At the end of the primary cooling period 
the troilite was monocrystalline and exhibited sharp bound
aries against the surrounding metal. This type is designated 
"I" in Appendix 1. Mild plastic deformation caused 
mosaicism in the troilite - i.e., the previously homogeneous 
crystal became divided into cells , 10-500 J1 in size, with 
unusually strong and irregular undulatory optical extinc
tion. This type is designated "3" in Appendix I. Breccia
tion effects and shear-deformation may also be noted, 
especially where troilite is in contact with daubreelite, 
chromite, cohenite or schreibersite. 


In more strongly shocked specimens the troilite de
fom1ed by multiple twinning. Since this form usually 
occurs together with kamacite of the shock-hatched type , it 
appears that it requires average shock pressures of about 
150 k bar for its formation. The twinned troilite is desig
nated "2" in Appendix 1, and typical examples are found 
in Savannah, Augusta County, Rateldraai and Tawallah 
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Figure 204. Odessa, artificially shocked to peak pressures of 
800 k bar. Severe shear-deformation has bent a narrow taenite 
lamella (left), while numerous (lll)'Y slipplanes have been intro
duced in the thicker one. Etched. Scale bar 40 J.L . 


Figure 205. Odessa, artificially shocked to peak pressures of 
1000 k bar. Slipplanes are visible in the cloudy taenite. Because of 
the shock relaxation reheating the taenite shows white patches in a 
mosaic pattern. Compare Figure 53. Etched. Scale bar 40 J.L. 
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Valley, all of which are believed to have been exposed to 
preterrestrial shock effects. 


4. Bulk deformation. As mentioned above under 1, 
broad deformation bands and shear zones are seen in 
numerous meteorites. When present in large , shower- or 
crater-producing meteorites, the damage may usually be 
attributed to the disruption and impact event itself. This is 
true of most of the deformation seen in Canyon Diablo, 
Campo del Cielo, Gibeon, Glorieta Mountain , Cape York, 
Henbury and Imilac. 


Similar deformation structures are, however, also pres
ent in small irons which were not exposed to violent forces 
during terrestrial impact. The incredible shear deformations 
of Chinga, New Baltimore and Muzzaffarpur must thus 
represent some pre terrestrial event , possibly when confined 
to the parent body and situated in the exterior zone of 
alteration associated with impact. 


Less severe deformation structures are present in, e.g. , 
Puquios, Charcas, Tombigbee , Tamarugal, Kodaikanal , 
Nelson County and Sacramento Mountains. The effects are 
no doubt preterrestrial, as proved both by the intensity of 
the damage and by the occasional recrystallization of 
kamacite along shear zones and precipitation of phosphides 
on the defects during subsequent annealing. 


(ii) Shock-Induced Solid State Transformations 


At high shock pressures several minerals may transform 
to more dense modifications. Quartz forms stishovite and 


coesite (Chao eta!. 1960; 1962) that can remain as meta
stable phases in the shocked material and may subsequently 
be used as shock indicators. During the shock feldspar may 
become completely transformed to a high pressure phase; 
this reverses, however, on pressure release to an amorphous, 
low density glass which is called maskelynite (Tschermak 
1872c; Milton & De Carli 1963) or diaplectic feldspar glass 
(von Engelhardt & Stoffler 1968) . In iron meteorites, the 
shock-transformation of graphite to diamond corresponds 
to the coesite case while the formation of hatched kamacite 
slightly corresponds to the feldspar reversion. It is possible 
that an examination of iron meteorites with silicate 
inclusions might reveal shocked structures in the feldspars . 


1. Kamacite. If a shock pressure of about 130 k bar is 
reached or exceeded, the kamacite transforms diffusionless 
to hexagonal close-packed E-iron of high density (Smith 
1958 ; Maringer & Manning 1962; Takahashi & Bassett 
1964). In experiments conducted at static pressures, the 
density of the a-phase increases gradually from 7.86 at 1 
atmosphere to 8.46 g/cm 3 at 130 k bar , then jumps abrupt
ly to 8.81 g/cm 3 at the phase transition. Upon pressure 
release , the E-phase reverses to a. The resulting distorted 
structure appears hatched and somewhat resembles mar
tensite on a polished and etched section. It has been termed 
E in most places in the descriptive part of this handbook, 
although, sensu strictu, it is now a distorted a-phase. The 
microhardness is anomalously high, 300-350 Vickers (1 00 g 


Figure 206. Gibeon (U.S.N.M.; Bosch Collection no. M-578). A violent torsional fr acture (right) separated this Gibeon mass from another 
during atmospheric breakup. Etched . Scale bar 50 mm. S.I . Neg. M-1438. 
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Figure 206. Gibeon (U.S.N .M.; Bosch Collection no. M-578) . A violent torsional fracture (righ t) separated this Gibeon mass from ano ther 
during a tmospheric breakup. Etched. Scale bar 50 mm. S.I. Neg. M-1438. 
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Figure 207. Chinga (U.S.N.M. no. 3451). Severe preterrestrial shock-deformation shear displaced part of the mass and bent all of it, as 
indicated by the distorted Schlieren bands. Etched. Scale bar 20 mm. S.l. neg. M-1342. 
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Figure 208. Odessa, artificially shocked to peak pressures of 
200 k bar. Three differently oriented kamacite lamellae exhibit 
different shades of shock-hatched <-structures, but all display the 
same microhardness. Etched. Scale bar 200 J.l. . 


load). As is the case for the Neumann bands, the hatched 
structure is differently developed on differently oriented 
crystal faces, giving rise to matte structures of various 
appearance. Zukas et al. (1963) have, for instance, pre
sented photomicrographs of the appearance of the transfor-


mation structure on differently oriented sections. Lipschutz 
& Jaeger (1966) have examined the shock damage by X-ray 
diffraction spectroscopy. 


Examination of a number of Odessa samples shocked 
to peak pressures of 200, 400, 600, 800 and 1000 k bar by 
De Carli and loaned to me, yielded the hardness band 
shown in Figure 112. It is apparent that the hardness 
increases abruptly when the transformation pressure is 
reached. Although the data are very limited as yet and steep 
pressure gradients are noted in the studied sections, the 
trend is nevertheless clear. The simultaneous measurement 
of a and 'Y and optical examination of included troilite 
should provide a powerful means of elucidating the peak 
shock pressures. It is remarkable how common the shock
hardened, hatched €-structures are in group IIIA-IIIB, 
where about 80% of all meteorites exhibit them in one or 
another variety. On the other hand, E is absent in group IIA 
and I - except in shower- and crater-forming meteorites -
and very rare in the·anomalous meteorites. The E also seems 
to be absent in the kamacite of stone meteorites (Heymann 
1967). The occurrence of the shock-hardened phase is noted 
in column 9 of Appendix 1. 


2. Taenite . The response of taenite to high shock 
pressures is not well known. However, as is clear from 
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F igure 209. Microhardness of taenite plotted versus microhardness 
of kamacite for a large number of meteorites. The appearance of 
kamacite and troilite in the measured samples is also indicated. 
Compare Figure 111. 


Figure 210. Odesa, artificially shocked to peak pressures of 
600 k bar. A previously homogeneous taenite field with about 
25-30% Ni now exhibits acicular martensite transformation prod
ucts, due to shock. Etched. Scale bar 40 p.. 


Figure 112, its hardness increases smoothly with shock 
pressure, and there are no indications of shock-transforma
tions. Odessa samples, exposed in the laboratory to 
600 k bar and above, sometimes exhibit well developed 
acicular martensite inside former homogeneous taenite 
areas, Figure 210. It appears that this martensite formed 
during the decompression stage after the shock wave had 
passed and only developed inside taenite With 25-30% Ni 
and some carbon in solid solution. 


3. Graphite. Although graphite is present in numerous 
iron meteorites (See page 109 and Appendix 1.), there is 


only one well documented example that it has transformed 
to diamond, namely, in Canyon Diablo. It serves here to 
show that certain fragments of the Earth-impacting meteor
ite were intensively shocked and shock-reheated whereby 
graphite associated with troilite converted to diamond and 
lonsdaleite. See page 385. 


(iii) Shock-Induced Melting 


High shock pressures may, by reflection and attenua
tion of the shock wave at grain- and phase-boundaries and 
external surfaces, lead to local "hot spots." Selective 
melting of silicates and quartz may thereby occur and 
produce glass. 


In iron meteorites troilite is a sensitive mineral, 
apparently because it is more compressible than the 
surrounding metal and acts as a shock absorber. It heats 
appreciably and is usually of small volume and inferior heat 
conductance, so it may completely melt in situ. The 


·\ 


Figure 211. Canyon Diablo (Copenhagen no. 121264). A small 
shocked and annealed sample from the crater field. The cohenite 
crystal is partly melted, and carbon has diffused 50 p. outwards into 
adjacent metal. Compare Figures 212, 213, 475 and 476. Etched. 
Scale bar 100 p.. 


Figure 212. Detail of Figure 211 under crossed polars. The surviv
ing cohenite is recrystallized. The numerous white dots in the black 
matrix are graphite spherulites in a ledeburitic-steaditic melt. See 
Figure 213. Scale bar 100 p.. 







melting point of pure troilite is about 1190° C (Hansen & 
Anderko 1958). When associated with a-iron , cohenite and 
schreibersite , the melted troilite may react and form 
characteristic binary and ternary eutectics with up to 
200° C lower melting points. Cracks which form simultane
ously in the adjacent metal and minerals may become filled 
with rapidly injected troilite melts. It even appears that the 
rapidly formed and unequilibrated Fe-S-P liquids may so
lidify as disordered glasslike droplets, dispersed in metallic 
eutectics. 


The associated minerals (cohenite, graphite, schreibers
ite, daubreelite, chromite and silicates) are either frag
mented and dispersed through the liquid , or even partially 
melted (schreibersite , daubreelite , cohenite) , thereby form
ing eutectic fine-grained structures of a ledeburitic appear
ance (Figure 212). Sometimes cohenite is decomposed to 
a-iron and graphite which is dispe rsed as minute spherulites 
(- 10 iJ.) through the mixed melts. See, e.g. , Canyon 
Diablo, stage VII. 


The shock-melted troilite is designated "5" in Appen
dix I. It is evidently quite common. By macroscopic 
examination of polished sections, it is observed as matte , 
somewhat blurred spots with internal flow lines and diffuse 
serrated edges against the surrounding metal. The shock
melted troilite is almost always due to preterrestrial shock 
events , as evidenced by the associated structures of the 
metal and other minerals. 


Meteorites exhibiting bulk melting as a result of shock 
events on the parent body are very rarely observed. First, 
the volume of such material relative to less damaged 
material must have been small from the beginning. Second, 
such material was perhaps immediately reduced to sizes 
which would have li ttle chance to survive atmospheric entry 
on Earth. Nedagolla is, however, a unique meteorite which 
may represent remelted and rapidly solidified material. 


A few meteorites exhibit altered structures which may 
be attributed to shock-reheating close to the melting point 
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· Figure 213. Detail of Figures 211 and 212, polished only . The 
melts between untransformed cohenite (C) are extremely fine
grained· and alternate rapidly between "gray cast iron with flaky 
graphite" and "nodular cast iron with spherulitic graphite." Graph· 
ite is black in photo. Scale bar 40 1-1 · 
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'Figure 214. Odessa, artificially shocked to peak pressures of 
800 k bar. The kamacite phase is transformed to a 2 and shock
melted mix tu res (M) of troilite , phosphide , metal and limonite 
penetrate along grain boundaries. Etched. Scale bar 40 J.l. 


of the metal and exceeding the melting point of several of 
the included minerals. Candidates to this category are, e.g. , 
Smithland , Juromenha, Ternera, Santiago Papasquiaro, 
Rafri.iti and Mejillones. Examples may thus be fo und within 
most of the chemically resolved groups. 


(iv) Thermally Altered Structures 


Any of the above discussed categories i-iii may, due 
to circumstances, later have been exposed to annealing. 
The artificial annealing was discussed on page 40 and 
will not be considered further. At least four other modes 
of annealing can be visualized, either singly or in suc
cession. One occurred inside the parent body, another in 
orbit, the third during atmospheric penetration, and the 
fourth during crater formation on Earth. 


We will accept the principle of progressive shock 
metamorphism, which in the case of an impact on the 
surface of the parent body postulates gradually decreasing 
shock compression of approximately hemispherical geom
etry radiating outward from the point of impact. The rock 
volume and the buried parent iron meteorite bodies will 
thus exhibit shock metamorphism which decreases in 
intensity with distance from the impact center. Several 
impact events may have occurred before a final violent one 
disintegrated most of the body and the meteoroids were 
released. Since the material while buried, a priori, had its 
maximum size and its best thermal insulation, any shock
reheating would be slowly dissipated and operate through 
large volumes. The effects are comparable to long term 
annealing of deformed material at relatively low tempera
tures; i.e., close to or somewhat above the recrystallization 
temperatures. The resulting structures are recovered or 
polygonized or recrystallized according to the precise size, 
history and composition of the meteorite parent body. 


During orbital life periodical reheating occurred in the 
perihelia! part of the orbits. This effect would presumably 
recur a number of times with approximately equal inten
sity . Recovery, and perhaps recrystallization, might occur 
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in favorable cases, and hydrogen and helium-3 from cosmic 
radiation could be driven out by the reheating. For the time 
being it is difficult to distinguish between reheating inside 
the parent body and reheating in orbit. Additional noble 
gas data will probably help to solve the problem. 


The atmospheric reheating strips the exterior off the 
meteorite and leaves a nucleus with a 5-20 mm thick 
reheated exterior crust (page 53). The bulk of the average 


Figure 215. Mejillones (U .S.N.M. no. 734). In this meteorite there 
is a pro nounced zoning around primary schreibersi te crystals. The 
zones are appa rently caused by secondary steep temperature - and 
pressure - gradient s whereby nickel and phosphorus diffused 
o utwards from the damaged schreibersi te. Etched. Scale bar 1 mm. 
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Figure 216. Pre limin ary result s of an experimental annealing of 
three diffe rent iron me teorites . Micro hardness (1 00 g Vickers) of 
kamacite lamellae after half an hour at temperatures indicated. Gran t 
o rigin ally had a shock-ha tched <-structu re, Cape York a cold·worked 
twinned structure and Odessa a slightly worked twinned structure. 


Figure 217. Willow Creek (U.S .N.M. no . 900). The kamacite is 
annealed to polygonization , but a port ion of the Neumann bands 
remains. In other parts of the same meteorite 100-200 !l recrystal
lized kamacite grains occur. Etched . Scale bar 40 !J. 


Figure 218. Avoca (Brit. Mu s. no. 1968, 277 ). Incipien t recrystalli
za tion at Neumann band in tersections. The mat rix is particularly 
strained at twin intersec tions, and these provide the first nuclei for 
recrystallization. Etched . Oblique illumina tion. Scale bar 20 !J. 


Figure 219. Joel's Iro n (Bri t. Mu s. no. 35782). This meteorite is 
almost wholly recrystallized. It is typical that the new grains are 
elongated parallel to some of the previous Neumann band direc
t ions. Etched. Crossed polars. Scale bar I 00 !J. 







iron meteorite is, however, not affected by the atmospheric 
flight. 


The crater-producing meteorites provide material of 
several kinds. Near-surface material which broke off high in 
the atmosphere and had independent flights still exhibit the 
unaltered cosmic structure. Material, which was part of the 
impacting body itself, underwent a whole range of shock 
metamorphism. The best studied case is that of Canyon 
Diablo to which the reader is referred. It is characteristic 
that the resulting structures are due to high shock pressures 
and temperatures and subsequent rapid cooling, i.e., cooling 
within minutes or hours to room temperature. 


Although as yet difficult to prove, it is felt that the 
majority of the annealing effects discussed below were 
produced when the meteorites were still residing inside 
their parent bodies. A minor portion occurred in orbit, and 
very few occurred during cratering impact. See Table 18. 


1. Kamacite. Reheating above 750° C will transform 
kamacite, whether deformed or undeformed, to taenite 
which upon cooling reverses to the distorted cx2 structure. 
The cx2 as a major part of the kamacite in iron meteorites is 
only present in the heat-affected rim zone (page 51) and in 
certain shower- or crater-producing meteorites, such as 
Gibeon, Henbury, Morasko and Canyon Diablo. The hard
ness of the cx2 phase is usually 30-50 units higher than the 
corresponding annealed kama cite. In Figure 112 the drop
ping tail of the kama cite curve at 800-1000 k bar is due to 
the presence of increasing amounts of cx2 • The intermediate 
portion, at 400-600 k bar, is probably due to shock 
annealing of E and to incipient recrystallization. 


Defvrmed kamacite will upon reheating below 750° C 
recover or polygonize or recrystallize. These changes are 
conveniently followed by optical and electron microscopy, 
by X-ray diffraction and by hardness testing. 


Laboratory experin1ents indicate that the microhard
ness of deformed kamacite is relatively easily restored to 
annealed values of about 155, apparently with very little 
alteration of the optical appearance. For example, 20 
minutes at 500° C was sufficient to anneal the kamacite of 
Cape York, but only negligible recrystallization occurred, 
the bulk of the Neumann bands remaining unaltered after 
the annealing. Attempts to fully recrystallize the material 
were unsuccessful; five hours treatment at 700° C thus only 
recrystallized 10% of the •sections. Figure 216 shows some 
preliminary results. 


The recrystallized grains in the experimental material 
were mainly found at Neumann band intersections and in 
the plastically defonned kamacite along sheared schreibers
ite inclusions. Minor and slower recrystallization proceeded 
outwards from imperfections along the Neumann bands and 
the grain boundaries. From these experiments and from 
numerous other observations on meteorites, it appears that 
purely twinned material will only with difficulty recrystal
lize upon reheating. The twins will be more likely to 
disappear by reversion unless they have already become 
pinned by precipitates. Proper recrystallization will usually 
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Figure 220. Social Circle (U.S.N.M. no. 1675). Fully recrystallized 
meteorite. Successive growth lines are present within many of the 
new grains, suggesting several cycles of heating and cooling. The new 
grains are smallest within former plessite fields because taenite 
particles have restricted growth somewhat. Etched. Scale bar 100 !J.. 
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Figure 221. Tombigbee (U.S.N.M. no. 252). Recrystallized grains 
with new Neumann bands, probably dating from the atmospheric 
breakup. Etched. Scale bar 100 !J.. (From Perry 1950: volume 1.) 


be restricted to regions which, in addition to mechanical 
twinning, also exhibit significant elements of plastic 
deformation. 


Incipient recrystallization and competition between 
polygonization and recrystallization is present in , e.g., the 
meteorites Forsyth County, Hex River, Indian Valley, 
Seeliisgen, Willow Creek, Avoca and Obernkirchen. Full, or 
almost full, recrystallization is seen in , e.g., Bingera, 
Dungannon, Kokstad, Durango, Willamette, Joel's Iron and 
Social Circle. The deformation and the subsequent anneal
ing probably took place when the meteorites were still 
buried as part of the parent bodies. 


Some meteorites with recrystallized kamacite show a 
new generation of Neumann bands throughout all the 
recrystallized grains. Cedartown is a fine example. The 
Neumann bands probably date from the final breakup of 
the parent body. Other, smaller irons display virtually 
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Figure 222. Dalton (U.S.N.M. no. 1010). A medium octahedrite 
which was thoroughly annealed in space. The kamacite shows 
cellular structure and includes numerous spheroidized taenite 
particles. Schreibersite is gray. For an enlarged view of the taenite 
see Figure 223. Etched. Oil immersion. Scale bar 20 J.l. 
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Figure 223. Dalton (U.S.N.M. no. I 010). A taenite lamella under 
decomposition to a ffue-grained a+ 'Y composite due to cosmic 
annealing. The larger a-particles are arranged along (111) planes of 
the taenite. A few 2 J.l schreibersite particles are also seen. Etched. 
Oil immersion. Scale bar 10 J.l. 


undamaged recrystallized kamacite grains. This is the case, 
e.g., with Social Circle, Zerhamra, Cachiyual and Ruffs 
Mountain. It may cautiously be concluded that in certain 
instances, the parent body can have disintegrated without 
Neumann band formation in the kamacite phase. The 
reason may be that earlier large scale cracks had signifi
cantly decreased the coherence of the parent body. 


The kamacite of many meteorites displays an extreme
ly fme-grained duplex mixture of a and r. See, e.g., 
Jamestown, Maria Elena, Sandtown, Chilkoot and Davis 
Mountains. It appears that the duplex structures were 
formed by the annealing of shocked £-structures which 
were supersaturated with respect to nickel. The annealing 
must have required relatively low heating and cooling rates 
and probably occurred inside the parent body. 


2. Taenite. Reheating of taenite will, when slow, tend 
to eliminate its steep nickel gradients by diffusion. Cos
mically reheated iron meteorites are thus of inferior value 
for studies of the primary cooling rate. 


Meteorites which exhibit recrystallized or duplex 
kamacite will usually contain visibly altered taenite. This 
altered taenite may be termed spheroidized although the 
spheroidization is rarely perfect. It appears that plastically 
deformed taenite can decompose to a + r along the 
slipplanes. The precipitating a is submicroscopic at first, 
but by prolonged annealing it becomes coarser and finally 
coalesces to blebs, neatly arranged along the slipplanes. 
Thorough annealing will entirely spheroidize the taenite
kamacite texture. Good examples of imperfect spheroidiza
tion are to be found in, e.g., Willamette, Dalton, Durango, 
Zerhamra and Joel's Iron. In Maria Elena, Reed City and 
Seneca Falls the spheroidization is better, and in Hammond 
it has almost completely eliminated the original Widman
stiitten structure. The annealed taenite is usually softer than 
200 IN. 


Brief reheating of taenite to above 700 or 800° C 
softens and alters the appearance under the microscope in a 
different way. Carbon, previously in solid solution in the 
taenite, redistributes itself, and subsequent rapid cooling 
produces bainitic-martensitic structures in the adjacent 
metal. This aspect is further discussed under, e.g., Kayakent 
and Cape York. 


The cloudy or stained taenite simultaneously becomes 
clear and yellow, often via an intermediate mosaic struc
ture. See Figure 114. Apparently the reason is the altera
tion of preexisting submicroscopic a+ r mixtures to 
homogeneous r that remains metastable on subsequent 
rapid cooling. Examples are legion in the heat-affected rim 
zones but may also be found in shock-reheated Canyon 
Diablo samples. 


The microhardness of taenite with 30-35% Ni in Cape 
York is displayed in Figure 113. Taenite requires a signifi
cantly longer time than kamacite to regain its initial, 


Figure 224. View Hill (U.S.N.M. no. 3196). A portion of a large 
troilite inclusion. Recrystallization to 5 J.l grains has occurred near 
the edge, while the interior shows undulatory extinction. Polished. 
Crossed polars. Scale bar 100 J.l. 







annealed state. It is, however, interesting to note that the 
hardness of thoroughly annealed taenite (30-35% Ni) is the 
same as that of annealed kamacite (7% Ni), 155±5. 


3. Troilite. As noted above, troilite may selectively 
melt at hot spots in the shocked meteorite; if it is diluted 
by adjacent kamacite or minerals, it solidifies in eutectic 
structures. If barely melted and unpolluted from the 
surroundings, it may solidify to an assemblage of equiaxial 
grains which are randomly oriented. The more foreign 
material included in the melt, the finer the equiaxial 
texture. It cannot be ruled out that some of the equiaxial 
structures were produced by solid state transformation at 
high temperature or by recrystallization. A thorough study 
of the troilite is required and the Hugoniot curve should be 
constructed. Troilite with equiaxial "recrystallized" struc
ture is designated "4" in Appendix 1. It was probably 
formed by pressure-temperature conditions intermediate 
between the twinned troilite "2" and the shock-melted 
eutectics "5 ." 


4. Schreibersite and Rhabdite. Relatively slow reheat
ing will tend to reduce the nickel content of the phosphides 
according to the equilibrium diagram and will also partly 
spheroidize and dissolve the phosphides. Small taenite 
particles will usually become segregated along the kamacite
phosphide interface as is clearly seen, e.g. , in Ballinoo and 
Willow Creek. The effects are probably associated with 
reheating inside the parent body but, sometimes, perhaps 
with orbital reheating. 


Severe, but brief, reheating produces unequilibrated 
phosphide-kamacite interfaces, with "thorns" projecting 
out from the phosphide into the surrounding metal. These 
thorns are apparently phosphorus-rich subboundaries. The 
structures are found in the heat-affected a 2 zone from the 
atmospheric flight and in a few shock-reheated fragments, 
notably Canyon Diablo samples of stage V. 


Still more intense shock-reheating results in partial 
recrystallizaton and finally in selective melting (Canyon 
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Figure 225. Willamette (U.S.N.M. no. 333). The three grain bound
ary particles of schreibersite are slightly spheroidized due to 
annealing in space. Small taenite particles (white) were simultane
ously separated. Etched. Oil immersion. Scale bar 20 IJ.. 
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Diablo stage VI-VII). Melting also occurs in the exterior 
50% of the heat-affected a 2 flight zone (Figure 45). 


5. Carbides . Cohenite and haxonite probably formed 
as metastable minerals in the later parts of the primary 
cooling period (page 124). If subsequent deformation re
sulted in internal and interphase cracks, it appears likely that 
slight reheating to perhaps 400 or 500° C could decompose 
the carbides to graphite and kamacite . During the present 
study, all stages of carbide decomposition have been 
detected in different irons. For example, in group I, 
Cosby's Creek, Youndegin and Bischti.ibe contain perfect 
cohenite, while on the other hand Bohumilitz, Shrewsbury 
and Wichita County display partially decomposed cohenite. 
Dungannon and Oscuro Mountains no longer contain 
cohenite, but the texture of the graphite-kamacite assembly 
clearly shows that cohenite was the precursor mineral. The 
precipitated kamacite has grown in a peculiar way, as 
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Figure 226. Canyon Diablo. Shock-reheated fragment in which the 
cohenite-schreibersite aggregates have been completely melted. They 
solidified rapidly to steaditic structures. See also Figure 227. 
Etched. Scale-bar 100 IJ.. 


Figure 227. Deatil of Figure 226. The austenitic dendrites were 
sufficiently rich in carbon and nickel to transform to acicular 
martensite upon cooling . The phosphorus-rich eutectic appears 
black after etching with neutral sodium picrate. Scale bar 20 IJ.. 
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elongated columnar grains with a preferential orientation. 
See Figures 737 and 1930. 


In group Ill , carbides arc rare, but they are present in 
the small subgroup discussed on page 102. Rhine Villa, 
Coopertown, Staunton and Tanakami Mountains have 
undecompose d haxonitc , while Kokstad , Matatiele and 
Willow Creek display graphite lamellae and kamacite inside 
the plcssite in a texture that clearly indicates that haxonite 
was the precursor mineral. 


The decomposition structures were probably caused by 
slow annealing on the parent body. The decomposition ob
served in the newes t member of the group , Paneth's Iron, 
was, howeve r, caused by artifi cial reheating. 


Brief reheating , like that which occurs in the atmos
pheric rim zone or in small shock-reheated Canyon Diablo 
fragments (stage V-Vl), causes momentary recrystalliza tion , 
par ticularly along shear zones, and decomposition of 
cohcnite starts at the kamacitc-cohenite interphase. A wave 
of carbon atoms are sent into the surrounding metal which , 
because of the reheating, is in the austenitic state. Upon 
subsequent cooling the carbon-rich austenite transforms to 
bainitic-m art ensitic structures as discussed on page 54 and 
elsewhere. The carbon-rich transformation zones stand out 
as prominent black halos around the cohenite; see Figures 
270 :.llld 11 8 1. 


Upon severe, but brief reheating, above about 1100° C, 
the cohcnitc melt s selectively , then dissolves part of the 
surroundings. Subsequent rapid cooling produces lede
buritic structures. Examples arc known from Canyon 
Diablo (stage VII) and from the heat-affec ted rim zone of, 
e .g., Arispe and North Chile. 


Concluding Remarks 


Although the material is as yet rudimentary , it should 
with the general information developed above - be 


possible in principle to distinguish between the various 
modes of deformation and rehea ting. However, the story is 
very complex because a shocked or annealed structure is 
rarely the result of one cycle only, but usually the end 
result of the combined effect of several deformation and 
reheating events. The time interva l between these events is 
at present diffi cult to estima te. However , by selecting a 
se ries of ge neti cally related meteorites with a wide range of 
structures it might be possible by a combination of 
structural and gas-analytical techniques to arrive at a better 
unders tanding. The following examples from group Ili A 
would be suited for such analyses: Cape York , Kenton 
County , Morit o, Davis Mou ntain s, Chi lkoot , Uwharrie. 
Plymouth , Willamette, Roebournc, Seneca Falls and 
J uromcnha. Or exam ples from gro up II A are: Coahuila , 
Calico Rock , Murphy, North Chile , Boguslavka, Braunau, 
Cedartown, Uwet , Ho ll and's Store, Mejillones and Bingera. 


Figure 228. Od essa, a rt ific iJ II y reheated to 850° C for I 0 minut es, 
then Jir-cooled. The co henite (C) o rigina ll y e nve loped kumac ite. 
Ca rbon fro m the decomposed cohen ite ca used bainite (black) and 
acicular martensit e to form in the ka macite . The white line indicates 
the orig ina l bmacite-co henite interface. Etched. Sca le bar I 00 11· 








CHAPTER TWELVE 


Meteorite Ages 


It is outside the scope of the present work to discuss 
the ages of meteorites and the associated implications. The 
theme is, however, of importance, and since the mass 
spectrometric techniques - which are the basis for most age 
determinations - have now reached high standards, it was 
felt that modem results on individual .iron meteorites 
should be reported in the handbook section that follows. In 
order for the casual reader to comprehend the problematics 
better, there follows here a very brief survey of a few of the 
modern methods and their results. For general surveys and 
discussions the reader is referred to Kohman (1956), 
Patterson (1956), Houtermans et al. (1960), Signer & Nier 
(1962), Anders (1962; 1964; 197lc), Wanke (1966), 
Counsell (1967), Voshage (1968), Pasteels (1968), Wasser
burg & Burnett (1969) and Olsson (1970) . The following is 
largely based upon the discussions by Anders and by 
Voshage who have been constantly alert to the difficulties 
in age determinations and often have suggested new ways 
and interpretations. 


Four important events in the history of meteorites can 
be dated by the mass spectrometric analysis of radioactive 
and stable nuclides, or, less frequently, by sophisticated low 
level counting techniques of radioactive nuclides*. They are 
(i) nucleosynthesis, (ii) solidification of the meteorite 
parent bodies, (iii) breakup of the parent bodies and 
(iv) fall of the meteorites. Nucleosynthesis may be dated by 
analyzing meteorites for the decay products of the extinct 
radioactive nuclides 12'1 and 2""Pu; the solidification of the 
meteoritic material and formation of the minerals by 
detennining long lived radioactive nuclides such as U, Th, 
87Rb, ~ and their stable decay products; and breakup and 
fall by investigating cosmic ray produced nuclides, such as 
radioactive 36Cl , 39 Ar or ~' and stable nuclides as well, 
e.g., of the light rare gases He, Ne, Ar, or ofK. 


N ucleosynthesis 


A generation ago it was realized that radionuclides, 
with half-lives of 100 million years or less , might have been 
present in the early solar system if nucleosynthesis had 
taken place shortly before (Brown 194 7). Interest centered 
around stony meteorites and silicate inclusions in iron 
meteorites. When 129Xenon was found in extremely small 


*Radioactivity from U- and Th-decay in iron meteorites is on a very 
low level and only rarely investigated. See, e.g., the autoradiographic 
study by Deutsch et al. (1956). 


concentrations of the order of 10-10 cm3 STP/g or less it 
was interpreted as partly formed by /3-decay from 12'1 
(half-life 17 million years, now extinct), partly from 
spontaneously fissioning 2""Pu (half-life 82 million years, 
now practically extinct) (Reynolds 1968; 1973). Methods 
to reveal the fission tracks from decaying nuclei have been 
described by Fleischer et al. (1967), Wasserburg et al. 
(1969a) and others. The tracks are best developed by 
etching silicate minerals with appropriate agents. 


These and other observations, for example on the 
isotopic ratios of U, Pb and Os, indicate that the last 
nucleosynthetic event which contributed matter to the 
solar system and in which heavy and transuranium elements 
were also involved, occurred no more than a few hundred 
million years before the formation of the meteoritic 
minerals. It is now estimated, somewhat dependent on the 
underlying assumptions, that the major nucleosynthesis 
started about 8,500 million years ago, while perhaps the 
last 10% of the nuclides were formed only 150-200 million 
years before a significant part of the meteoritic matter had 
cooled down to temperatures at which diffusion losses of 
volatile 12~e were no longer possible. 


It is generally supposed that the solar nebula formed 
by the gravitational collapse of an extended interstellar gas 
mass. As it contracted, its chance of absorbing additional 
matter (e.g., from supernovae) decreased as its diameter 
decreased, and finally the addition of freshly synthesized 
nuclides stopped to be of any significance. The system was 
finite from then on, and radioactive decay and chemical 
fractionation became the dominant processes. Early con
densation removed the refractory elements, such as cal
cium, aluminum, titanium and uranium , and the platinum 
metals. Later it appears that nickel-iron was separated to 
varying extent from the remaining material, perhaps caused 
by its ferromagnetic properties. After final accretion that 
led to bodies of different compositions at different dis
tances from the Sun, melting affected some but not all of 
the parent material. There is thus no evidence for melting in 
the carbonaceous chondrites Cl; yet , it appears that about 
90% of the planetary matter - thus also Earth and Moon -
was affected by melting and additional fractionation. 
Basaltic achondrites (i.e., howardites and eucrites) and most 
iron meteorites probably went through a stage of melting. 
(Grossman 1972; Grossman & Larimer 1974). 


Several energy sources may have contributed to this 
heating of the proto-meteoritic material: gravitational 
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energy released by the accretion to planetary bodies, 
intense radiation from the early, and probably very active, 
Sun and, in particular, radioactivity which certainly was far 
more intense 4 ,500 million years ago than today. It has 
been suggested that, in addition, a substantial amount of 
energy was released by the radioactive decay of some now 
extinct nuclides, such as 26Al with a half-life of 0.74 million 
years. This is, however, seriously doubted by Schramm 
et al. (1970). At present, a major and unsolved problem of 
meteorite research is that of determining in which propor
tions these different heat sources were active in performing 
the early chemical fractionation. 


Solidification Ages 


The final cooling, solidification and formation of the 
meteoritic minerals are the events that can be dated by the 
methods of physical geochronology. It is, however, more 
difficult to analyze meteoritic than terrestrial material 
because of the generally low content of radioactive ele
ments and decay products in meteorites. Fortunately, it is 
usually possible to measure the age of a meteorite (or a 
rock) in more than one way by making use of more than 
one parent-daughter system. If the result of such inde
pendent analyses agree within experimental error, they are 
called concordant and give confidence that the calculated 
ages have real meaning in terms of actual time. 


Age determinations of terrestrial, meteoritic and lunar 
materials have been made by analyzing the long-lived 
radionuclides 238U, 235U, 187Re, 8Rb and ~ (Table 35). 
Extensive studies of terrestrial rocks have produced many 
concordant ages of up to about 2.8 X 109 years and also a 
few as old as 3.7 X 109 years (Baadsgaard 1973). Most 
stone and iron meteorites have proved to be significantly 
older, about 4.6 X 109 years, and similar high ages have 
now also been determined for the most ancient minerals 
and rocks of the Moon. See , e.g., Wetherill 1971. 


Since rubidium-strontium determinations have proved 
very useful in the dating of meteorites, this method will be 
promptly introduced. 


The nature of the Rb/Sr fractionation process is not 
quite certain, but the fractionation appears to have required 
high temperatures, near the melting point of the silicates. 
At these high temperatures diffusion of Rb and Sr across 
the grain boundaries of the various mineral components was 
still possible , but upon cooling diffusion gradually ceased. 
The Rb/Sr metod may be taken to date this somewhat 
imprecise event when diffusion of Rb and Sr came to a 
stop. It has turned out that the method within analytical 
error yields ages which almost coincide with ages that refer 
to the solidification of molten regions in the meteorite 
parent bodies. 


At this time , the various elements and their isotopes by 
definition occurred with initial concentrations (t = 0). 
These, and the initial ratios, may be estimated in several 
ways. If the system remained closed ever afterwards - i.e., 
the minerals were not exposed to exchange or replacement 
(no remelting, recrystallization or weathering), - and if the 
minerals did not contain any radioactive elements, the 
initial ratios would remain unchanged. Various analyses thus 
indicate that the initial 87Sr/86Sr ratio was 0.700±0.001 in 
both terrestrial, lunar and meteoritic samples. 


Now, if 87Sr or 8~r were added continuously by some 
radioactive process, the ratio would shift in time and we 
would have a radioactive clock. It turns out that only one 
known process adds to the original strontium reservoir: 
Rubidium-87 is radioactive and decays under emission of a 
beta particle (an electron) from the nucleus, whereby the 
next higher element strontium-87 is formed : 


(3-
87Rb - 87Sr 


47 X 109 years 


Rubidium only occurs in very low concentrations. It 
has two isotopes, of which the stable 85Rb is about three 
times as abundant as 87Rb. Ceo chemically, rubidium 
follows potassium and must be sought in potassium-bearing 
minerals, such as potash feldspar, where it occurs substitu
tionally, because its singly charged cation Rb+ ( 1.45 A) is of 


Table 35. Important Radionuclides Used for the Determination of Mineral Ages or Solidification Ages 
(From Voshage 1968) 


Radio- Abundance in Half-life Modes of decay Stable 
active naturally years daughter 
parent occurring nuclides 


element(%) 


238u 99.274 4.51Xl09 Uranium-Radium series 20tt>b+8 4He 
23Su 0.720 0.71 X 109 Uranium-Actinium series 207pb+74He 


23~h 100 13.9 X 109 Thorium-series 208Pb+64He 
187Re 62.93 43 X 109 (3- 1870s 


87Rb 27.85 47 X 109 (3- 87Sr 


~ 0 .0119 1.3 X 109 { 89% (3- 40Ca 


11% K-electron capture 40Ar 







a similar size as ~ ( 1.33 A). Rubidium is, however, less 
than 10-2 as abundant as potassium, and in meteorites 
usually occurs below the 1-10 ppm level. Since 87Rb further 
has the very high half-life of 4 7 X 109 years, the radiogenic 
contribution of 87Sr atoms from 8~b decay has been low, 
and the isotopic composition of common strontium has not 
changed much in geologic time. 


Initial strontium for the H6 chondrite Guarefia has 
been carefully determined to be 0.69995±0.00015 by 
Wasserburg et al. (1969b). In achondrites, e.g., the eucrite 
Nuevo Laredo, with very low Rb concentrations, the 
87Sr/8~r ratio is still very close to the initial ratio. In the 
oceans of the Earth, a well-mixed sample, the ratio has 
increased slightly, to 0.708. In different chondrites the 
ratio ranges from 0.71 to about 0.80. On the other hand, 
different minerals extracted from the same meteorite (stone 
or iron meteorite) may show a range of, e.g., 0.730-0.768 
(Weekeroo Station). 


The ratio of 87Sr/86Sr can be plotted as a function of 
8~b/86Sr in an isochrone diagram (Figure 229A.) This 
diagram turns out to be one of the most useful concepts in 
geochronology; see , e.g., Sanz & Wasserburg (1969). It is 
based on the fundamental equation : 


(s?Sr)t = (s?Sr)o + (s?Sr)R 


(s?Sr)o + (s~b)t • (eAt - 1) 


i.e., the total number of 87Sr atoms after the lapse of time t 
equals the initial amount plus the radiogenic contribution. 
The equation is usually rearranged to: 


( 
87Sr) _ (s7Rb\ • At ( 87Sr) 
86Sr t - 86Sr -}t (e - 1) + 86Sr 0 


· hi h h · · · 1 · ( 87Sr) d th m w c t e Imtla ratlo 86Sr 0 an e age t are un-
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Figure 229A. Isochrone diagram for strontium-rubidium ages. Data 
for stone meteorites and for lunar rocks from the Apollo 12 
mission. Also a few data (X) for silicate inclusions from iron 
meteorites . From Wasserburg & Burnett (1969) and NASA reports. 
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known, while the other members can be measured. (8~r)t 
is equal to (86Sr)o since we assume a closed system. The 
decay constant A and the half-life are tied together by the 


equation Half-life = 1~2 . 
At time t = 0, all components of the meteorite, 


regardless of rubidium content will have the same initial 


(::~~)o ratio and will plot on a horizontal line (Figure 


229A). 
After the lapse of timet, proportional amounts of 87Rb, 


will have decayed to 87Sr, and the points will now plot on a 
line forming an angle a with the horizontal, where tan a = 
eAt - 1. In that way, one can calculate the age t from the 
slope of the line. Given two Rb/Sr systems, assumed to be 
of common origin but with different initial Rb/Sr ratios -
i.e., two different silicate minerals from the same meteorite, 
- we can calculate not only their age but also the 
composition of the original strontium in them from the 
intercept on the ordinate axis. Many stone meteorites and a 
few iron meteorites (i.e., their silicate inclusions) have by 
now been measured, and it turns out that the majority fall 
upon the same straight line and thus are cogenetic, 
displaying ages of (4.55±0.10) X 109 years. Kodaikanal is 
an important exception, page 728. 


Theoretical estimates of the lifetime of the Sun on the 
main sequence give results that are compatible with these 
determinations but are more uncertain (Unsold 1967). 


Estimates of the solidification age by other pairs of 
radioactive parent and radiogenic daughter elements (Table 
35) yield similar - but less accurate - results. A major 
anomaly has persisted within the ~/40Ar dating until 
recently. Ages of certain iron meteorites ranged from 5 to 
13Xl09 years (Stoenner & Zahringer 1958; Ziihringer 
1964). These ages were discordant with Rb-Sr and Re-Os 
ages for the same meteorites. It now occurs plausible that 
the ~/40Ar ages were too high as a result of preferential 
loss of initial potassium from the meteorites during their 
terrestrial exposure to ground water (Bogard et al. 1968; 
Rancitelli & Fisher 1968; Kaiser & Zahringer 1968). 


A note may be added on the uranium-helium method, 
which was the earliest method applied for determination of 
the ages of meteorites (Paneth 1928). The helium content 
of a number of iron meteorites was determined, and, on the 
assumption that this helium was produced by the radio
active disintegration of uranium and thorium and had not 
leaked away in geologic time, ages ranging from one million 
years to 7,000 million years were obtained. Since the later 
figure greatly exceeded the age of the solar system as 
conceived at that time, the interpretation of these results 
was the subject of much controversy. Unfortunately, all the 
early results were in error for two reasons. Nearly all the 
helium in iron meteorites is produced by the spallation 
discussed below and not by U- and Th-decay (Bauer 194 7), 
and the true uranium content of iron meteorites, as 
measured by neutron-activation analysis, is far lower 
(< 0.3 ppb) than the apparent contents measured by wet 
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chemical analysis(< 100 ppb) (Dalton eta!. 1953; Reed & 
Turkevich 1957). It appears that the U-He method is not 
very promising for the determination of solidification ages 
of iron meteorites. 


Cosmic Ray Exposure Ages 


Whlle residing inside their parent bodies, the meteorites 
were effectively shielded from bombardment by the various 
particles that penetrate our solar system. Even the most 
energetic galactic cosmic rays (109 - 1010 electron volts per 
nucleon) will be stopped by some meters of silicates (mean 
free path for absorption about 150 g/ cm2 ); solar flare 
particles (107 - 108 electron volts) will be absorbed by 
some centimeters of material; and the least energetic solar 
wind particles ( 1000 electron volts per nucleon) will be 
absorbed by 1 11 of material. 


However, when the parent bodies disintegrate by 
violent collisions, the meter-sized or smaller fragments 
become exposed to intense radiation and a whole array of 
new and usually radioactive atoms start being produced by 
a process called spallation - a generic term for nuclear 
reactions at energies above about 10 MeV. Spallation 
products cannot be heavier than the original nucleus and, 
therefore, in iron meteorites, the detectable products are 
practically limited to nuclides lower in mass than iron and 
nickel and, in stone me teo rites, to nuclides lower in mass 


than silicon and sulfur. 
By the application of very sensitive mass spectrometric 


methods it is possible to measure a significant number of 
the spallation-produced nuclides. Most important are the 
noble gases helium and neon and, in iron meteorites, also 
argon. The He-concentrations in irons are usually less than 
50 X 10-6 STP cm 3 /g, the Ne-concentrations less than 
0.5 X 10-6 STP cmJ /g meteorite (Hintenberger & Wanke 
1964). Other nuclides, such as potassium, which occur in 
concentrations of less than 5 X 10-9 g/g, can also be 


1.0 1.0 


.. 


104 kg 


10\.g ws.. w'.. 


40 60 60 


3He 


1.0 


Figure 2298. Radial variation of 2 1Ne, 38Ar, 3 He a nd 4 He for 
spherical iron meteoroids of different mass as predicted from 
theoretical estimates. In each case the ordinate scale is chosen so 
that for an infinitesimally small meteoro id the amount would be 
unity (From Signer & Nie r 1960). 


measured by mass spectrometric methods (Voshage 1967). 
Spallation-produced radioactive nuclides with half-lives 
between a few days and several million years are usually 
measured by radiochemical and low-level counting meth
ods. See Table 36. 


Characteristic for the spallation-produced elements are 
their abundance ratios whlch are quite different from what 
is measured on terrestrial samples. The neon in iron 
meteorites thus occurs in the ratios 2<Ne : 21Ne : 22Ne 
~ I : I : 1, while the corresponding ratios for atmospheric 
air is 90.9 : 0.26 : 8.8 . Likewise , the 3 Hej4 He ratio of 
iron meteorites ranges from 0 .32 (near-surface, hard radia
tion) to 0.23 (interior, soft radiation), while the atmo-


Table 36. Some of the Methods Which Have Been Used to Measure the Cosmic Ray Exposure Age of Iro n Meteorites 


Method Radio- Half- Radiation Estimated Measured Stable Suita ble Literature examples 
active life on decay production activities2 reference for 
nuclide years rate' dpm/kg nuclides 


3He/3H 3H 12.3 {3" 12 3He Stones Geiss et al. 1960 


36Ar/'0Se 'OSe 2.5X I06 {3" 0 .3 1 4.1 36Ar,He ,Ne Irons Chang & Wanke 1969 


'0Se/ 14C '4c 5,700 {3" 0 .13 1.8 Irons Kohman & Gocl 1963 


22Nc/22Na 22Na 2 .6 {3+,,. 0 . 11 2 .1 22Ne Stones Vilcsek & Wanke 1960 


2'Ne/26AI 26AI 0.74X 106 {3+ (84%),,. 0 .10 3.6 2'Ne Irons Lipschutz et a l. 1965 


36Ar/36Cl ~I 0 .31 X I06 {3 " 16 36Ar Iro ns 


l 
Vilcsek & Wanke 196 1 
Goel & Kohman 1963 
Schaeffer & Heymann 1965 


38Ar/ 39Ar 39Ar 270-325 {3" 0 .9 16 3RAr Irons Begemann & Vilcsck 1969 


4'K/~ ~ 1.3X I 0 9 {3 - , K-electron capture 3~ . 4'K Irons Voshage 1967 


2 1Ne/~i ~i - 200 {3+ (94%) , active da ughter 0.38 4.4 2'Ne Irons Lipschutz et al. 1965 


'~n sJMn - 2X 106 X-ray 33 5 15 Irons Herpers e t al. 1969 


I) The production-ra te is estima ted relative to 36CI. It is ca lcula ted for a n iro n alloy with 6 .5% Ni a t a depth of I 00 ~/em' and a rad ius of 200 ~ /em ' (Ho nda & Arno ld 1964 ). 


2) The <.~ ctivitics were measured o n the fall Yard ymly (24 November 1959): d pm/k~. d isintegra tio ns pt: r minulc per k~. Tht.:: mc:.~surcmcnts were usually p recise to ± I O'Y, 
(Ho nda & Arno ld I 964). 







sphere shows a ratio of 1.3 X 1 0-6. The helium ratios 
in iron meteorites is dependent on the energy of the 
cosmic particles which produce the spallation nuclides. 
In small meteorites which are mainly exposed to the 
primary particles (hard radiation) the ratio is high. In 


the interior of larger meteorites, however, the primary 
particles are accompanied by low energy secondary parti
cles which cause the 3 Hej4 He ratio to shift to lower values. 
In other words, the measured ratios may serve as rough 
guides to the usually unknown depths of samples below the 
original exposed surfaces. See below and Table 37 . 


The radioactive spallation products are usually short
lived. If the cosmic ray flux is assumed constant, they will 
soon reach secular equilibrium ; and their stable decay 
products begin to accumulate at constant rates. The 
assumption of constant cosmic ray flux appears valid for 
the last many million years - and possibly also way back in 
geologic time. The problem, however , is complicated, as the 
meteorites in their orbital travel pass through a significant 
part of the solar system and thus integrate cosmic ray 
effects in both time and space . In addition, many meteor
ites may have broken up more than once, thus exposing 
new surfaces to cosmic rays. 


The total amount of radiation received by a particlar 
meteorite sample can be calculated from the accumulated 
amount of a stable isotope. To perform the calculations it is 
necessary to make several assumptions, for example, about 
(i) the cosmic ray intensity and spectrum along the meteor
ite's orbit, (ii) the shielding effect which depends on the 
distance of the sample from the preatmospheric surface of 
the meteorite , (iii) the production cross section as a 
function of energy for all spallation processes leading to a 
particular cosmogenic nuclide and (iv) the initial content of 
the nuclide in question. It is important to note here that 
practically all helium, neon and argon in iron meteorites 
were produced by spallation . Only Washington County, 
with a surprising excess of noble gases, is apparently an 
exception (Hintenberger et al. 1967). 


Table 37. The Concentration Ratios of the Spallogenic 
Noble Gas Nuclides Vary with the Depth Below the 


Irradiated Surface (Voshage 1968). 


Effective radiation hardness 


Ratio 
very hard radiation very soft radiation 


(near-surface material) (interior material) 


3Hej4He 0.315 0.235 


He/Ne 105 190 


4He/21Ne 230 460 


38Ar/21Ne 4.05 6.4 


In relatively small iron meteorites which are exposed to 
radiation from all sides ( 47T) the production rate of 
spallogenic 21Ne is about 1 X 10-8 cm 3 STP per gram 
meteorite per 100 million years. A rough estimate of the 
cosmic ray exposure age may therefore be obtained by 
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measuring the amount of 21Ne. Near-surface samples from 
larger meteorites have only been irradiated from one side 
(27T) so the production rates are only about half of those 
from small meteorites. The interior of large meteorites, 
such as Cape York and Gibeon, have too little noble gas for 
detection. See Appendix 7. 


Eberhardt et al. (1963) have pointed out that nuclides 
produced by neutron capture reactions should be sensitive 
indicators of depth in a meteorite. Thus a plot of a 
spallogenic nuclide, e .g., 26Al, against a neutron capture 
product, e.g., 6°Co, is essentially a plot of the spallation 
production rate versus depth. The proposed method has 
been demonstrated to work on the recent falls, Allende and 
Murchison (Cressy 1972). 


For iron meteorites, Signer & Nier (1960) have 
developed a useful method for determining both the age 
and distance below the surface from noble gas data alone. 
Their method is based upon the principle that the produc
tion cross sections of various nuclides in irons differ in their 
energy dependence. Some nuclides, such as 21Ne, are made 
mainly by high energy primaries; others, such as 4 He, are 
also made in appreciable yield by low energy secondaries. 
Consequently, the 4 He/21Ne ratio increases with distance 
below the preatmospheric surface and can serve as a depth 
indicator. See Table 37. 


A particularly favorable case for the measurement of 
exposure age is that in which the stable element is the 
daughter of the radioactive one and relatively little of the 
stable nuclide is produced directly by cosmic rays. For 
elements below iron the only useful pair is 36Cl and 36Ar.lt 
has been found that 80% of the 36Ar results from the decay 
of 36Cl , and 20% of the 36Ar is produced directly by 
spallation reactions. Age determinations based on this pair 
range from 9 million years to 550 million years (Chang & 
Wanke 1969). 


Another method of age determination, and perhaps the 
most accurate one, is based upon the ratios furnished by 
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Figure 229C. The 41 K/4°K method for determination of the cosmic
ray exposure age of iron meteorites. The line marked :!:40 indicates 
the total production of spallogenic nuclides with mass number 40 
( 4°K, 40Ar and 4°Ca), while P (4 °K) indicates the production of 4°K 
alone. The curve marked 4°K indicate s what remains of 4°K, after 
increasing amounts have undergone radioactive decay. To the right, 
four examples of the isotopic composition of meteoritic and 
ordinary potassium. (Courtesy H. Voshage) 
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the radioactive nuclide '"X and the two stable nuclides 41K 
and 3~ (V oshage 1962; 1967). The total amount of 
potassium in iron meteorites is extremely low, but a major 
part of it has been produced by cosmic ray spallation. The 
concentrations of the stable nuclides 3~ and 41K increase 
linearly with time, but the concentration of the radioactive 
'"X increases more slowly because some nuclei are lost by 
radioactive decay to 4°Ca and 40Ar. The production rates of 
the nuclides 41K:'"X: 3~ are (1.18-1.14) : 1.00:(0.85-0.88), 
where the indicated variation is caused by the effective 
radiation hardness. See Figure 229C. For comparison, the 
isotopic ratios of terrestrial potassium are 93.08:0.0I :6.9I 
at right in the figure, and it is, therefore, also possible to 
correct the measured mass spectrum for terrestrial - or 
preterrestrial -- contamination with nonspallogenic potas
sium. Short cosmic ray exposure ages, below say 50 million 
years, are not easily measured by this method, since the 
typical ratios require considerable time for their develop
ment. Spallogenic potassium is only produced in very small 
amounts in stone meteorites because there are few target 
nuclei present with masses above potassium. Also, in 
stone meteorites the concentration of initial potassium is so 
high that it will swamp any additional cosmogenic spallo
genic potassium entirely. Therefore, the 41K/'"X method is 
excellently suited for iron meteorites and, moreover, very 
precise. Presently, the measuring apparatus for potassium 
and for noble gases is being improved so that in the future 
the method can be expected to yield still more, and more 
accurate, data (Voshage, personal communication). A selec~ 
tion of presently available cosmic ray 41K/'"X ages is 
presented in the last column of Appendix 7. The range is 
from 90 to 2,275 million years. 


Bauer (194 7) suggested that, in iron meteorites, an 
apparent inverse ratio of helium content with mass could be 
interpreted on the assumption that most, if not all, helium 
was of cosmogenic origin - i.e., produced by spallation of 
iron atoms and not of radiogenic origin i.e., produced by 
radioactive decay of U and Th *. This has later been proved 
correct (e.g., Paneth 1954; Signer & Nier I962; Bauer 
I963). The concentration of the cosmogenic helium is 
proportional to the intensity of the cosmic radiation and to 
the length of time during which the meteorite was exposed. 
The 3 He/4 He ratio of the cosmogenic helium depends on 
the size of the meteorite and the position of the measured 
sample within the meteorite. The studies of Grant, e.g., 
indicated that it had a preatmospheric mass of about 
2000 kg and, at a point halfway from the center to the 
meteoric surface, had a 4 He concentration of I9.8 X 10-6 


STP cm 3 per g and a 3 HerHe ratio of0.27. 


Particularly large spallogenic helium concentrations 
have been found in small meteorites with a high cosmic ray 


*Whereas the helium from uranium and thorium decay is all 4He 
(See Table), the spallogenic (or cosmogenic) helium is a mixture of 
3He and 4He in the ratio of about 1:3. An isotopic analysis of the 
helium in meteorites thus furnished the test to distinguish between 
the modes of origin. 


exposure age, e.g., Deep Springs, Clark County and Wash
ington County. On the other hand, the very low, ahnost 
undetectable, helium levels of, e.g., Cape York, Gibeon and 
Campo del Cielo must be due to sampling the shielded 
interior of once very large meteorites. For a possible 
interpretation of the widely varying 3 Her He ratios 
(0.09-0.30) the reader is referred to the discussions by 
Schultz (1967) and Buchwald (I97Id). 


Attempts have been made to explain the differences 
which are indistinctly apparent among exposure ages of the 
various classes of meteorites. No doubt, stone meteorites 
display systematically smaller ages than the iron meteorites, 
ranging from < I to perhaps 200 million years. Iron 
meteorites apparently range from I to more than 2,000 
million years, and several clusters have been postulated. 
See, e.g., Voshage 1967; Jaeger & Lipschutz 1967b; Anders 
1971b. See also the data arranged by class in Appendix 7. 


Terrestrial Ages 


From the many stable and radioactive nuclides pro
duced by the cosmic ray bombardment discussed above, it 
is also possible to deduce the approximate age of a find, the 
so-called terrestrial age. Let us, for example, assume that we 
have already measured the cosmic ray exposure age from a 
pair of nuclides. We would then expect that other nuclides 
had been produced in compatible amounts which could be 
predicted from experimentally determined production 
rates, depth of shielding, etc. However, actual measure
ments show that, in a number of cases, the concentraton of 
short-lived radionuclides, such as 39 Ar, 14C and ~1, is 
significantly lower than calculated. 


This fact may be understood when we remember that, 
after the fall of the meteorite, it is shielded from cosmic 
rays by the Earth's atmosphere, so that any radioactive 
species will from now on decay with its characteristic 
half-life: N=N0 ·e-A.t. In this equation there are two 
unknowns, the initial concentration N0 and the time t; N 
can be measured and A is the known half-life of the 
radionuclide. The N0 will, due to shielding and cosmic ray 
age, vary from meteorite to meteorite. However, one can 
calculate it from the observed level of a second radionuclide 
of long half-life, e.g., 26Al, and from calibration data on 
freshly fallen iron meteorites. Incidentally, the activities of 
a number of radionuclides at the time of fall are now so 
well known, that an activity measurement may be used to 
decide whether a newly reported meteorite is really an 
observed fall or, indeed, a meteorite at all. 


Early measurements by Vilcsek & Wanke (1963) 
showed that the terrestrial age of many iron meteorites 
must be much higher than generally assumed. Only one 
meteorite, Keen Mountain, showed some 39Ar activity(""' 2 
disintegrations per minute per kg), indicating that its 
terrestrial age was of the order of one or two 39 Ar halflives. 
Twenty-five other meteorites had nondetectable activities, 
suggesting ages about five 39 Ar half-lives - i.e., above 1,500 
years. 







Turning then to radionuclides with longer half-lives, 
the meteorite Carbo, e.g., still shows some 14C activity -
0.7 dpm/kg (Kohman & Goel 1963) - and significant 36Cl 
activity - 5-8 dpm/kg (Honda & Arnold 1964; Chang & 
Wanke 1969). These data have enabled various workers to 
estimate Carbo's terrestrial life to about 100,000 years. Still 
higher ages have been suggested for the iron meteorites 
Kenton County, Clark County, North Chile, Skookum 
Gulch and Muonionalusta. Two, Tamarugal and Ider, were 
found to contain almost no 36Cl, results which have been 
interpreted to indicate ages greater than one million years. 


However, the metallographical examination does not 
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always support these estimates. For example, fusion crust 
and heat-affected a 2 zones may still be detected on Carbo, 
Clark County and North Chile which, together with the 
estimated ages, indicate the incredibly low corrosion rates 
of about 1 mm per 100,000 years. The question deserves 
some attention, and the reader is referred to the survey in 
Appendix I where preserved fusion crusts and a 2 zones are 
indicated in column 14. A correlation between the terres
trial age, the "average" climatic condition of the locality, 
the depth of burial and the preservation of a2 zones and 
fusion crust would be expected to be found in a thorough 
systematic examination. 







Even pure truth, which has no application whatsoever, 
elevates life. From a practical point of view it is quite 
irrelevant whether the earth turns around the sun or 
the sun turns around the earth. All the same, Galileo 
and Copernicus, by their discoveries, lifted human exis
tence to a higher level. The same may one day be said 
for our moonshots. Science is life-oriented. 


A. Szent-Gyorgyi, The Crazy Ape, 1970 








CHAPTER TWO 


Physics of the Fall 


In the following, we shall examine the phenomena 
associated with the collision between Earth and a small 
celestial body . While data for the penetrating body must be 
acquired by observation during the actual fall, the pertinent 
data for Earth are already available. The Earth revolves 
about the Sun in an almost circular orbit; see Table 1. Its 
direction is direct, and its average heliocentric velocity is 


_ IGM _ jc6.67 . 10-s) • {1.99 • 1033 ) 


VE - v' ~ - 149 .6 • 1011 


= 29.8 km/sec 


G is the universal (Gaussian) gravitational constant in 
dyn•cm2 •g-2, M is the mass of the Sun in grams, and a is 
the semimajor axis of the Earth orbit , in centimeters. 


Just as an object must have the escape velocity ifit is 
to overcome Earth's gravity, so it will gain this same 
velocity when it enters the region where Earth's gravita
tional field is dominant. A body originating from outside 
Earth's environment will, therefore, acquire an additional 
velocity equal to the escape velocity when it approaches 
Earth. At a height of 50-100 krn, for example, where 
meteor velocities are determined, the escape velocity is 
11.2 km/sec, and this is the gravitational component which 
must be subtracted from the measured velocity, V00 , in 
order to obtain the geocentric velocity, vG, of the object: 


v(; = v~ - 11.22 = v~ - 125 


As an interesting result of this relation, we notice that even 
if the meteor had no original motion with respect to the 
Earth (vG = 0), the Earth's attraction would make it strike 
the atmosphere at 11.2 km/sec. The effect of the rotation 
of the Earth will also have to be taken into account for 
accurate studies of meteor velocities. Since Earth's rota
tional velocity at Equator is (only) 0.47 krn/sec, the 
maximum correction is small compared to other values. 


When vG has been determined, it must be combined 
with vE to give vH, the heliocentric velocity of the 
impacting body, i.e. its orbital velocity with respect to the 
Sun at the time of impact, Figure 9. At the time of impact, 
radius vector of the meteoroid orbit equals the Sun-Earth 
distance, and consequently 


vH = JcM[f - ~ = 29.8 A km/sec , 


from which equation the sernimajor axis of the meteoroid 
orbit can be calculated . 


The equation indicates that, at the time of impact , 
meteoroids with orbits similar to Earth's (a = 1) will display 
heliocentric velocities about 30 km/sec, while meteoroids in 
parabolic orbits, for which a~ 00, will have 


vH = 29.8..,ff = 42.1 km/sec 


While it was formerly believed that a great many mete
oroids had heliocentric velocities of 42 km/sec and above 
(Niess} 1925; Hoffmeister 1937; Nielsen 1943), it is now 
firmly established that almost all bodies penetrating our 
atmosphere have been moving in elliptical orbits (29 .8 < 
vH < 42.1 km/sec) around the Sun and thus were perma
nent members of our solar system. A catalog of 1345 bright 
meteors, some of them meteorite-casting, has been pub
lished by Nielsen (1968) . Apart from a very few cases, all 
trajectories have been calculated on the basis of visual 
observations of fireballs between 1850 and 1965. The 
development ·of the photographic technique and the radar 
technique has now opened new possibilities, and it appears 
that the catalog will be definitive, its contents displaying 
the amount of knowledge of bright meteors accumulated at 
the moment when a new era of meteor study is beginning. 


Observational Data on Meteors, Fireballs and Meteorites 


One of the most important observed parameters of a 
meteor is evidently its velocity v0 in the atmosphere. 
Unfortunately, the velocity is very difficult to estimate by 
visual methods, due to various geometric and psychological 
factors. Several experiments with inexperienced observers 
have, for example, indicated that the observers extended 
the meteor's path backwards, thereby exaggerating the 
height at which it appeared. Extreme values, above 130 km, 
are very rare on photographs and are now generally 
regarded with suspicion. Another difficulty lies in the fact 
that a meteor is best seen near the end of the visible 
trajectory, where it has already been significantly deceler
ated by the Earth's atmosphere. In order to distinguish 
between elliptical, parabolic and hyperbolic orbits, we 
must, however, have reliable data for the velocities. In 
recent years astronomers have, therefore, resorted to 
systematical photography, establishing multiple station 
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Figure 9. Two hypothetical meteors, one in a direct and one in a retrograde orbit. T he geocentric velocity - i.e., the velocity relative to Earth 
at the time of collision - is obtained by vectorial addition of the heliocentric velocities of Earth (vE) and the meteorite (vH). F rom the 
sketch it is obvious that fast meteors will occur mainly in the morning hours. 


scanning of selected parts of the sky. In Table 5 typical data 
are compiled from accurately calculated orbits, as deter
mined by photographs from various stations in the USSR. 


In I959, a fireball of magnitude -19 passed in front of 
II meteor cameras in Czechoslovakia, then fell at the town 
of Pribram, near Prague. From the negatives it was possible 


to deduce the accurate trajectory and velocity in the 
atmosphere and, from these data, to calculate with great 
accuracy the preterrestrial orbit of the body. Nineteen 
fragments, totaling 9.5 kg were recovered, and the material 
was shown to be a normal olivine-bronzite chondrite 
(Tucek I961; Ceplecha I96I ; Hey 1966: 39I). 


Table 5. Orbital Elements of Selected Meteors Photographed in Tadjikistan, about 40°N, 70° E (Babadjanov 1963) 


No. Day Month U.T. True Radiant km/sec Orbita l Elements Note 
ex 0 f Yoo Vc VH a e q Q i 


5R0065 16 I 1405 52 .6 64 .7 121.6 18.8 15.2 40.4 5 .II . 0.8 14 0.948 9.27 15.4 


580212 10 2 17 16 173.8 R.R 60.1 41.1 39.8 35.6 1.68 0 .960 0.067 3.29 20 .6 


58 1663 25 6 2221 9 .3 18.2 17 .8 62.2 6 1.0 34.2 1.54 0.484 0 .797 2.28 155 


570707 26 7 1848 294.8 - 7 .1 98.0 45.7 44.3 56.5 - 0.62 1.89 0 .547 - 1.78 17 .1 hype rbolic 


5708o4c 27 7 2006 304.2 - 7.5 90 .0 24.6 22.0 36.7 2.20 0 .734 0 .585 3.8 1 8 .9 


582655P 13 8 2201 50 .5 58.2 40.2 60.4 59.2 4 1.3 19.9 0 .953 0 .938 38.9 11 3 


582995 7 9 18 16 286 .6 - 44.8 145 .4 13.2 7.3 35 .9 1.87 0.470 0 .99 1 2.75 4 .4 


583371 14 9 2142 92.7 26.6 6.0 60.4 59.1 29.8 1.01 0 .189 0 .82 1 1.20 173 .6 


58441 2T 17 II 19 18 62 .8 23.3 80 .4 29.2 26.9 36.9 2.05 0 .809 0 .39 1 3.7 1 2.2 


C - Capricornid. P - Perseid. T - Tau rid. U.T. - universal time, based on the Greenwich meridian and counting from midnight. 
ex - rectascension. 6 - declination. E - elonga tion. V"" - me teor velocity before deceleration by the atmosphere. VG - geocentric 
velocity . VH - heliocen tric velocity. a - semimajor axis, A.U. e - eccentricity. q- perihelion distance, A.U. Q - aphelion a istance, A.U. 
i - inclination in degrees. 







A systematic effort has recently been made by several 
countries to photograph the fireballs caused by objects 
large enough to reach the ground intact so that their former 
orbits and landing points can be calculated. In 1964 the All 
Sky Network, covering Czechoslovakia and part of 
Germany, was established. In Western Canada a network of 
12 observatories surveys 600,000 km 2 of land, terrain 
which is readily accessible for the searching of meteorites 
(Blackwell & Halliday 1969). The Prairie Network in the 
U.S.A. was put into operation in 1965 and effectively 
covers about 106 km2 (McCrosky & Ceplecha 1969). It was 
organized by the Smithsonian Astrophysical Observatory 
and comprises a system of 16 automated camera stations 
dispersed over the Plains States, where the recovery of a 
fallen meteorite is potentially easiest. A report on 100 
photographically observed fireballs and their accurately 
calculated preterrestrial orbits has been published by 
McCrosky (1968), and from this report a few selected data 
are given in Table6. On January9, 1970, the Lost City 
meteorite was located as a result of the photographic 
coverage from two stations in the network (McCrosky 
1970; McCrosky et al. 1971 ; Clarke et al. 1971 b) . Lost City 
is the first meteorite with a precisely known orbit which 
has been immediately studied for its shortlived radio
isotopes, caused by cosmic irradiation. See also Figure 1. 


Data for Pribram, Lost City , Sikhote-Alin and a few 
other imposing fireballs believed to have been caused by 
potential meteorites are compiled in Table 7. Comparison 
with the data in Tables 5 and 6 indicates that the geocentric 
and atmospheric velocities are consistently small . Similarly , 
in spite of a fair range in semimajor axes and eccentricities, 
the inclinations of the orbits are low and all movements are 
counterclockwise, like that of the planets. The average 
velocity, V00 , for the nine fireballs in Table 7 is 16.9 km/sec. 
This is in accordance with the study by Whipple & Hughes 
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Figure 10. Orbits fo r the stone me teorites Pribram (H5) and Lost 
City (H5) as calcula ted from photographs of the meteorite paths in 
the a tmosphere . 
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(1955) who estimated the average velocity of meteorites in 
the Earth's atmosphere to be 17 km/sec. 


To illustrate how meteoritic orbits fit in with orbits of 
other objects in the solar system, Kresak (1968) has 
proposed the plotting of semimajor axis/eccentricity dia
grams. A slightly modified version, prepared by Millman 
(1970) is shown as Figure 11. The small dots, clustered 
mainly at the left of the diagram , represent the asteroids, 
while the open circles, near the center of the plot, are the 
comets. The ovals in broken lines correspond to some of 
the major meteor showers. The two heavy curved lines 
mark the boundaries of the area of the figure where 
intersection with the Earth's orbit is at all possible (a(1 - e) 
< 1 < a (I + e)). The thin curved full line is Whipple's 
criterion (19 54) for separating comets from asteroids and 
the broken curved line , a revised criterion suggested by 
Kresak (1968). 


The nine large numbered dots in the diagram corres
pond to the objects listed in Table 7. It will be noted that 
they fall in the same general range as some of the 
anomalous asteroids (Table 3). Both the Apollo asteroids 
and the Mars asteroids outside the asteroid belt proper 
(a<2.1 A.U.) have short capture life times compared to the 
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Figure II. The semimajor axis, a, plotted aga inst eccentricity, e , for 
various objects in the solar sy stem. o = Earth, 9 =Venus, l;l =Mer
cu ry ,0' =Mars, '21 =Jupiter. The nine numbered do ts correspond to 
the bodies listed in Table 7. (Adapted from Whipple 1954 ; Kresak 
1968; and Millman 1970.) 
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Table 6. Orbital Elements of Some Fireballs in the Brightness Range - 5 to - 18 
photographed from the Prairie Network, about 40°N, 95°W (McCrosky 1968) 


No. Day Month U.T. True Radiant km/sec Orbital Elements 
R A . Declin. Yoo VG VH a e q Q i 


39499 9 I 0753 3 .6 21.3 12.6 6.58 36.84 1.99 0 .50 0 .98 2.99 0.9 


38469 15 3 0702 - 10.7 178.8 33.0 3 I .10 39.55 4.08 0 .90 0 .39 7.76 12.3 


39276 3 1 5 0737 - 9.5 247.4 25.8 23.43 38.08 2.97 0.79 0.60 5.34 9.3 


39349p 12 8 0326 57 .1 45.0 61.0 59.8 1 41.55 40.20 0 .97 0 .96 79 .4 11 4.4 


39360 23 8 0450 - 17 .9 16 .6 24.0 20 .93 24 .74 0 .77 0 .66 0.25 1.29 25 .0 


394340 5 II 1042 - 3.7 167 .2 14.6 9.03 23.47 0.7 1 0 .43 0 .40 1.02 3.3 


39080L 16 I I 0604 22 .7 152.5 72.5 71 .33 42.14 52.6 0 .98 0 .98 104 161 .8 


39086T 22 II 1108 24 .3 66.3 28.5 26.55 37.33 2.20 0 .8 1 0 .41 3.99 2.7 


394700 II 12 011 2 24.1 75 .7 23.6 20.46 37.22 2.13 0.71 0.61 3.66 0 .8 


P - Perseid L - Leonid T - Taurid D - detonating bolide 


Table 7. Orbital Elements of Nine Asteroidal Type Meteoroids (Three Meteorites and Six Fireballs) 


Year Day Month Local True Radiant km/sec Orbital Elements No. on 
Time Figure 


0' /j Yoo VG VH a e q Q i II 


Meteorites 


Sikhote·Aiin (iron) 
1947 12 2 10:38 28 80 14.5 9.2 37 2.16 0.54 0.99 3.34 9.4 8 


USSR' 


Pribram (stone) 
1959 7 4 20:30 19 1.5 17.7 20.9 17.5 37.5 2.42 0.67 0.79 4.05 10.4 I 


Czechoslovakia 1 


Lost City (stone) 
1970 3 I 20: 14 315.0 39. 1 14.2 8.7 35. 1 1.66 0.42 0.96 2.36 12.0 3 


Oklahoma• 


Fireballs 


No. 1242, 
1945 6 2 0 :12 3.0 59.2 12.2 4.8 33.4 1.33 0.26 0 .98 1.68 6.9 5 


Harvard 2 


Fireball, 
1956 I II 6:00 332 73.2 13.0 6.6 29.8 1.00 0.06 0.94 1.06 12.8 6 


Alberta6 


No. 198 16, 
1958 8 12 I :SO 70.5 - 0.2 20.7 17.4 37.0 2.24 0.66 0.76 3.72 12.6 2 


New Mexico2 


No. 2747 1, 
1960 27 10 I : 13 39. 1 10.9 26.0 23.5 36.5 2.08 0.76 0 .50 3.66 4.9 7 


Ondrejov3 


Fireball, 
1966 25 4 19 : 14 137.9 - 57.7 17.0 12.8 34.8 1.60 0.38 0 .98 2.21 20.0 4 


New York.Quebcc5 


No. 40617, 
1970 3 1 I 3:00 62. 1 37.6 13.2 7.1 36.5 2.02 0 .52 0.98 3.06 3.3 9 


Prairie Network" 


I ) Ccplccha 1961. 
2) Cook e1 al. 1963. 
3) CepledJa & Rajch1 1963. 
4) M1...'Crosky ct ~ 1. 197 1. T he fa ll of Lost C it y went unobse rved . Had it not been for the automatic cameras, thi s s to ne meteorite fa ll m ight nu t have been rcco!!nizcd a t ;,.Ill. 
5) Griffin 1968. 
6) Halliday 1960, as revised by Millman 1970. 
7) rcscnkuv 195 1a,b. 
8) M·ct:rusky et al. 197 1. 


age of the solar system (Opik 1963). They must be 
replenished from some source , presumably the Mars 
asteroids in the region 2.2·2 .8 A.U. (Anders 1964). Traver
sing the main part of the asteroid belt during each 
revolution, they will suffer impacts from time to time. The 
debris, being ejected with low velocities, will move in 
similar Mars-crossing orbits, but of slightly different 
periods. Consequently it will soon spread out in a toroid 
along the orbit of the parent body . Secular perturbations 


will further disperse the debris, and close encounters with 
Mars will reorient the velocity vectors of the debris, leading 
to Earth-crossing orbits in a small percentage of cases and 
thus act as a source of meteorites (Opik 1951; Arnold 
1965; Anders 197I c). 


The Pnbram meteorite, No . 1 on Figure II, is situated 
near the dividing line between cometary and asteroidal 
objects. Its trajectory and associated light phenomena have 
been described by meteor astronomers as caused by a 







typical low-density (i.e. <I), fragile cometary object, and 
yet the immediate search yielded 10 kg of a typical stone 
chondrite (density ~ 3.5). The Pfibram paradox, which has 
been described by, e.g. McCrosky & Ceplecha (I 969), is still 
unsolved. Perhaps such objects exist in space that represent 
transitional phases between comets and asteroids. "Several 
astronomers feel that some of the minor planets (i.e. 
asteroids) may be defunct cometary nuclei. The number of 
minor planets that are old comets may not be very large 
(less than 0.1% ?); but if there are indeed any, they should 
be taken into consideration when we formulate ideas 
concerning the origin and evolution of the solar system" 
(Marsden I970). As possible candidates for comets that 
turn into asteroids or at least into objects that look like 
them, Marsden suggested Arend-Rigaux, Neujrnin I 
(Table 4) and perhaps some of the Apollo asteroids. 
Hindley (I971) has also recently discussed the associated 
problems. 


The paradox may, however, also be caused by our 
imperfect understanding of the supersonic flight in the 
atmosphere and particularly by our lack of knowledge of 
the initial shape and size of the impacting meteoroids. 


The Meteorite Fall 


In outer space meteorites are far too small objects to 
be observed from telescopes based on Earth. Once they 
enter the Earth's atmosphere, however, their presence is 
made manifest by violent light and sound effects. Small 
meteors, with their low coherence and density, are ex
tinguished at high altitudes and display no sound phenom
ena, and hardly anything except dust, oxidized micro
particles and gases ever reach the ground. Larger meteors 
produce fireballs, associated with sound and trail 
phenomena (see, e.g., Nielsen I968) but again, per defi
nition, nothing reaches the surface of the ground as tangible 
objects. 


The meteoritic masses that survive the fall and are 
recovered may be extremely small. Revelstoke, for 
example, a stone meteorite that fell on March 3I, I965, in 
a remote area of British Columbia, Canada, yielded only 
two small fragments, totaling one gram, although the 
fireball was observed to travel for IOO km, and violent 
detonations were heard up to I30 km away. The fall was 
even recorded on seismographs 400 km distant (Meteoriti
cal Bulletin, No. 34, I965). 


If we consider iron meteorites alone (see Figure 12), 
masses of I040 kg are most commonly recovered, while 
upper and lower limits are 60 tons (Cape York, Hoba) and a 
few hundred grams (Wedderburn, Freda, Fi:illinge), respec
tively. Larger masses have occasionally hit the surface of 
the Earth but have disintegrated during a cratering impact 
(Canyon Diablo, Wabar, Kaalijiirv, etc. Table I8), and only 
minor surviving samples can now be discovered around the 
craters. Iron meteorites smaller than 2IO g have not been 
collected as the end product of an individual fall; small 
masses are nevertheless common as distorted, wedge-shaped 
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Figure 12. Histogram that shows the number of recovered iron 
meteorites within each mass range. Black indicates the total number 
analyzed (495), while gray indicates such events (78) which are 
known to have caused meteorite showers or craters, such as Toluca 
and Canyon Diablo. 
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fragments from cratering impacts, particularly from Canyon 
Diablo and Henbury. 


The flight of meteors and meteorites in our atmosphere 
has been the subject of numerous treatises, and several 
physical and mathematical models have been suggested. 
Calculations which are historically interesting were pre
sented at an early date by LeConte (1872), Schiaparelli 
(1908) and Niessl (1925). Elaborate treatments of the 
physics of the fall - and of reentry of satellites - have been 
presented by Hoppe (1937), Hoffmeister {1937), 
Astapovich (1958), Opik (1958b), Levin (1961), Berman 
(1961), Duncan (1962), Loh (1963), Blasingame (1964), 
Martin (1966) and many others. A simplified version will be 
presented here. 


A body approaching Earth from interplanetary space 
possesses a large amount of energy, potential energy 
because of its position above Earth's surface and kinetic 
energy because of its velocity. In most cases the kinetic 
form predominates. The minimum kinetic energy is, at 
11.2 km/sec, 15,000 cal/ g. That this energy is not negligible 
is illustrated by comparison with the energy required to 
vaporize water, 540 cal/g (at 100° C), and to vaporize 
carbon, about 13,000 cal/g. The latter is among the highest 
heats of vaporization of known materials. However, as we 
have seen, meteors and meteorites may encounter Earth 
with velocities up to 72 km/sec (Tables 5, 6, 7). In this 
extreme case the kinetic energy of the impacting body 
amounts to 620,000 cal/g. 


If all of the body's kinetic energy were converted into 
thermal energy within the body itself, it would thus be 
more than sufficient to vaporize it entirely. In actual fact, 
the body's initial energy is transformed, through the 
mechanism of gas-dynamic drag, into thermal energy in the 
surrounding air, and only a small fraction of this energy is 
transferred to the body as heat. This fraction depends upon 
the flight characteristics. 


Newton showed that the drag force, F, is opposite to 
the direction of movement and proportional to the density 
of the air, p, and the velocity squared, v2 : 


F = constant • pv2 


It is now conventional to use the law in the following forms: 


or 


dv 2 F = m- =- DApv 
dt 


dv DA 2 = 
dt = - --;;; pv (1) 


where m is the mass of the meteorite, A its cross-sectional 
area, r its radius, d its density and dv/dt its deceleration 
during flight. D is a drag coefficient, a form factor, which 
will vary with the exact conditions of the meteorite shape 
and velocity but usually lies between 0.4 and 1.4. 


As the meteorite approaches Earth it first encounters 
an atmosphere of low density. As it penetrates below 
100 km, the density increases rapidly, and as a result of 
drag, the velocity begins to decrease. Simultaneously, the 
mass and cross sectional area decrease due to ablation, i.e., 
radius decreases in equation (1). Thus the deceleration is 
the product of three quantities, one increasing and the two 
others decreasing. Initially the deceleration increases, but at 
some point the velocity begins to decrease more rapidly 
than the increase in density, resulting in a maximum on the 
deceleration curve, that for vertical infall will, for example, 
approach 300 times gravity at 11 km/sec (see also Table 9). 


Factors Affecting Penetration Characteristics 


The way in which velocity changes with altitude during 
the fall depends upon several factors: 


I. Approach characteristics (Figure 13): 
velocity of approach, V00 


angle of approach, cp 
The velocity and angle of atmospheric approach are 


primary factors in determining the severity of the entry 
deceleration and heating. The dangerous combination of 
high velocity at low altitude is most apt to occur when the 
initial velocity is high or when the entry is perpendicular, 
that is cp = 90°. 


II. Meteorite characteristics. The important value is 
the drag/mass ratio,DA/m, or 3D/4rd. For the same shape, 
the smaller density and thus larger drag/mass ratio of a 
stone meteorite allows deceleration to occur in the higher, 
less dense region of the atmosphere, making the heating 
rate less severe than for an iron meteorite. A slender body 
has a low drag/mass ratio and would penetrate further into 
the atmosphere than blunt bodies with higher drag/mass 
ratios. If the body is shield formed, appreciable lift forces 
may develop which can force the meteorite into a more 
shallow path and thereby cause deceleration to occur at 
high altitudes. 


III. Atmospheric characteristics. For hydrostatic 
equilibrium in an isothermal atmosphere it follows from 
Boyle's law that the atmospheric density pat the altitude z 
km is 


p =Po exp(-az) = 0.0084 • exp(-0.143z) 


where p 0 is the density at sea level in g/cm 3 , exp is the base 
of natural logarithms and a is a constant dependent upon 
the temperature and composition of the atmosphere. From 
rocket and satellite experiments we now have a good 
knowledge of a, and although the atmosphere is far from 
isothermal, an expression of the above type represents 
Earth's atmosphere well up to about 150 km (J acchia 
1971). 


Calculations 


Let us consider the case of a meteorite that makes a 
vertical entry from space at a velocity v and an angle 
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Figure 13. Schematic presentation of the Earth's atmosphere and some common events. The decreasing pressure (right hand axis) is shown 
versus altitude in km (left hand axis). Typical temperature profiles and wind velocities for 45° northern latitude are shown. It will be noted 
that the meteorite's trajectory may be strongly influenced at low altitudes by winds. 


1/> = 90°. To a first approximation we will assume that the 
drag coefficient and the mass are constant. We can then 
apply equation (I). 


dv DA 2 
dt = - ---;:;; pv 


In this we substitute p = Po exp(-az) 


dv _ _ DApo v2 exp(-az) dt- m Bv2 exp(-az) (2) 


But the velocity in relation to the Earth is v = - ~;, and 


dv b . dt may e wntten 


dv 
dt 


= 
dv 
dz 


dz 
dt 


This result is substituted in (2): 


dv 
v dz 


dv 2 ( ) - v - = - Bv exp -az 
dz 


dv2 
-- 2Bv2 exp(-az) = 0 
dz 
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This is an inhomogeneous linear differential equation of 
first order in v2 , which has the following standard solution: 


v2 = k exp rj- 2B exp(-az)dz] = k expt ~ exp(-az~ . 


To find the constant k we note that for z-+oo,exp(-az)-+0, 
therefore 


exp [- ~ exp(-az)J -+ 1 


and v -+ voo; thus k = v&,. The full solution may then be 
written 


or 


or 


v2 = v!, exp [- ~ exp(-az)J 


v = V00 exp [-·! exp(-az~ 
v = V00 exp [- n::o exp(-az)J 


If the approach angle ¢ deviates from 90°, a correction 
factor must be applied and the equation becomes 


v = v"" exp [- DA_ Po exp(- az )] 
masm¢ 


or 


_v_ = exp [-~ Po exp(-az)J 
V00 m sm¢ a 


(3) 


Figure 14 illustrates the velocity variation with altitude, 
z km, for several values of the parameter K: 


K = _D_A_ = ...::0..:.:..7-=-5-=D:..... 
m sin¢ r d sin¢ 


(4) 


where r is the initial radius of the body , and d its density. 
The curves are interesting by their sigmoid form. They 


are all of the same shape, which means that a stone 
meteorite, an iron meteorite, a shooting star and a satellite 
all lose the same fraction of the original velocity within a 
certain vertical distance. The decrease from 95% to 5% of 
the cosmic velocity thus takes place within a stratum of the 
atmosphere of 28 km thickness; however, these 28 km may 
be situated in the ionosphere for a light body (K large) but 
close to the Earth's surface for a heavy body (K small). For 
very small K values, i.e ., large masses at perpendicular 
entry, the approaching body will impact the surface of the 
Earth with near its cosmic velocity. For example an iron 
meteorite of 3 ,600 tons, with a radius of 480 em, at vertical 
entry will theoretically follow the curve forK= 0 .0001 and 
thus hit the surface of the Earth with 92% of its cosmic 
velocity. This will undoubtedly lead to severe cratering of 
the Earth. 


It would have been interesting to test the equations on 
iron meteorites. However, iron meteorite falls are extremely 
rare (Table 10), and insufficient observational data are 
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Figure 14. The velocity of a meteorite in the Earth's atmosphere as 
a function of altitude. Instead of actual velocities, the ratio between 
velocity at any given time, v, and the initial velocity , Voo , is shown. 
The parameter K is discussed in the text. 


available. For the stone meteorite Pfibram, Ceplecha (1961) 
has reported all relevant data and calculated its fall by an 
elaborate method. For comparison, I have applied the 
approximate method developed here to illustrate Pi"ibram's 
fall, using Ceplecha's observational data. The initial veloc
ity, V00 , was 20.89 km/sec and the approach angle , ¢, was 
43°. The initial mass is unknown but here assumed to have 
been 100 kg (about 10 kg has been found). The density is 
3.5 g/cm3 , and the drag coefficient is estimated to be 0.5. 
Thus, from equation ( 4) 


- 0.75 X 0.5 -0 00825 
K- 19.0 X 3.5 X 0.682- . 


The resulting curve vfvoo versus altitude , Figure 14, almost 
coincides with the curve estimated by Ceplecha , demon
strating the validity of the simplifying assumptions. 







To estimate the effect of ablation on the trajectory, let 
us assume that the Pfibram body diminished from 100 kg 
to 50 kg during the flight from an altitude of 96 km down 
to an altitude of 13.3 km where the trail ceased to be 
luminant. In this case, the radius decreased from 19.0 to 
15.1 em, and consequently K increased from 0.00825 to 
0.0104. As a result of ablation, the trajectory would thus 
gradually have shifted from the first calculated curve to one 
similar to the curve K= 0.01, as indicated in Figure 14. Of 
course, matters are further complicated by the frailness of 
the incoming body. Instead of considering one body that 
smoothly decelerates and ablates, we often have to work 
with multiple falls; i.e., cases where the meteorite frag
mentates once, or more, during the atmospheric flight. 
Pfibram was, in fact, such a case; Ceplecha estimated from 
the photographs that at least 17 fragments were produced; 
at the time of his writing only four of these had been 
found, but an additional 15 specimens have later been 
recovered (Hey 1966). 


For Pribram 's trajectory we found the K-value to be 
0.00825. It is interesting to note that the same flight 
characteristics, v/voo versus altitude, may be obtained for 
other meteorites, given the proper combination of r, d and 
¢.To illustrate this we solve equation ( 4) 


0.75D = 0.00825 
r d sintf> 


for different r, d and tf>; see Table 8. 


From the data of the table , we gather that an iron 
meteorite of, e.g., 885 kg may show the same vjv00 values as 
the 100 kg Pnbram stone. It is, however, required that the 
iron enters the atmosphere at a much lower angle, and it 
will consequently have a much longer trajectory. In the case 
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Table 8. Pribram and Three Hypothetical Iron Meteorites with the 
Same K-value, 0.00825, and therefore with the Same vfv~ Charac


teristics as Pribram in Figure 14 


Stone meteorite, 
Pribram 


Iron meteorite A 


Iron meteorite B 


Iron meteorite C 


Initial Initial Density 
mass, kg radius, em g/cm3 


100 19.0 3.5 
6.5 5.83 7.8 


20.4 8.55 7.8 


885 30.0 7.8 


Angle of 
approach 


43° 
90° 


43° 


11° .2 


mentioned, the trajectory will be about 3.5 times longer 
and the flight time will also be 3.5 times longer; i.e., the 
deceleration will be softer. Such an iron will probably 
display a larger proportion of effectively smoothed sur
faces, with fewer regmaglypts, than one which plunges 
steeply into the atmosphere, see page 47 . 


In recent years several experiments with artificial 
meteorites have been successfully accomplished. In 1966 a 
5.7 gram, 0.2% C-steel pellet was thus carried into the 
ionosphere by a six-stage, solid fuel Trailblazer II rocket 
and launched back towards the Earth from an altitude of 
120 km (Robertson & Ayers 1968). The meteor -and its 
burned out rocket stages - were photographed with a 
system of cameras and spectrographs. The initial velocity of 
the steel pellet was 10.85 km/sec; it penetrated to a height 
of 70 km before it became visible as a meteor. After a brief 
flare of 0.9 sec. duration, it again disappeared at a height of 
61 km, apparently having completely disintegrated. 
Experiments of this kind are valuable because they provide 
a meteor light source of known composition, density, and 
shape, with the aid of which photographs and spectrograms 
of natural meteors may be calibrated. Some of the most 
recent results have been reported by Ayers et al. (1970). 








CHAPTER THREE 


On Multiple Falls, End Point Height and Sound Phenomena 


The deceleration during a relatively direct atmospheric 
penetration is found to rise to a maximum value and then 
decrease during descent. The maximum value can be shown 
to occur when the velocity has been reduced to e -~ or 
about 61 % of its initial value. The maximum deceleration is 


(~;)max = -
av2 sin¢ 


2e 


It is interesting to note that the size of the maximum 
deceleration is independent of the drag/mass characteristics 
of the body. It is dependent only upon the path angle, the 
initial velocity and the atmospheric characteristics. How
ever, the altitude at which the maximum deceleration 
occurs is dependent upon the drag/mass characteristics. 


The effect of entry angle is illustrated in Table 9 for an 
average iron meteorite of 25 kg, with an initial velocity of 
20 km/sec and a radius of9.12 em. 


Table 9. The Deceleration is Strongly Dependent Upon 
the Approach Angle 


Approach Angle K Maximum deceleration Equivalent 
km/sec2 g* 


90° 0.005 3 10.50 1070 


53° .9 0.0065 8.50 865 


4° .6 0.065 0.85 87 , __ 


*Standard acceleration of gravity g = 9.80665 m/sec2 


The smaller entry angle is seen to result in deceleration 
higher in the atmosphere (larger K values) and in signifi
cantly smaller peak decelerations. 


An examination of Table 10 and Figure 15 shows that 
of 32 well-observed falls, nine are known positively to have 
burst in the atmosphere, subjected to these violent deceler
ations. For at least six of the others, eyewitness reports and 
examinations of the recovered masses indicate that several 
fragments were produced in the atmosphere, while only one 
was recovered. As will be noted repeatedly in the later 
individual descriptions of iron meteorites, these are far 
from being massive, high strength bodies when they arrive 
at our atmosphere. On the contrary it may be assumed that 
the irons (i) possess several grain boundary cracks, (ii) con
tain low strength, partly fissured minerals, such as troilite, 
schreibersite and, to a minor degree, cohenite, graphite, 
chromite and silicates, and (iii) contain microcracks in the 
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Figure IS. A histogram of the best documented falls. A gray square 
indicates a multiple fall, while black indicates the total number of 
falls within a given mass range. 
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Figure 16. The frequency of multiple falls increases monotonically 
with increasing initial mass. 


cubic kamacite phase. The majority of these fissures and 
damages are presumably due to previous cosmic collisions. 
Additional fissures are probably created during the atmos
pheric flight. 


The statistics including all finds and falls are less 
accurate but show the same general trend, Table 12. 
Figure 12 is based upon 495 iron meteorites; i.e., all the 
well-substantiated finds and falls treated in this manual. Of 
these, no less than 78 are known to have produced multiple 
falls giving rise to two or, often, more fragments. 


Figure 16 shows that the frequency of multiple falls 
increases monotonically as the size of the meteorite 
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increases. If one large meteorite is discovered the proba
bility is over 50% that additional fragments should be 
found in the vicinity. On the other hand, irons smaller than 
100 kg will have a good chance of surviving the atmospheric 
flight as entire bodies. The common belief that iron 
meteorites possess sufficient strength to travel through the 
atmosphere without fragmentation thus needs qualification. 


1971a). The individual specimens usually show a charac
teristic distribution within the dispersion ellipse. The larger 
pieces travel farthest and are found at the far end of the 
ellipse, relative to the direction of travel , while the smallest 
pieces are found in the opposite part (Figures 17 and 18). 


In Table 11 data for important iron meteorite showers, 
comprising six or more individuals have been collected. 
Meteorite showers are usually spread over a narrow ellip
tical area, called a dispersion ellipse. Many stone meteorites 
have produced showers with well-mapped dispersion 
ellipses, such as Bruderheim, Homestead, Kunashak and 
Allende , the last mentioned resulting in two tons of 
fragments within a 50 X 100 km ellipse (Clarke et al. 


The characteristics are not well known for iron 
meteorites because so few showering falls have been 
observed . Table 20 and Figure 1624 illustrate the well 
mapped Sikhote-Alin case, covering an area of 2.0 X 
0.8 km , with the largest masses producing impact holes at 
the southern end. The meteorite had approached from 
N 15° E with an initial inclination, ¢ , of 41 o (page 1123). 
Other showers have scattered debris over much larger areas , 
most notably Gibeon, Figure 780 , of which fragments have 
been found within an elliptical area of 250 X 100 km. 


Table IO.Iron Meteorite Falls. 32 are listed, but not all are equally well documented 


Class Group % Ni Fell Total Largest Smallest 
Year Day Month Local time kg No. mass, kg . 


Hraschina , Yugoslavia Om liD 10.6 


Charlotte , U.S .A . Of IVA 8 .3 


Braunau , Czechoslovakia H IIA 5.4 


Nedagolla , lndia 


Rowton, England 


Mazapil , Mexico 


Hassi-Jekna, Algeria 


Cabin Creek , U.SA. 


Quesa , Spain 


Anom Anom 6 .1 


Om IliA 7.8 


Om 8.5 


Of IIIC 10.5 


Om 


Om 


? 


Magnesia, Turkey Om IIIC 11.0 


N'Goureyma , Mali A nom A nom 9.4 


Okano , Japan H IIA 5.4 


Avce , Yugoslavia H IIA 5.5 


N'Kandhla , South Africa Om liD 10.0 


Annaheim, Canada Og I 7 .8 


Treysa , Germany Om liB 9.5 


Boguslavka, Siberia 


Garhi Yasin , Pakistan 


Norfork , U.S.A . 


Rcmbang . Indones ia 


Pitts . U.S.A. 


Samelia, India 


H 


Om 


Om 


IIA 


A nom 


IliA 


5.4 


8.3 


7.9 


0 IVA 8 .7 


Of Anom 12.9 


Om IliA 8.0 


I-An 8.9 


1751 26 May 18 :00 48.7 2 39.7 


4 .0 1835 Aug. 14:30? 4.0 


1847 14 July 03:45 40 .8 2 23.6 


4.6 


3.5 


3 .95 


1.25 


1870 23 Jan. 19:00 


15 :40 


21:00 


1876 20 April 


1885 27 Nov . 


1885 


1886 27 March 15:17 


20:45 1898 


1899 


1900 


1904 


1908 


1912 


1914 


1916 


1916 


1917 


1918 


Aug. 


unknown 


15 June ? 


7 April 06:35 


31 March 08:45 


Aug . 13:30 


21 Jan. 14:30 


3 April 15:25 


18 Oct. 11:47 


Jan. , night time ? 


Oct. , night time ? 


1919 30 Aug . ? 


1921 20 April 


1921 20 May 


09 :00 


17:30 


1927 Jan.-Mar. , daytime 


4 .6 


3 .5 


3 .95 


1.25 


48 


10.7 


48 


I* 10.7 


> 5 I* 5 


37 .7 37.7 


4.7 4.7 


1.23 1.23 


17.5 17.5 


13.8 13.8 


63.3 63.3 


257 


0.38 


I ? 


10 


3.8 


2.5 


103 


2 


I* 


? 


4 


3 


199 


0 .38 


? 


10 


1.6 


1.13 


1 * 103 Udci Station , Nige ria 


Repecv Khutor , Russia 


Bahjoi, India 


Om 


Opl 


Og 


Anom 14.3 1933 8 Aug. 22:00 


21:30 


19:40 


13:10 


10:38 


07:05 


10:00 


17:00 


17:55 


12.35 1* 12. 35 


Nyaung, Bunna 


Scroti , Uganda 


Sikhote -Aiin , RSFSR 


Yardymly , Azerbaidjan 


Bogou , Upper Volta 


Mun affarpur . India 


Juromenha , Portugal 


7.7 1934 23 July 


? ? 


Anom Anom 12.9 


Ogg 


Og 


Og 


liB 5.9 


6 .8 


7.1 


Opl Anom 12.9 


D IIIAB 8 .7 


1939 24 Dec. 


1945 I 7 Sept. 


1947 12 Feb. 


1959 24 Nov. 


1962 14 Aug . 


1964 11 April 


1968 14 Nov. 


Aste risks indicate that more than o ne ma ss fe ll but that only one was recovered . 


10.3 I* 10.3 


0.7 


2.0 


I 


5 


0 .7 


1.00 


23 ,000 > 400 1745 


153 6 127 


8 .8 I* 8.8 


1.24 2 


25.2 


1.09 


25.2 


9 


17 .2 


58 


0 .05 


0 .58 


0.17 


-0.001 


0.36 


0 .15 
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Figure 17. Distribution ellipse of the Kunashak stone meteor
ite (L6) shower that fell near Sverdlovsk, USSR, in 1949. Twenty 
specimens totaling over 200 kg were found ; their relative sizes are 
indicated with the rings. (From Krinov 1966a.) 


However, this seems to be an extreme and very unusual 
case. A more normal case is treated under Tombigbee 
(page 1218 and Figures 1769-1778). 


An analysis of iron meteorite data, Table 12, for all 
495 finds and falls allows the following conclusions to be 
drawn : 


(i) Seventy-eight, or on the average 16%, fragmented in 
flight. It appears that the percentage of multiple falls 
increases smoothly with the initial mass. 


(ii) The curve showing multiple falls vs. (final) mass, 
Figure 16, breaks at a point about the 100 kg mass. Below 
this, only about 10% suffer fragmentation, and above it on 
the average about 50%. 


(iii) The total quantity of recovered iron meteorites in the 


-~ 


... -.r.,:~ • 
~ 


t e·· 
Figure 18. Thirty-eight of the 230 stones collected within a 20 x 
5 km dispersion ellipse after the Tenham (L6) fall in Queensland, 
1879. Scale bar is 10 em. (From Hodge-Smith 1939.) 


world is about 460,000 kg or 460 tons. Of this, 90% comes 
from the 20 largest meteorites. Only one of these , 
Sikhote-Alin , is an observed fall. 


(iv) The large iron meteorites that survived fragmentation , 
Hoba, Armanty, Bacubirito, Mbosi, Willamette and Morito, 
are, as far as we know, - for they have not been subjected 
to very much cutting - rather inclusion-free; if schreibersite 
and carbides do occur, they are in the form of minute 
evenly dispersed particles. As the absolute contrast we may 
note the frequent and large troilite and schreibersite 
inclusions of Canyon Diablo, Cape York, Campo del Cielo, 
Chupaderos, Sikhote-Alin, Mundrabilla and Cranbourne, all 
of which produced extensive showers. Gibeon is an excep
tion . Its pure and homogeneous metal phase with scattered 
troilite inclusions would hardly be expected to yield such 
an extensive shower as recorded. It appears that Gibeon 
must have had very unusual flight characteristics. 


(v) Figure 19 indicates that the number of meteorites 
within each size range decreases smoothly. The most 
common size of an iron meteorite is 10-20 kg. Below this 
mass range , the curve shows an abrupt break and small 
meteorites become increasingly rarer. The explanation for 
the break is apparently duplex: small meteorites are 
difficult to find, but if found, they tend to remain in 
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Figure 19. The number 
Data from Table 12. 


Class 


Youndegin Og 


Toluca Og 


Coahuila H 


Magura Og 


Santa Rosa A nom 


Arispe Og 


Trenton Om 


Morasko Og 


North Chile H 


Glorieta Mt. Pall 


Yardymly Og 


Chinga D 


Smithville Og 


Tombigbee H 


Deport Og 


40 625 10,000 160,000 kg mass 
156 2,500 40,000 range 


Est imated kg 
total mass 


1,000,000 


X X 
100,000 


X X 


10,000 


1,000 
X 


100 I 
X 


10 I 
X 


I 


0.1 
Ol6 25 40 625 10.000 160,000 kg mass 


063 10 156 2,500 40,000 range 


Figure 20. The total mass of recovered iron meteori tes within each 
mass range . Data from Table 12. 


private possession or to become converted into some kind 
of implement , etc. , as is repeatedly shown in this manual. 
They are thus lost to science if ever found. 


Figure 20 may be interpreted in a similar way although 
the data vary widely. An alternative but less plausible 
explanation of Figures 19 and 20 would be to t ake the 
numbers at face value and conclude that small iron 
meteorites are relatively rare at Earth's distance from the 
Sun. 


The End Point Height and the Dark Part of the Trajectory 


of recovered iron meteorites versus size. The maximum deceleration of fireballs and meteorites 
usually takes place in the zone between an altitude of 50 


Table ll. Selected Important Showers 


Group % Ni Found Total Long axis of Three largest masses Two smallest masses 
kg No. the dispersion kg kg 


ellipse, km 2 3 4 5 


6.7 1844 3800 13 25 2626 927 173 0 .82 0 .42 


8. 1 1784 > 3000 > 2000 5 400 ! 50 107 0.1 0 .05 


IIA 5.6 1854 > 2000 > 20 2? 318 250 250 4 .5 1.0 


6 .7 1840 > 1800 > 100 3? 42 10 .5 5.0 0 .5 0 .2 


A nom 6.7 18 10 825 9 15 612 100 41 0.68 0.56 


A nom 6.7 1898 683 17 20 124 122 69.8 9.0 9.0 


IJIA 8.3 1868 506 13 0.4 239 187 28 .1 1.35 0.70 


I 6 .7 19 14 300 > 25 1.4 78 77.5 75 2 


IIA 5 .6 1922 266 8 <60 78 ' 74 29 19 4 .2 


A nom 11.9 1884 190 28 4 67 .4 52 .4 24 .3 0 .17 0 .13 


6.8 F: I959 !53 6 8 127 11.3 5 .9 2.3 0 .36 


IVB 16.5 19 12 80 30 I ? 20 .5 9.7 3 .8 0 .29 0 .09 


6.9 1840 72 II I 29 .5 16 .3 6 .8 1.3 0 .50 


A nom 5 .1 1859 44 6 14 15.0 12 .0 9 .2 3 .26 0 .76 


8.2 1926 > 15 26 I ? 5.8 2 .8 1.3 0.3 0 .2 


Other showers: Sec TJb lcs 18 <md 20 , and Bingcra. 
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and I 0 km. As a result the initial velocity, Voo , averaging 
17 km/sec, will be reduced to perhaps 3 km/sec, and the 
trail will cease to be luminous because too small an energy 
is dispersed for ionization of the air The body itself will 


Table 12. Analysis of the Number of Iron Meteorites in 
Various Mass Ranges, and the Frequency of Multiple FaDs 


Mass Total Estimated Multiple falls 
range number total mass 


kg kg number % 


0.16-0.63 8 3.5 0 0 


0.63-2.5 53 84 4 7.5 


2.5-10 101 580 8 8.0 


10-40 155 3,350 16 10.3 


40-156 97 8,000 14 14.4 


156-625 39 13,000 12 30.8 


625-2,500 24 31,000 13 54 


2,500-10,000 5 30,000 4 80 


10,000-40,000 10 212,000 5 50 


40,000-160,000 3 160,000 2 67 


Grand total 495 458,000 78 16 


from now on be effectively cooled by a forced airdraft. The 
point of the trajectory where the fireball disappears to the 
observer , i.e. where the luminous trail ends, has been called 
the end point, the zone of retardation, and in German, 
Hemmungspunkt. Its altitude is relatively well observed for 
a number of fireballs and meteorites, as may be seen from 
Table 13. The meteorite velocity at the end point is, 
however, very inaccurately known but may be estimated to 
be of the order of 3-6 km/sec. A recent determination by 
multiple-station photography yielded an end point velocity 
of 3.5 km/sec for the largest 10 kg fragment of the Lost 
City shower (McCrosky et aL 1971). In Table 13 some data 
are also given for the angle, <1>, between the trajectory and 
the horizontal, the initial velocity , and the estimated 
altitude where the fireball was first observed. This altitude 
is, however , very uncertain, except when based upon 
photography. A good discussion of the end point height is 
to be found in Mcintosh ( 1970). 


The height of the end point ranges from 5 to 64 km. 
The highest observed end point for a meteorite-producing 
fireball is 42 km (Pultusk), but the end points for most 
meteorites lie below 30 km, and - from more detailed 
material not presented here - may be estimated to average 
18 km. There is an indication, however , that all observed 
iron meteorites have left luminous trails to lower altitudes 
than 18 km. This is probably caused by their relatively 


Table 13. End Point Heights and Lengths of Typical Trajectories 


Name Type* <I> Velocity km/sec Height, km Length Recovered 


initial end point first end of mass 


Voo v observed point trajectory kg 


Sikhote-Alin I 41 ° 14.5 - 5 - 23 .000 


Paragould s 14° 19 45 8 153 405 


Zhovtnevyi s 43° 18 124 8 158 107 


Pribram s 43° 20.9 -7 98 13 .3 124 9.5 


Braunau I IS ? 41 


Treysa I 55 ° > 20 83 16 81 63 


Pasamontc s 12° 20 141 17 670 4 


Lost City s 14 .2 3 :5 86 19 .5 17 


Orgueil s 18° 280 ? 22 721 -10 


Bjurbole s 24° 135 24 329 330 


Brude rheim s 40° 15 48 26 40 303 


40617 , Prairie Ne tw. F 13 .2 4 .2 80 26 


Aarhus s 20° 15 143 31 304 0 .7 


New York-Quebec F 40 17 .0 67 33 500 -


1242 , Harvard M 51 ° 12 .2 8.1 75 37 60 - · 


27471 , Ondrejov M 26 .0 13 .2 87 41 -
Pultusk s 44° 178 ? 42 186 -250 


19816 , New Mexi co M 44° 20.7 9 .2 91 47 62 -
1.11.1956 , Alberta M 13 .0 69 64 - 7 -


--- __________ L ___ 


*S, stone meteorite; I, iron meteorite; F, firebaU; M, meteor. 
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good coherence which secures an almost constant low 
K-value during most of the trajectory. Stones, on the 
contrary, may fragment early, and each of the resultant 
masses will have higher K-values than the initial body and 
thus suffer deceleration at a highe( altitude than if the 
whole mass persisted as an entity. Finally, a small contri
bution to the light from a falling iron meteorite may come 
from exothermic burning of the metal to oxides during the 
latter part of the trajectory in the dense atmosphere. 


After the major deceleration has occurred, the meteor
ite trajectory bends over into a vertical descent, and the 
velocity is essentially a local terminal fall velocity only 
governed by gravity and air resistance. For the free fall in 
vacuum we have s = Yzgt 2 ; v = gt; g = dv/dt. The terminal 
velocity in vacuum, vv, is given in Table 14, for different 
altitudes of start: 


Table 14. Terminal Velocities vv in Vacuum 


Start at vv Start at vv 


100 km 1410 m/ sec 10 km 450 m/sec 


40km 890 m/sec 5 km 310m/ sec 


20 km 630 m/sec 1 km 141m/sec 


In air the terminal velocity Vt is dependent on the mass 
and the drag coefficient. The following values have been 
obtained from experin1ents with small bombs (Astapovich 
1958: 500): 


Table 15. Terminal Velocities vt in Air 


Mass in kg 8 16 30 74 164 


vt in m/sec 151 162 192 231 276 


The terminal velocity vt is, in practice, reached after a 
few seconds. Several visual observations of small meteorite 
falls indicate that the terminal fall for masses of 1 to I 00 kg 
occurs vertically with velocities of 125-250 m/sec. In 
Hessle, near Uppsala, Sweden, a large shower of stones fell 
on New Year's Day 1869, and samples were recovered from 
the surface of frozen lakes. It was evident that masses of 
about 1 kg had not been able to penetrate ice of one or two 
inches in thickness. The 794 g Beddgelert stone meteorite 
which fell on September 21, 1949, penetrated the roof of a 
hotel. It made a neat round hole in four overlapping 
thicknesses of slate, about 17 mm thick, and broke through 
the plaster ceiling into the room below where it came to 
rest on the floor (Chackett eta!. 1950). 


Small stone meteorites may display a surprisingly 
gentle fall. Many individual fragments, of 25-100 grams, 
from the Allende shower were thus picked up with delicate 
surface features, such as filamentary fusion crusts , which 
had not been damaged upon hitting the ground . Other, 
larger fragments from the same shower , however, displayed 
spalled fusion crusts and freshly broken corners ; more 
severe fragmentation occurred in some cases where 
kilogram-sized Allende fragments hit the ground. 


Iron meteorites of average size (10-20 kg) will survive 
intact when hitting the surface of the ground, except in 
such cases where serious cracks were already created during 
the deceleration in the atmosphere. The metallic matrix of 
iron meteorites is usually so ductile that an early fracture -
from aeons-old cosmic collisions or from atmospheric 
deceleration - does not necessarily lead to full separation 
upon impact with the ground. Such deep cracks which 
almost divide the iron meteorites into two fragments are, 
for example, present in Descubridora, Hoba, Monohans, 
Lazarev and some Sikhote-Alin specimens. Other Sikhote
Alin masses split partially in the atmosphere and then 
finally broke up when penetrating the frozen earth. In 
many impact holes a number of fragments were thus found 
close together; they clearly showed both atmospheric 
external fractures and late internal fractures, and fragments 
from the same hole could easily be fitted together to an 
entire mass, see page 1123. 


The wind effect is pronounced during the dark-flight 
trajectory through the troposphere. Aloft, wind speeds are 
usually much greater than those registered near the ground; 
see Figure 13. In general, the wind increases with height up 
to near the tropopause (- 12 km), and the strongest winds 
easily attain velocities of 50 m/sec. The so-called jet streams 
exceed 100m/sec. In all of the recent and well studied 
stone meteorite falls, Pfibram, Allende and Lost City, 
significant deviations from the predicted points of impact 
have occurred due to ·the prevailing winds in the tropo
sphere. A 10 kg fragment of Lost City was thus carried 
4 km eastwards relative to the impact point predicted from 
the ballistic flight data alone (McCrosky et a!. 1971). 


Heating and Ablation 


The reduction of the meteorite's kinetic and potential 
energy during descent is accompanied by an increase in 
thermal energy in the surrounding air , some of which is 
transferred to the meteorite surface. This fraction depends 
upon the shape , velocity and altitude of the meteorite , and 
ultimately on the mechanism of heat transfer between the 
hot gas and the meteorite. At very high altitudes, in the free 
molecule flow region, where the heat energy is developed 
directly at the meteorite's surface, as much · as one half of 
the meteorite's lost energy can appear as heat in the body. 
At lower altitudes, in the continuous flow region, thermal 
energy appears in the air between the shock wave front and 
the body. Heat is transferred from this hot air to the body 
by conduction and convection through a viscous boundary 
air layer; radiation from the hot gas will also contribute 
considerably to the surface heating. The heat goes to 
increase the surface temperature of the meteorite which 
may be assumed to be 273° K (0° C) when coming in from 
space. As the surface melts, vaporizes and ionizes , a heat 
front penetrates into the interior of the mass. The ablated, 
vaporized material tends to block the flow of heat from the 
hot shock layer into the body . The ablated , melted material 
may be swept away from the body as streamers of molten 







On Multiple Falls, End Point Height and Sound Phenomena 31 


metal that oxidize in the air (if enough oxygen is present) 
and solidify to tiny droplets, 1-10011 in diameter, that 
precipitate as meteoritic dust. A minor part of the molten 
material may stream to the rear side of the meteorite and 
be redeposited as laminated, dendritic material. The total 
process is thus extremely complicated, although everything 
happens within a few seconds. The process may be roughly 
compared to heating a massive, cold iron lump intensively 
with oxygen-acetylene torches for a few seconds, and then 
changing over to a forced cooling with jet air streams. The 
meteorite is cold when it hits the ground, or indeed not 
warmer than it can be carried by hand. 


The kinetic energy is E = ;6m v2 . The energy con
verted to heat per unit time is 


dE . dv DA - = m · v · - = m · v · -p · v2 = D • A · p · v3 
dt dt m 


The maximum heating rate can be shown to occur when the 
velocity has been reduced to about 80% of the initial 
velocity. The peak heating rate, therefore, occurs before the 
maximum deceleration load. 


The portion of the heat reaching the body is normally 
a small fraction of the total energy; if it were not so , no 
meteorites would ever survive the atmospheric penetration. 
The actual calculation of the partition of heat between the 
flying body and the surrounding atmosphere is beset by 
many unknowns. The kinetic energy is converted into 
(i) heating of the body, (ii) surface melting, (iii) vapori
zation and ionization of metal vapor and air atoms, 
(iv) heating and translating the air mass in front of the 
meteorite, (v) formation of shock waves, (vi) rotation of 
the meteorite, and (vii) fragmentation of the meteorite . It is 
beyond the scope of this treatise to cover these phenomena 
in greater detail. The reader is referred to the papers by 
Opik (1958b), Maringer & Manning (1960), Buchwald 
(1961b), Ceplecha (1961) , Mcintosh (1970), McCrosky et 
a!. (1971) and Blanchard (1972) and also to the works 
mentioned on page 20. 


The results of these studies indicate that, in general, 
14 mm is lost per second of the flight. The ablationalloss 
is probably confined to the part of the trajectory which is 
luminous. The lengths of the luminous trajectories range 
from about 40 km (Bruderheim) to about 700 km (Orgueil, 
Pasamonte ). With an estimated average velocity, v0 , of 
about 10 km/sec, the meteorites may thus roughly become 
exposed to ablation for periods of four seconds to over one 
minute. The total amount of material lost ranges from a 
few percent to 100%. The larger and denser the initial mass, 
the greater chance that an unaffected nucleus will survive 
the flight. Otherwise we will only observe the splendid 
display of a fireball. As a general conclusion then to this 
section, we may state that the surviving iron meteorites 
range from 3 em to 300 em in diameter. Smaller ones are 
completely burned up or never recovered, and larger ones 
tend to be drastically reduced in size by cratering impact. 
In a following section, on page 49 , we shall examine the 
effect of heating and ablation on the recovered material. 


Sound Phenomena 


Meteorite falls are always associated with sound phe
nomena. They are apparently of two entirely different 
kinds. The obvious one, which is always reported, is usually 
compared to the sound of a passing express train, an 
airplane, or simply rolling thunder. The other one is 
occasionally reported and described as hissing, comparable 
to the sound produced by frying bacon or plunging a 
heated iron in cold water. This sound is reported to occur 
simultaneously with the passing fireball , which may be 
100 km distant; here we evidently meet the paradox of a 
sound propagating with the velocity of light. 


A. The normal impressive sound phenomena arrive at 
an observer located near the impact point long after the 
fireball has been extinguished but usually before the 
meteorite has landed. Eyewitnesses to Avce, Bogou, 
N'Kandhla and Soroti thus are unanimous in having first 
heard the sonic booms and then seen the body impact near 


. them approximately ;6-2 minutes afterwards. In other cases, 
like Hraschina and Muzzaffarpur, it appears that the sounds 
had not yet ceased when the masses landed. The meteorites 
must evidently fall the last part of their journey with 
average velocities slightly below that of sound, as also 
discussed on page 30. 


Eyewitnesses located further distant have reported that 
the sounds are heard from 30 seconds to 5 minutes after 
the fireball appearance, and that the sound train has a 
duration of 5 seconds to 3 minutes. The sounds are caused 
by the violent displacement of the air column along the 
whole trajectory. To a minor degree sound may be emitted 
when the meteorite bursts and individual fragments follow 
their own trajectories; the multiple sounds reported from 
multiple falls may be understood in this way. The sounds 
may be perceived up to at least 100 km from the projection 
of the trajectory on the surface of the earth, but local 
conditions may greatly influence the quality of the percep
tion. In exceptional cases it has occurred that eyewitnesses 
less than a kilometer from the point of impact have heard 
absolutely nothing, while distant observers have reported 
the usual rumble and sonic booms. 


The velocity of sound in gases c, is expressed by the 
Laplace formula (1843), 


c2 = Cp. RT 
cv M ' 


where Cp is the heat capacity at constant pressure , Cv the 
heat capacity at constant volume , R is the gas constant, T 
the absolute temperature in degrees Kelvin and M the 
average molecular weight of the gas. For air it has been 
shown that the predicted classical sound velocity remains 
independent of atmospheric pressure to significant altitudes 
(at least 30 km) ; i.e., the overriding cause of sound velocity 
variation in still dry air is atmospheric temperature fluctu
ations. The velocity dependence on the temperature is 
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where c0 is the velocity at 0° C, 331 .5 m/sec. 
The thermodynamic state of the atmosphere is non


uniform both vertically and horizontally. The sound wave 
from a penetrating meteorite will pass regions of varying 
temperature , and it will be refracted according to Snell's 
law c1 /sin i 1 = c2 /sin i 2 • Moreover, wind velocity will 
influence the path of the sound wave. The wind velocity is 
vectorialy additive to the sound velocity; and since wind 
velocities in the high atmosphere range from 10 to 
100m/sec, their contribution is far from negligible; see 
Figure 13. 


It is thus understandable that the local atmospheric 
conditions and the surface topography can to a large extent 
influence the propagation, refraction and attenuation of the 
sound from a passing meteorite. Within the limits of the 
acoustic field, both silent zones and zones where the sound 
phenomena are intensified have often been observed. In 
general, a casual observer will first hear the detonations 
from the lowest part of the trajectory and then gradually 
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Figure 20A. The iron meteorite Treysa fell April 3, 1916 in Hesse, 
Germany. Within the two inner zones, 52 observers reported 
significant detonations. Within the large circle , 40 observers saw the 
large flash but heard nothing. Seven observers, marked with crosses, 
heard the peculiar hissing noises. (From Wegener 1917; and Lamar 
& Romig 1964 ) 


hear the rumble from the more and more distant parts of 
the trajectory. Witnesses who did not actually see the 
trajectory itself have therefore often concluded that the 
meteorite passed in the direction opposite to the real one, 
due to this confusing displacement of sounds. 


B. People actively engaged in meteorite field work 
have again and again been confropted by witnesses who 
claim that hissing sounds were heard at the instant of the 
meteorite's flight. Nininger (1939e) suggested that the 
effects were caused by electromagnetic waves emitted from 
the fireball trajectory ; under proper conditions these waves 
might , on meeting metallic structures on the Earth, be 
transformed into true sound waves. Astapovich (1951) has 
thoroughly examined a large number of cases and presented 
a catalog of the reports concerning both fireballs and 
meteorites. Most authors have, however, rejected these 
claims and explained them as subjective associations of 
sound and light phenomena . A close scrutiny of numerous 
independent reports leaves, however, little doubt that the 
sounds are real, and further that they are usually of high 
frequency and low intensity, so that not everybody is 
capable of hearing them. Animals, particularly dogs, have 
been alarmed by these sounds, as may be seen from the 
following report describing the occasion of the Beddgelert 
meteorite fall in 1949: 


The manager of the Hotel at Beddgelert was awakened 
. . . . by the barking of his dog - in itself an unusual 
occurrence. He was for the moment unable to account 
for the dog's behaviour, but realized after a few seconds 
that something extraordinary was happening when he 
heard a series of irregularly spaced bangs which he -
being an ex-naval man - says sounded like a naval 
broadside (Chacket eta!. 1950). 


Later the same day he realized that his hotel roof had been 
penetrated by a 794 g stone meteorite, page 30. 


Recently , Lamar & Romig (1964) have discussed the 
anomalous sounds and also accumulated several reports of 
other atmospheric disturbances which may have been 
caused by the rapid propagation of a weak electromagnetic 
field. They discuss various alternatives but seem to favor 
the idea that the sound is being caused by electric 
discharges on the ground. It is not known how the fireball 
could disturb the earth's electric field sufficiently to cause 
such discharges. It is possible that the ionized wake acts as a 
conductor and thus forms a channel from the D layer to 
lower altitudes. If the atmosphere is considered to be one 
plate of a condenser, such a channel might affect the earth's 
electric field sufficiently to cause a discharge. 








CHAPTER FOUR 


Meteorite Craters 


Nobody has ever witnessed the formation of a meteor
ite crater. Interpretations must therefore be based upon 
measurement and comparison with artificial craters, caused 
by known magnitudes and depths of explosives. Excellent 
studies have been performed by Baldwin (1949; 1963; 
1970) who was particularly interested in the puzzling 
problems associated with the lunar craters but , as a basis for 
his speculations, thoroughly examined several terrestrial 
craters and presented extensive bibliographies. Results from 
nuclear test sites have been presented by Hansen (1968) 
and Short (1968a, b). Krinov (1960b; 1966a, b) has dis
cussed several craters and impact holes associated with 
meteorites and also devoted a liuge chapter to the Tunguska 
comet, which did not produce craters at all. See page 9. 
Stanyukovich &' Fedynski (1947), Nininger (1952a; 1956), 
Shoemaker (1963) and Gault et al. (1968) have made many 
pioneering studies of cratering and discussed the associated 
problems from widely varying standpoints. Critical lists of 
terrestrial meteorite craters and recent bibliographies may 
be found in Hey (1966: 538), Short & Bunch (1968) and 
U.S. Geological Survey, Bulletin No. 1320 (1969). 


On the Moon and planetary bodies without an atmo
sphere, even very small particles will, upon impact, create 
craters. The surfaces of lunar material from the first 
Apollo 11 mission in 1969 could thus be shown to be 
~puttered with small pits or craters, probably caused by 
micrometeorites. (Neukum et al. 1970). Examination of 


meteorites, and (iii) rapidly solidified metallic droplets, 
analogous to the spheroids encountered in the vicinity of 
Meteor Crater, Arizona (Goldstein et al. 1972; Anders et al. 
1973); see page 397. 


The bulk of the typical large lunar craters were formed 
when the kinetic energy ~mv2 of the impacting body was 
converted into thermal energy within a fraction of a 
second, resulting in an explosion. There is a very high 
probability that the impacting body was thereby itself 
totally destroyed, melted or vaporized (Hartman & 
Wood 1971; Ahrens & O'Keefe 1972). Fortunately, for the 
science of meteoritics and for the inhabitants of Earth, our 
atmosphere will alleviate the impact of celestial bodies and 
through a gradual deceleration cause an important propor
tion to survive as meteorites. However, large and dense 
bodies, page 22, will penetrate the atmosphere and impact 
the Earth with a significant fraction of their initial energy 
still intact. Opik (I 951; 1958a) has examined the statistical 
probability that Earth is impacted by asteroidal and 
cometary bodies, Table 16, and has also calculated the 
lethal effect of the collisions on land life. Opik even 
speculated that the development of land life during the 
Pre-Cambrian period may have been handicapped by 
catastrophic collisions as well as by other causes. 


For the sake of clarity it should be noted here that 
giant meteorites can form two types of craters. The smaller 


Table 16. Collision Frequencies and Destructive effects 


Diameter of Impacting Body, km. 0.13 0.52 4.2 34 


Collisions per ~ Comets 1.8·10 5 9.8·10-7 1.2 ·10-8 1.6·10-10 


year with 
Mars Asteroids 4.0·10-7 4.5·10-8 1.6·10-9 6.1·10-u 
Apollo Asteroids 2.8·10-5 6.6·10-7 2.4·10-9 8.0·10-u 


Total collisions per year 4.6·10-5 1.7·10-6 1.6·10-8 2.3·10-10 


Interval between collisions, years 2.2·104 5.9·105 6.1·107 4.4-109 


Lethal area, km2, at v~ = 20km/sec 


lunar surface material recovered by the Apollo missions - a 
total of 380 kg was secured by Apollo 11, 12, 14, 15, 16 
and 17 - has already revealed much meteoritic debris, 
processed by repeated cratering, "gardening." According to 
structural and chemical studies, the recognizable debris 
consists mainly of (i) meteoritic material which was 
metamorphosed while incorporated in the lunar rocks, 
(ii) shock-altered fragments of chondrites and iron 


20 1300 5.6·105 9.6·107 


crater is more properly called a large impact hole and is 
generated by relatively small meteorites (<50 ton) with 
relatively low velocities not exceeding 5 km/sec. Such 
meteorites cause mechanical destruction of the ground and 
are themselves usually broken into a number of fragments 
upon impact. The major part of the meteoritic fragments 
will remain in the impact hole mixed with shattered rock 
and soil. Typical examples are the 1 00-1,700 kg iron 
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meteorites of the Sikhote-Alin shower that produced 
impact holes 6-27 m in diameter and buried themselves to 
depths of 2-8 m (page 1123). 


The genuine craters discussed here are more than 
100 m in diameter and were formed as the result of an 
explosion at the moment of impact. The projectile itself 
vaporized almost entirely , and tremendous shock waves 
raced outward from the focus. The largest explosions 
produced ring anticlines and synclines surrounding an 
upraised central dome. On Earth these features have been 
severely modified by subsequent erosion or glaciation but 
are observed to perfection on the Moon. At the time of 
impact the rock was crushed to a rock flour (see Canyon 
Diablo), and the quartz minerals formed coesite (Chao 
eta!. 1960; Stoffler & Arndt 1969), stishovite (Chao 
eta!. 1962 ; Ida eta!. 1967) or lechatelierite (Rogers 1930). 
Glasses formed from the desert sand (Wabar , Henbury) and 
fallout breccias, called suevites, formed as extensive blan
kets over the crater basin (Ries Kessel ; Engelhardt & 
Stoffler 1968). 


Shatter cones (Dietz 1963 ; 1968) are now known from 
20 of the 50 recognized meteorite craters. They are striated 
cup-and-cone structures which are best developed in dolom
ite and other carbonate rocks but also occur in shale , 
sandstone , quartzite and granite. The cones range in size 
from 1 em to 2 m and generally seem to have their apex 
pointed towards the ground zero of the explosion. They 
evidently formed by the passage of intense shock waves 
associated with the cratering impact. 


Opik (1958a) estimated the effect of impact upon the 
terrestrial rocks and found the following equations to be 
valid for impacting velocities, v, above 15 km/sec: 


Volume of vaporized rock : 
Volume of melted rock : 
Volume of crushed rock : 


Vc == 0 .284 v d 3 km 3 


VM == 0.224 v d 3 km 3 


Vc==7.3vd 3 km 3 , 


where d is the diameter in km of the impacting (stone) 
meteorite. 


Baldwin (1949; 1963 ; 1971) analyzed the crate ring 
situation somewhat differently , extending his own results 
from TNT explosives to meteorite impacts on the Earth and 
Moon . On the assumption that the impacting meteorite 
only penetrated to shallow depths , equal to twice its own 


Table 17. Sizes of iron meteorites which could produce certain 
craters if they exploded in "average soil" at a scaled depth of burst: 
Hem= 0.04 VE cal. Adapted from Baldwin 1963:165, 175, 447. 


Crater Log Energy Velocity at impact, vi Time to 
Diameter E calories 3.2 km/sec 16 km/sec Slop. 


meter (I kg TNT - Log mass Diameter Log mass Diameter seconds 
106 cal.) ton meter ton meter v; ; 16 km/sec 


9.5 8.88 -0.2 1 0. 51 - 1.6 1 0 .1 8 0.000045 
95 12. 13 3.34 6.3 1.64 2. 16 0.000545 


950 15.55 6.46 87 5.06 29.7 0.0075 0 
9500 19. 18 10.09 14 10 8.69 483 0. 122 


95000 23 06 13.97 2775 0 12.57 9480 2.39 


Baldwin's equations and curves will in general indicate that a given 
crater may be produced by meteorites an order of magnitude 
smaller than those derived from Opik's equations. 
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Figure 21. To a first approximation the dimensions of craters vary 
in proportion to the cube root of the expended energy. The log-Jog 
plot shown here indicates for a variety of explosion craters and 
meteoritic craters on Earth and Moon the diameter versus apparent 
depth (i.e., distance from rim crest to exposed bottom). (Adapted 
from Baldwin 1963.) 


diameter , before it was brought to a full stop , he calculated 
the required energies and velocities to produce craters of a 
given size . See Figure 21 and Table 17. 


The first crater on Earth which was widely - although 
not universally - accepted as being of meteoritic origin was 
"Meteor Crater" or "Barringer Crater ," around which the 
Canyon Diablo meteorites were found. From its history 
which is summarized on page 381. it is quite clear that a 
wealth of scientific ideas have been tested here since 
Barringer (1905) first proposed its meteoritic nature. By a 
curious coincidence the next half a dozen craters were all 
recognized in the ten years between 1928-1937 , since 
which time only one crater, Wolf Creek, associated with 
meteoritic debris has been reported.* However, other, more 
ancient craters without meteorites have been discovered 
since the 1950s due to a concerted effort particularly by 
Canadian scientists (see, e.g., Hartmann 1965 ; De nee 
eta!. 1968; Freeberg 1969). At least 16 craters on the 
Canadian shield are now well documented , many of them 
being of Pre-Cambrian age. The Charlevoix (La Malbaie) 
crater , on the north shore of the St. Lawrence River is 
35-40 km in diameter , but it is bisected by the river and 
deeply eroded, so that it was not recognized until the 
presence of shatter cones was noted (Rondot 1968; 
Robertson 1968). The Manicouagan crater in Quebec , 
which is of Palaeozoic age and now a lake , is , with its 


*In the Supplement the author has added one more such crater, 
Monturaqui. 







diameter of 60 km, one of the largest known meteorite 
craters on Earth. Its nature seems, however, still to be open 
to discussion (Currie 1972 ). 


The largest crater in Europe is Ries Kessel, east of 
Tiibingen. It is 24 km in diameter and was formed 
14.6 million years ago as indicated by several independent 
studies (Horz 1965; Preuss & Schmidt-Kaler 1969 ; Storzer 
& Gentner 1970). Lake Mien in southern Sweden is 5 km 
across and has an estimated age of 92±6 million years 
(Svensson & Wickman 1965 ; Storzer 1971 ). The smallest 
crater on Earth so far recognized is Kaalijarv, page 704 . 
The newest and perhaps largest is the 75 km Popigai Crater 
in northern Siberia (Masaitis et a!. 1972). For the entire 
Earth a total of about 50 craters over 100m in diameter can 
be said to be sufficiently well examined to warrant their 
meteoritical origin. 


If we limit ourselves to the examination of genuine 
explosion craters with associated meteorites we only have 
ten examples; see Table 18. These are Canyon Diablo, 
Odessa , Brenham, Monturaqui, Kaalij <i"rv, Wabar, Wolf 
Creek, Henbury, Boxhole and Dalgaranga, all of them very 
young geologically speaking. The meteoritic debris proves 
unambiguously that the craters were caused by iron or 
stony iron meteorites. Four of them, Canyon Diablo, 


Meteorite Craters 35 


Odessa, Monturaqui and Kaalijarv were caused by typical 
group I irons, while four were caused by typical irons of 
groups IliA and IIIB. From Table 27 we will see that group 
IIIA-B is the most common iron meteorite type, comprising 
33.1% by number. Group I comprises 14.4% of all iron 
meteorites and is the next most common. It is thus no 
coincidence that the craters were caused by these types. 
Evidently these two iron meteorite groups consititute both 
with respect to number and masses the most important iron 
meteorites of all. 


Whether the ancient craters (astroblemes), such as La 
Malbaie and Ries Kessel, were also caused by iron meteor
ites is unknown, but it appears likely. Future examinations 
of the average chemical composition of the impactites may 
contain a clue to the nature of the impacting body. In the 
meantime , the Apollo space program has just established 
instrumented stations for analyzing impact events on the 
Moon. In May 1972 the first important result was registered 
on three of the four seismographs. A meteorite impact oc
curred not far from the Apollo 14 site and the vibrations 
lasted three hours. Expectations are high that this sort of 
experimentation will also yield valuable information about 
the Moon's interior, in addition to data on the crate ring 
phenomena inself. 


Table 18. Crater-forming Meteorites 


Class Group % Ni Found Recovered Largest Smallest Main Coesite Estimated 
metallic material mass mass Crdter Stishovite Age 
kg No. kg kg diameter Glass Years 


m. Lechatelierite 


America 


Canyon Diablo , Arizona Og I 7. 1 189 1 30 ,000 20,000 639 -0 OS I ,200 C, S ,G , L 20,000 


Odessa, T exas Og I 7.4 1928 I ,000 2,000 135 -0.05 165 50,000 


Bre nham, Havi land , Kansas Pa\lasitc 10.8 ( \ 882) 1933 5.000 2,000 2 10 0.005 17 X II > 5,000 


Monturaqul, Chile Og I 7.8 1965 Only fu lly oxid i1.cd fragme n ts 375 c > 100 .000 


Europe 


Kaalij:irv , Estonia Og I 6.6 1928 0.2 25 O.D38 0 .002 110 5,000 


Asia 


Wabar, Arab ia Om IliA 7.4 (1887)1932 2,500 25 2,170 O.D3 100 C,G < 5,000 


Australia 


Wolf Creek Om 1\IB 9.2 1947 < I \0 0.1 O.D2 900 > 100 ,000 


Henbury Om IliA 7.6 193 1 1.200 2.000 225 O.D2 180 X 130 G <5,000 


Boxhole Om IliA 7.7 1937 500 500 167 O.D2 170 5,000 


Da\garanga Mesoside rite 8 .8 1923 2 300 0.06 0.002 21 25,000 


The Brenham and Dalgaranga craters are probably not true craters but impact holes similar to the impact holes of the Sikhote-Alin shower. 
Morasko, page 836, may belong to the crater-forming meteorites but is not yet sufficiently well examined. The preatmospheric mass of all 
these meteorites was no doubt larger than any of the masses listed in Table 20: Largest Iron Meteorite. 








CHAPTER FIVE 


Statistical and Historical Notes 


If a meteorite is seen and heard to fall and for this 
reason is detected and collected, it is called a fall . A find on 
the contrary is a meteorite which is picked up and 
identified because of its appearance and composition. 
Table 19 displays the appropriate characteristics; further 
details will be found in Table 23. 


Table 19. Number of Meteorites, as of January I, 1972. 


Falls % Finds % Total % 
-


Chondrites 574 85.1 456 44.9 1,030 60.9 
Achondrites 60 8.9 10 1.0 70 4.1 
Stony·Irons 9 I.3 50 4.9 59 3.5 
Irons 32 4.7 500 49.2 532 31.5 


--- --· -- -- --
675 100.0 1,016 100.0 I ,691 100.0 


These data do not claim a high degree of accuracy, 
collected as they are from sources of widely varying 
authenticity and age. I do, however, believe that they 
represent an improvement over presently available statistics, 
particularly when considering stony iron and iron meteor
ites. Important alterations relative to Hey ( 1966) are 
summarized in Appendices 3 and 4, from which it may be 
seen at a glance that numerous dubious falls, synonyms, 
pseudometeorites and unsubstantiated reports have been 
eliminated. The total number of iron meteorites has been 
reduced from 594 (Hey 1966:xv) to 532, while the total 
number of iron meteorite falls has been reduced from 43 to 
32. The following/ails have been discredited: 


Elbogen, Gundaring, Helt Township, Majorca, Mariaville, 
Para de Minas, Patos de Minas, Puerto de Arauco, Tandil , 
Victoria West, Winburg and Calderilla. The reasons are given 
under the individual descriptions, and it is shown that 
Tandil is certainly, and Majorca possibly, a pseudometeor
ite! Eighteen other falls listed as doubtful by Hey, e.g., 
Deep Springs, Rafriiti and Signal Mountain, have been 
shown to be finds. On the other hand, it appears that 
Annaheim, previously labeled a find, is qualified to be 
included among the falls. 


Considerable changes in the Hey data are particularly 
apparent in the number of finds. Seventy-eight iron 
meteorites (Appendix 3) have been shown to have no right 
to separate classification. Another nine doubtful irons have 
been definitely proved to be pseudometeorites (Appen
dix 4). The reasons for these conclusions are given in the 


appropriate places in the book. This "loss of meteorites" is 
partly counterbalanced by a number of new meteorites, not 
listed in Hey. These are of two kinds: (i) specimens known 
for some time, not previously recognized as individual iron 
meteorites but believed to be samples of well-known 
meteorites: 


New iron meteorites Weight Previously considered 
kg part of 


Augusta County 76 Staunton 
Babb's Mill, Babb's Mill, 


Blake's Iron 135 Troost's Iron 
Bushman Land 3.0 Gibe on 
Gay Gulch 0.5 Klondike 
Karasburg 11.6 Gibe on 
Paneth's Iron >100? Toluca 
Sand town 9.4 Joe Wright Mountain 
Skookum Gulch 15.9 Klondike 
Smithsonian Iron 3.6 Coahuila 


(ii) specimens recognized after the printing of Hey's 
catalog (1966), e.g., Juromenha and Zerhamra. 


The irons in Appendix 2 are insufficiently known for a 
variety of reasons. They were (i) recently found, e.g., 
Aprelskij and Seymchan; (ii) poorly described although 
found long ago, e.g., Armanty and Barbacena; (iii) never 
subjected to a close study, either because they were 
zealously guarded, part of a private collection, or con
sidered too small for a useful study, e.g., Cabin Creek, 
Hraschina, Cleburne and Albuquerque; (iv) lost before they 
could be described, e.g., Jalandhar and Lebedinnyi; or 
(v) thoroughly oxidized, thus preventing classification, e.g., 
Coldwater, Dorrigo and Lucky Hill. 


Evidently iron meteorites of categories (i)-(iii) will 
eventually find their proper place in the statistics. From my 
cursory knowledge of the material listed in Appendix 2, I 
would estimate that about 40% belong in these categories 
and will eventually attain status of individual well
documented meteorites. 


Little can be accomplished with the remaining mate
rial, of categories (iv) and (v). Some corroded specimens 
may be studied and classified, although only little metallic 
material is left. This was the case with, e.g., Ider, Wolf 
Creek and Kaalijiirv, which were previously considered too 
corroded for any conclusive work. For the purpose of 
statistics, the number of iron meteorites in Table 19 is 
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taken as the 480 well-documented irons in Appendix 1 plus 
40% of the 129 insufficiently known irons, listed in 
Appendix 2. 


As is apparent from Tables 10, 19 and 23, the number 
of meteorites reaching the Earth per year is small. For 
irons, comprising only 31 falls between 1835 and 1973, the 
number is in fact so small that meaningful statistical 
analyses are largely ruled out. The 31 registered falls 
correspond to one every 4.5 year, or said in a different 
way: Out of 17 new falls, only one is an iron. Finds of iron 
meteorites are, however, common because once discovered 
the samples are not often discarded due to their interesting 
appearance and density which often makes the finder 
believe that he has discovered an iron ore or a silver nugget. 
For examples, the reader is referred to the individual 
descriptions, such as Augusta County, Billings, Hayden 
Creek, Jackson County, Seelasgen and Smithland. While 
irons are the easiest to recognize among meteorites, 
achondrites stand at the opposite end of the spectrum: The 
data in Table 23 indicate that achondrites are similar 
enough to terrestrial rocks to pass largely undetected, 
unless found immediately after an observed fall. 


Some Statistics on the Frequency of Falls 


Although falls have been reported - and partially 
preserved - since medieval time, e.g., Elbogen and 
Ensisheim, we will for our purpose limit ourselves to the 
rather well-documented recent periods. Sorting, for 
example, the material from 1871 to 1970, and excluding 
false, unsubstantiated reports, we end with the following 
number of falls per decade : 


1871-80 54 1921-30 71 
1881-90 40 193140 73 
1891-1900 
1901-10 
1911-20 


47 
54 
55 


1941-50 58 
1951-60 49 
1961-70 48 


This makes a total of 549 falls, or 5.5 falls per year, on the 
average, over the inhabited parts of the Earth. The surface 
of the Earth is 510 X 106 km 2 ; of this roughly 30% or 
149 X 106 km2 is land, and of this again roughly 
70 X 106 km2 has a population density above one inhab
itant per km2 . This appears to be the minimum require
ment for the reporting of meteorites. By recalculation, we 
find that the total of 549 falls in a 100-year period 
corresponds to a frequency of 0.08 falls per year per 
106 km2 inhabited surface. 


This is, however, a minimum estimate since we know 
of provinces with far better yields of meteorites. From the 
World Maps (Buchwald 1968a) it may be readily seen, e.g., 
that Western Europe, North India and Japan have contrib
uted relatively many more meteorite falls than, e.g., North 
Europe, South India and Australia. Common factors in 
countries with a high rate of reported meteorite falls are a 
high population density and a good education and informa
tion level. China makes a surprisingly low figure in the 
statistics; in spite of a large area and population, only a 
total of ten meteorites have been reported and examined. 
Some other factors, such as superstition or entire lack of 
interest, seems to play a role in connection with meteorite 
recovery. But China has, of course, remained an enigma to 
the West in other respects also. 


We will choose three widely separated regions for a 
closer study. 


1. A selected, densely populated area of 106 km2 in 
North India, comprising essentially the Indus and Ganges 
plains, has in the period 1861-1940 yielded 41 falls: 
Butsura 1861, Manbhoom 1863, Gopalpur 1865, Supuhee 
1865, Pokhra 1866, Khetri 1867, Moti-ka-nagla 1868, 
Dyalpur 1872, Nagaria 1875, Bhagur 1877, Dandapur 


Table 20. The Largest Iron Meteorites 


·Class Group % Ni Found 


Hob a D IVB 16.4 1920 


Cape York Om IliA 7.9 1894 


Campo del Cielo Og 6 .7 1803 


Armanty 0 9.1 ( 1900) 


Chupaderos Om IIIB 9.9 ( 1872) 


Sikhote-Alin Ogg JIB 5 .9 F: 1947 


Mundrabilla Om A nom 7.5 1911 


Bacubirito Off A nom 9.7 1863 


Gibe on Off IVA 7.9 1838 


Mbosi Om A nom 8.7 1930 


Willamettc Om IliA 7.6 1902 


Morito Om IliA 7.6 1619 


Cranbourne Og 7.0 1853 


Santa Catharina A nom A nom 35.3 1875 


Bcndcgo Og A nom 6.5 1784 


Total Long axis of 
ton No. dispersion 


60 


58 


> 30 


30 


24.3 


>23 


22 


22 


21 


16 


14.1 


10.1 


8.5 


7.0 


5.4 


> 8 


> 20 


> 5 


> 400 


> 8 


8 1 


II 


> 10 


ellipse, km 


> 12 


75 


40 


2 


25? 


275 


23 


0.2 


60 


30.9 


18 


30 


14.1 


1.75 


16 


22 


0.65 


16 


14.1 


16.1 


3.5 


2.56 


5.4 


Largest masses , ton 


2 3 


20.1 


4.2 


6.8 


1.00 


6 


0.60 


1.5 


1.5 


3.4 


2.0 


3.3 


0.70 


0.0001 


0.53 


1.25 


0.45 


Smallest masses. kg 


4 5 


1.66 


0.5 


35 


0.01 


0.10 


11.5 


24 


2 


0.29 


0.4 


0.1 


0.001 


0.07 


0.20 


6.8 







I878, Haraiya I878, Andhara I880, Pirgunje I882, 
Chandpur I885, Bherai I893, Ambapur Nagia I895 , 
Bishunpur I895 , Delhi I897, Gambat I897 , Sindhri I90I, 
Bholgati I905, Karkh I905, Vishnupur I906, Chainpur 
1907, Khohar I9IO, Mirzapur I9IO, Visuni I9I5, Ekh 
Khera I9I6, Rampurhat I9I6 , Sultanpur I9I6, Garhi 
Yasin 1917, Ranchapur I9I7, Atarra I920, Merua I920, 
Haripura I92I, Shikarpur I92I , Jajh deh Kot Lalu I926, 
Khanpur I932, Bahjoi 1934, and Ramnagar 1940. This 
corresponds to O.SI falls per year per I 06 km2 . Of the 
recorded falls, only two were iron meteorites , Garhi Yasin 
and Bahjoi. We could extend the statistics over a longer 
period of time , both before 1860 and after 1940. It 
appears, however , that the reporting of meteorites was 
particularly good under the British government ; and since 
we are presently searching for the highest reported fre
quencies, in India, we will limit ourselves to the period 
I86I-I940. 


2. Japan has between I827 and I964 yielded the 
following I8 meteorites: Yonozu I837, Kesen 1850, Sone 
I866, Otomi I867, Takenouchi I880, Fukutomi 1882, 
Kyushu I886 , Higashi-Koen 1897, Nio I897 , Okano 1904, 
Kijima I906, Gifu I909 , Tomita 19I6, Tane I9I8, 
Kushiike I920, Numakai I925, Kasamatsu I938, and 
Okabe I958. Of these, one was an iron meteorite; Okano. 
Averaged over Japan's 368,000 km2 we find 0.36 falls per 
year per I0 6 km 2 . 


3. Finally , we will examine a small area of 
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75 ,000 km2 , covering the densely populated Po Valley and 
part of the adjoining Alpine and Apennine Mountains. 
There were I2 falls between I750 and I970: Albareto 
I766, Borgo San Donino I808, Renazzo I824, Cereseto 
I840, Trenzano I856, Alessandria I860, Motta di Conti 
I868 , Alfianello I883, Valdinizza I903 , A vee 1908, 
Vigarano I9IO , and Piancaldoli I968. Of these, one was an 
iron meteorite , Avce . On the average we then have for 
Northern Italy 0.72 falls per year per 106 km2 . But are we 
at all allowed to make statistical deductions from such 
heterogeneous series of data? Note that no falls were 
recorded between I9I 0 and I968. 


From the available material it is thus probably hazard
ous to try to wrest more information. We have, however , 
learned the same lesson as from the bulk data: that iron 
meteorites are rare as falls, having provided two out of 4I 
in India , one out of I8 in Japan, and one out of I2 in 
North Italy ; i.e. , on the average, one iron out of I8 falls , 
while from the bulk data we arrived at one out of I7 falls . 
We have also deduced a fall frequency for meteorites in 
general, ranging from 0.36 to 0.72 per year per I0 6 km2 , 


corresponding for the Earth as a whole to I82-365 falls per 
year. If we assume that the Italian data are the best 


available, we evidently have to expect one fall every day 
some place on the surface of the Earth. In these statistics 
we have solely relied upon meteorite falls that left tangible 
material; i.e., more than I 0 grams were collected after each 
fall. We have also assumed that at least some people were 
watching day and night so that nothing escaped our notice. 
If we suppose that the watch was insufficient eight hours a 


Table 21. The Smallest Iron Meteorites 


Class Group % Ni 


Wedderburn D IIID 23.1 


Freda D IIID 23 .I 


De he sa D ? ? 


Follinge Off IIID 18.I 


Linville D Anom 16 


Gay Gulch Opl Anom I5.I 


Kofa Opl Anom I8.3 


Britstown Opl IIA I8 ? 


Wathena H IIA 5.5 


York Om IliA 7.7 


Maldyak Om IIIAB 8.9 


Mount Ouray Om liD 10.1 


Neptune Mts. Og I 7. I 


Anoka Of IIIC 11.8 


A vee H IIA 5.5 


Joel's Iron Om IIIAB 8.6 


Found Mass 
grams 


195I 2IO 


19I9 268 


I868 280 


I932 400 


1882 442 


I90I 483 


(1917) 490 


(I9I 0) 544 


1939 566 


1878 835 


I939 992 


1898 1,000 


I964 I ,070 


1961 I , I08 


F : 1908 I,230 


1858 1,323 


Dimensions 
em 


5 X 3.6 X 2.6 


4.5 X 4.0 X 3.0 


5x5x3 


7.4 X 4.5 X 3.0 


6.5 X 3.8 X 3.5 


6x5x4 


8x7x 2 


9x6x5 


8x4x4 


8.5 X 7.5 X 4 


8 x 6x5 


7x7x6 


IO X 6.5 X 5 


12 x 9.5 x 7 (max) 


IIx6x5 


IIx7x5 


Shape 


Ovoid, smooth 


Nose shape, smooth 


Irregular pyramid 


Ovoid, smooth 


Cone 


Ovoid, smooth 


Lenticular, smooth 


Angular, knobby 


Ovoid, smooth 


Angular, regmaglypts 


Angular 


Spherical , smooth 


Angular, regmaglypts 


Angular, regmaglypts 


Crescent , regmaglypts 


Ovoid, regmaglypts 


Corroded 0-3 
(3 = severe corr.) 


Artific. reheat. 


I 


3 


2 


3 


2 


1 


0 
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Figure 21A. Map of Africa south of 15° S showing all known meteorites: 23 stones, 22 irons and two stony irons. The number of recovered 
meteorites is proportional to the population density, the educational level and the intensity of farming. 


day, the total n urn her of falls per year should be corrected 
upwards a factor of 24/16 = 1.5, yielding a total of about 
5 50 falls per year. 


Of the 365 or 550 yearly falls, those falling over 
Oceans and uninhabited regions are, of course, immediately 
lost; i.e., we are left with only 14% of the potential 
meteorite sources, or a total of 50 (75). Of these only 5.5 
on the average are brought to the attention of scientists, a 
rather discouraging result. 


For comparison, it is interesting to note the results of 
the automated Prairie Network, discussed page 17. This has 
so far, in seven years of operation, recovered only one 
meteorite (Figures Ia, 1 b), much less than originally antici
pated (McCrosky & Ceplecha 1969). If we assume that the 
Network has effectively covered 106 km2 , eight night hours 
on the average, we get a fall frequency of 0.43 per year per 
106 km 2 . This is the roughest approximation of all with 
statistics based on only one recovered fall. However, the 
result appears to lie close to the values found above from 
statistics based upon falls through one or two centuries over 
widely separated regions. We are probably allowed to 
conclude cautiously that the frequency of meteorite falls 


within the last 200 years has largely been constant over the 
Earth, and that, to a rough approximation, we may expect 
one fall per day somewhere on the Earth. 


For information of the size of falls and finds the reader 
is referred to page 27 and to Tables 20 and 21 which are 
self-explanatory. 


On the Use of Meteoritic Iron by Our Ancestors 


It is quite interesting to note that only a few iron 
meteorites are known from the Old World, while they are 
common in North America, Mexico, Chile, South Africa 
and Australia. See, for example, the World Map, published 
by Buchwald (1968a). The reason is not difficult to find. 
The countries of the Old World which have for countless 
generations been tilled and exploited, have already yielded 
the majority of the meteorites accumulated through the 
ages. The iron meteorites have no doubt been utilized by 
prehistoric man in Europe, either by chipping and cold 
hammering, by forging or by remelting, and most of this 
activity has gone unrecorded. An example of the fate of an 
iron meteorite is revealed by the story of Hraschina in 
1751, where one of the two recorded fragments was 
entirely lost soon after the fall because of the activity of 
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Figure 22. A medieval (?) adze blade (5 35 grams) exhibiting 
damascene pattern on the polished and etched surface. Microprobe 
examination indicates that the adze was produced by forging 
alternating layers of mild steel and meteoritic, probably hexahe
dritic, material. The adze was excavated in Central Sweden and is in 
private possession. Scale bar approximately 3 em. 


Figure 23. Examples of worked iron meteorites of known origin. A 
fo~ged plate of Lenarto, a coldhammered wedge of Bacubirito, a 
forged finger ring of Gibeon, and a triangular slab of Toluca with 
the initials AB, probably those of Aristides Brezina. The specimens 
are now in the Vienna Museum. Scale bar in centimeters. 


blacksmiths. Elbogen was apparently exposed to the fire of 
a medieval blast furnace, but miraculously survived, while 
Bitburg, Magura and Netschaevo were almost entirely lost. 


In Appendix 5, 94 iron meteorites which have been 
exposed to artificial reheating and working are listed. It is 
important to note that such reheating may have taken 
place (Buchwald 1965a; 1968d). Particularly when estimat
ing the effect of cratering impact and of collisional shocks 
in general, it is necessary to bear in mind that man's 
curiosity has often led him to reheat the meteorites, 
without leaving any record of this experiment for future 
generations. Since the structures which are produced by 
artificial reheating are deceptively similar to some genuine 
structures from shock reheating, one has to be extremely 
careful. Sometimes the artificial reheating effectively de
stroyed the original cosmic structures, causing great confu
sion. The classifying term "nickel-poor ataxite" which has 
been used for generations (Cohen 1903d: 1; Hey 1966: xix) 
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is, thus, superfluous since the class is very heterogeneous 
and mainly based upon the erroneous interpretation of 
damaged hexahedrites (e.g., Chesterville, Cincinnati, Locust 
Grove and San Francisco del Mezquital) and coarse 
octahedrites (e.g., Campo del Cielo). 


The 94 reheated meteorites constitute no less than 18% 
of all iron meteorites. This is a surprisingly large percentage 
and indicates the eagerness and curiosity with which our 
forefathers utilized the costly material. However, it is not 
generally accepted that the percentage is so high. Perry 
(1944: 71), an authority on iron meteorites, thus stated 
after a thorough examination of many meteorites: "We 
may fairly conclude that artificial metabolites, though 
perhaps sometimes produced, are rare." 


Often, only a fragment of the whole mass has been 
reheated. In other cases, one or two masses of a shower 
have been maltreated, while the remainder has escaped. It is 


Figure 24. Artificially reheated structure of a near-surface section 
of the Tucson (Carleton) meteorite, U.S.N.M. no. 757. Decomposed 
limonitic products (gray), with metal particles (white), and brec
ciated silicates (black). Polished, unetched. Scale bar 50 J.t. 


Figure 25. Artificially reheated structure of Ssyromolotovo (Chicago 
no. 1148). The limonite in a corroded crack has partially decom
posed into a lacework pattern, and tiny metallic particles have 
precipitated within the limonite. Polished, unetched. Scale bar 10 J.t. 
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unusual for museum labels to state that a particular sample 
has been artificially reheated, so one normally has to detect 
the damage oneself. In my experience, the damage is best 
revealed on a near-surface section with corrosion products. 
The sample is initially examined in the polished state, and 
the interfaces between the corrosion products and the 
meteoritic minerals are closely studied. Even brief reheat
ings above 550-600° C will alter the limonitic products; 
usually tiny ~-1 J1 metallic particles will precipitate in 
them, and the kamacite-limonite interfaces will acquire a 
lace-like structure. At 800° C and above, oxidation will 
create an intercrystalline attack along the austenite grain 
boundaries. At 900° C and above , the sulfides will react 
with oxygen and form low-melting quaternary eutectics, 
such as Fe-Ni-S-0 . At 1000° C and above, the phosphides 
will melt. 


On the etched sections, additional information is to be 
gained. The kamacite matrix will, if heated above 750° C, 
transform to fine-grained austenite , which upon cooling 


Figure 26. Artificially reheated structure of Yanhuitlan (fempe 
no. 129a). Recrystallization and daubreelite exsolution in troilite 
nodule at 700-800° C. Polished ; crossed polars. Scale bar 80 ll· 


Figure 27A. Artificially reheated structure of Burlington (U.S.N.M. 
no. 978). Above original kamacite lamella, below original taenite 
lamella. Both are transformed to unequilibrated a 2 structures due to 
reheating around 1000° C. Polished, etched. Scale bar 100 ll· 


will transform to the serrated, unequilibrated o:2 . This 
structure is , in principle, similar to the heat-affected rim 
zone from atmospheric flight and may be confused with it. 
However, proper evaluation of the other components of the 
structure, the thermal gradient and the depth below the 
surface will usually allow one to distinguish between the 
two kinds. 


Parallel ghost-lines indicate unidirectional forging and 
insufficient homogenization, seen in, e.g., samples of 


' 


Figure 278_ Artificially reheated sample of Odessa. This particular 
slice was heated in air to 850° C for 60 minutes, then air cooled. 
Below an exterior layer of hexagonal hematite, Fe 2 0 3 (H) , follows 
cubic magnetite, Fe3 0 4 (M). The next layer, which at 850° was 
wiistite, FeO, decomposed partially on cooling to magnetite (W+M). 
The magnetite precipitated as skeleton crystals in gra in interiors and 
as rims along interfaces and grain boundaries. Between the wiistite 
layer and the unoxidized meteorite there is a transitional layer (f) 
with fine metallic particles. Except for layers H and T, the zones 
resemble those of fresh, uncorroded falls. Etched. Crossed polars. 
Scale bar 20 ll · 


Figure 28. Artificially reheated structure of Toubil River (Moscow 
no. 2485). Reheating to about 1000° C has melted the schreibersite 
and caused fine-grained eutectics (spotted vein across the section). 
The kamacite has been transformed to a 2 , but the reheating was 
insufficient to dissolve the precipitates along the Neumann bands. 
Etched. Scale bar 80 ll· 







Figure 29. Artificially reheated structure of Rodeo . (fempe 
no. lOlax). A central schreibersite vein with 2-10 JJ. wide, diffuse 
reaction zones against kamacite , and with spheroidized limonitic 
inclusions. The kamacite has been transformed to a 2 • Estimated 
peak temperature 800-900° C. Etched. Scale bar 30 JJ.. 


Campo del Cielo, Prambanan, Babb's Mill (Troost's Iron) 
and Cacaria. Recovery - i.e., unexpectedly low hardnesses 
- and incipient recrystallization indicate the mildest 
damage, from heating to 400-750° C, and these effects, 
taken alone, are difficult to ascribe definitely to artificial 
reheating. Again, however, if other features are considered, 
particularly the corrosion products and the exterior shape 
and damage, it is usually possible to arrive at a cop.clusion 
as to the cause of the anomalous structures and mechanical 
properties. 


Finally, cold-worked meteorites are very common ; the 
damage is normally superficial and adjacent to flat ham
mered, chiseled and torn surfaces. In several cases it is, 
however, difficult to distinguish between artificial damage 
and the deformation that occurred in the atmosphere when 
- or if -- the meteorite fragmented and produced a shower. 


Statistical and Historical Notes 43 


Figure 30. In a laboratory experiment, a small corroded Odessa 
sample was reheated in the air to 850° C for 60 minutes. The 
,limonite partially decomposed, segregating fine metal globules 
(white), and the interfaces with kamacite (above) and taenite 
(below) were altered to lacework structures. The effect was already 
visible but not very pronounced after 10 minutes at 650° C. 
Polished. Oil immersion. Scale bar 20 JJ.. 


It is often maintained that distorted Widmanstiitten 
lamellae and other signs of local cold-work are caused by 
the meteoritic impact with the ground. I have only been 
able to detect few significant examples of this postulated 
damage. If cold-work is present it is usually (i) of preterres
trial cosmic origin, (ii) caused by the fragmentation in the 
atmosphere or (iii) caused by artificial working. In some 
cases, when large meteorites impacted with high velocities, 
e.g., Sikhote-Alin, the broken and fragmented masses may 
be found quite close together in the impact holes, suggest
ing that the final fragmentation and superficial cold
deformation occurred at the time of impact. This impact 
deformation is, however, the exception rather than the rule. 
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CHAPTER SIX 


Shapes and Surface Characteristics 


Shapes and Sizes 
Since the great majority of iron meteorites are finds 


(see page 37) , it might be feared that their ablational sculp
ture is greatly modified by terrestrial corrosion. An attempt 
has been made in this study to assert the importance of 
corrosion. In Appendix 1, the last column indicates whether 
the heat -affected a 2 zone, page 51 , and the fusion crust are 
preserved. If this is the case, one may confidently assume 
that less than 2 mm of the exterior has on the average been 
lost by weathering. That is, the meteorites display in all 
major features their external shape as it was immediately 
after the fall. An analysis of the data shows that of 480 iron 
meteorites, 146 display both fusion crust and a 2 zone, 
while 230 display only a 2 zones. In other words roughly 
half of the known irons are only insignificantly corroded , 
and their shapes may be taken as a true representation of 
the form they had immediately after landing . 


Inspection of these some 200 iron meteorites gives the 
impression of an almost endless variety of shapes . See 
Table 22. 


Further details and some photographs of the shapes 
and sizes will be found in the individual descriptions. Only 
a few generalizations will be attempted here . 


Our main interest in the shape and size of the 
meteorites is perhaps due to our curiosity about their 
preatmospheric shape and size. These data are absolutely 
unknown and can, at the moment, only be attained by 
judicious evaluation of the surviving masses. For cosmic ray 
studies, it is imperative to know the degree of shielding; i.e., 
to know how much iron was superimposed upon the 
present meteorite in space but was ablated away in the 
atmosphere. For the same reason it is also necessary to 
know whether an analyzed sample comes from a primary or 
a secondary, i.e. , a fragmentation surface from atmospheric 
flight. 


Since we know that a significant thickness (1-4 mm/sec) 
is ablated away in flight , it is best to examine large iron 
meteorites which have lost proportionately least mass first. 
Bacubirito and Mbosi display tabular, flattened shapes 
which apparently are a true representation of their cosmic 
shape. Campo del Cielo, Cape York, Tucson and Chupa
deros were probably also tabular originally but burst in the 
atmosphere to produce more or less angular fragments. 


Another shape which must be quite common in space 
is the angular, pyramidal shape, perhaps bounded by 
mineral-rich fracture surfaces of octahedral, dodecahedral 


and hexahedral orientations. Some of these oriented faces 
have survived ablation surprisingly well in, e.g., Quesa, 
Repeev Khutor, Calico Rock and Edmonton (Canada). In 
the latter two , adjacent cubic faces are barely rounded. 


With more effective ablation (higher velocity and 
longer trajectories) the original angular shapes are severely 
altered. If the meteorite acquires a stabilized flight , an 
original pyramidal apex may assume the shape of a more or 
less perfect cone, as is the case for Morito, Willamette, 
Tamentit, Zerhamra, Grant , Oakley and Quinn Canyon. 
This, of course, requires that the meteorite was oriented at 
entry with the pyramidal apex in the flight direction. 
Morito, Grant and numerous others display prominent 
flight markings that support the supposition of oriented 
flight. The regmaglypts on the skirt of the cone are 
elongated and radiate away from the apex. Along the edge 
between the cone and the rear side spilled- over ablation 
melts may be observed. The flat rear sides are only slightly 
ablated and probably represent the best known approxima
tions to preatmospheric surfaces. 


Cones may also be carved from angular fragments that 
were produced in flight. It is thus remarkable that beautiful 
low cones are known from the shower- and crater
producing meteorites, Sikhote-Alin, Wabar and Henbury. 
The cone-shaped Sikhote-Alin masses were obviously pro
duced by early fragmentation and long independent flights 
of perhaps 30 km. 


The cone-shaped masses from Wabar and Henbury 
require special attention, since the bulk of these meteorites 
were lost by cratering impact. The cones cannot just be 
bombshell fragments from the explosion; these, which may 
also be found at the impact site, are entirely different in 
appearance. The cones must be near-surface parts on the 
original body that separated high in the atmosphere, 
continued in independent flight and thus escaped the 
cratering shock waves. The material is, therefore , of great 
value as complimentary to the bombshells which were 
altered during impact. For similar reasons it is believed that 
the meteorites around other prominent craters, such as 
Canyon Diablo, Odessa and Boxhole , may be divided into 
two categories, one which had independent flights and 
suffered little shock alterations and one which represents 
shock-altered surviving explosion fragments . 


Some of the more curious shapes have undoubtedly 
been produced by bursting in the atmosphere. This is true 
of the "icicles" of Glorieta Mountain and the "crossed 
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fingers" of Sikhote-Alin, which represent fragments sep
arated along phosphide-filled octahedral grain boundaries. 
The small masses of the Mundrabilla shower obtained their 
remarkable shapes by splitting along troilite-filled austenite 
grain boundaries and subsequent ablation. It is likely that 
the ring shape of Tucson was produced when a large 
flattened fragment separated along the flow-lines of 
oriented silicate inclusions across which the coherence was 
low. Kokstad-Matatiele form another ring which, however, 
broke late in flight. The jaw-like Hex River and Mount 
Magnet masses are probably remnants of rings, the remain
ing parts of which were never found. 


If the falling meteorite keeps tumbling, it will probably 
ultimately acquire angular-equixial shapes and, if the 
trajectory is long, perhaps occasionally approach the ovoid 
or spherical shape. 


Ellipsoidal shapes with numerous variations are more 
common, however. Among these the huge zeppelin-shaped 
Babb's Mill (Blake's Iron) is remarkable and difficult to 
understand. Discoid masses and ovoid masses are quite 
common, but generally small, below 15 kg. The seven 
smallest iron meteorites (see Table 21) are ovoid or 
lenticular and quite smooth, with only occasional regma-


Table 22. Shapes of Well-preserved Iron Meteorites 


Approximate shape 


Airfoil 


Shield or very low cones 


Low cones 


High cones 


Spheroidal, or with spheroidal parts 


Drop or pear 


Crescent shape 


Oblate lenses (discoid) 


Prolate lenses (ovoid-cylindrical) 


Tongue shape 


Large, flat 


Large, Ear shape 


Thin, flat plates 


Elongated, prismatic 


Dumbbell shape 


Foot shape 


Octahedral, pyramidal 


Hexahedral, cubic 


Angular, irregular 


Same, Reentrant angles, irregular in the extreme 


Spikes, icicles 


Rings, imperfect rings 


Bombshells, twisted slugs, often slicken-sided 


Examples 


Costilla Peak, Jamestown, Nelson County, Sacramento Mountains, 
Seneca Township, Wood's Mountain 


Cabin Creek, Davis Mountains, Ilimaes, Iron Creek, N'Goureyma, 
Murnpeowie, Oakley, Roebourne, Sikhote-Alin (1745 kg), Tamentit 


Chebankol, Hen bury, Hraschina, Quinn Canyon, Reed City, 
Uegit, Wabar, Zerhamra 


Freda, Grant, Linville, Morita, Repeev Khutor, Serrania de Varas, 
Surprise Springs, Willamette, Withrow 


Bogou, Briggsdale, Durango, Hassi-Jekna, Keen Mountain, Mount Ouray, 
Muzzaffarpur, Roe bourne 


Bingera, Boogaldi, Charlotte, Puerta de Arauco, Uwet 


A vee, Bushman Land, Morradal 


Ballinoo, Colomera, Hill City, Kofa, Okano, Washington County 


Babb's Mill (Blake), Follinge, Juromenha, Lonaconing 


Nedagolla 


Chupaderos, Campo del Cielo, Mbosi 


Bacubirito, Tucson (Carleton) 


Arlington, Bingera, Tawallah Valley 


Guffey, New Leipzig, Osseo, Zacatecas (1792), Kopjes Vlei 


Savannah 


Bald Eagle, Signal Mountain, Warburton Range 


Lazarev, Novorybinskoe , Quesa, Rowton, Samelia, Sikhote-Alin, 
San Francisco Mountains 


Boguslavka, Calico Rock, Edmonton (Canada) 


Bruno, Canyon Diablo, Cape York, Gibeon, Hoba, Juncal , Kayakent, 
Neptune Mountains, N Kandhla, Sikhote-Aiin, Treysa, Youanmi 


Bahjoi, Cruz del Aire, Edmonton (Ky.), Gibeon, Glorieta Mountain, 
Mesa Verde, Mungindi, Sikhote-Alin, Silver Crown, Tazewell, 
Thule, Thunda 


Glorieta Mountain, San Cristobal 


Hex River, Kokstad, Mount Magnet, Tucson (Ring) 


Canyon Diablo, Hen bury, Imilac, Sikhote-Alin 
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Figure 31. The large, ear-shaped Bacubirito mass is presently exhibited in Culiacan, Mexico. It is 4.2 m long and may be estimated to weigh 22 
ton. The white ruler measures 15 em. 


Figure 32. Morito, an eminent 10.1 ton cone-shaped meteorite, on 
display in Mexico City. Height of cone 105-110 em. Width in two 
perpendicular directions 190 and 140 em. Note the oriented 
regmaglypts. 


glypts. Transitional stages are represented by pear-, tongue
and crescent-shaped masses. 


Completely anomalous are the two thin plates of 
Tawallah Valley (76 kg, ~ 6 em thick) and Arlington (9 kg, 
2.5 em thick). They are probably best understood as 
spallation products from a preatmospheric collision. The 
almost whole plates miraculously survived entry without 


bending or showing any signs of distortion, probably due to 
a low angle, coasting trajectory. 


Regmaglypts 


A specific hallmark of an iron meteorite are the 
regmaglypts. For some historical notes, see page 1002 and 
Berwerth (1909). Regmaglypts are thumb-like pits carved 
into the surfaces by turbulent supersonic airstreams during 
the atmospheric flight. Stones show them occasionally but 
not to the perfection seen in irons. Although they vary in 
shape and size, when well developed, they usually have a 
diameter about a tenth of the meteorite itself, measured in 
a direction perpendicular to its movement. The ratio of 
diameter to fmal mass is particularly well displayed on a 
selection of samples from large showers, such as Glorieta 
Mountain and Sikhote-Alin. No doubt the relative size and 
shapes of the regmaglypts must be of more than casual 
interest to the physicist or engineer who is engaged in the 
study of supersonic airflow. For example, when examining 
the shape of regmaglypts, one is left with the impression 
that the majority of iron meteorites for some reason travel 
in such a position that they encounter the resisting air 
broadside; i.e., in a maximum-drag orientation. Since, as 
mentioned above, the preatmospheric shape of the meteor
ites is apparently tabular or pyramidal, the drag coefficient 
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Figure 33. This 3.85 kg Henbury specimen (U.S.N.M. no. 1492) is a remarkably well-preserved shield-shaped sample, which is almost a true 
miniature of the much larger 181 kg sample on display in the Smithsonian Institution (No. 933). This type of material probably escaped the 
cratering impact and preserves the original structures. Compare Figure 34. Vapor-coated with NH4 CI before photographing. S.l. neg. M-22c. 


Figure 34. Henbury. A collection of the curiously torn fragments 
found in thousands around some of the craters. These samples are 
severely shocked and annealed. (From Hodge-Smith 1939.) Scale 
bar approximately 5 em. 


to be applied in equation 1, page 20, is rather 1.2-1.4, than 
the usually applied 0.8-1.0, which is based on the assump
tion of an initial spherical shape. 


On meteorites that tumble through the atmosphere the 
regmaglypts are more or less equiaxial in shape and evenly . 
distributed upon the different surfaces. On oriented mete
orites the regmaglypts are elongated in the flight direction 
and thus may serve to indicate the apex or the "brustseite." 
It has often been stated that the regmaglypts are caused by 
the burning of low-melting minerals, such as troilite and 
schreibersite, but this is not the case. The regmaglypts are 
usually too densely spaced and too regularly arranged to 


Figure 35. Glorieta Mountain (U.S.N.M. no. 905) . The finger-shaped " icicle" which weighs 290 g was produced by fragmentation in the 
atmosphere. S.l. neg. 31801 -A. Scale bar 3 em. 







Figure 36. Boogaldi. A smooth pear-shaped mass of 2.05 kg. (From 
Hodge-Smith 1939.) Scale bar 5 em. 


have been caused by dubious postulated inclusions or 
low-melting phases. They are more likely the result of hot, 
turbulent supersonic airstreams along the body. Numerous 
iron meteorites with almost homogeneous structures thus 
display regmaglypts; e.g., Bacubirito , Gibeon, and 
Boguslavka. 


It appears that the major part of the regmaglypts 
developed during the high velocity part of the trajectory, 
probably within a few seconds when the velocity was still 
above 10 km/sec. If such velocities are maintained down to 
the denser atmosphere below an altitude of 25-30 km , the 
regmaglypts apparently develop in profusion. This may be 
part of the explanation why regmaglypts are rare on stony 
meteorites: These have usually lost most of their cosmic 
velocity at somewhat higher altitudes. 


Boguslavka is an interesting case. At high velocity, the 
primary surfaces of the entire hexahedrite became covered 
with deep and densely spaced regmaglypts. Then, late in 
flight, the 250 kg mass split along a hexahedral cleavage 
plane, and the fracture crossed a number of regmaglypts. 
The two fragments fit together well, and it can be seen how 
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Figure 37. Bushman Land (U.S.N.M. no. 2515). A well-preserved 
3.0 kg mass with smoothly rounded parts and with a slightly 
concave side covered with regmaglypts. S.I. neg. 1532A. Scale bar 
5 em. 


the initial regmaglypts are almost unaltered in the subse
quent flight. However, the two fragments still had sufficient 
velocity for new regmaglypts to start to develop on the 
plane cleavage faces. These regmaglypts are shallow and 
broad, but otherwise resemble the mature regmaglypts on 
the primary surfaces. 


On cone-shaped bodies, e.g., Morito, Quinn Canyon, 
Cabin Creek and Hraschina, there is a marked difference 
between the regmaglypts on the tapering sides and the 
rather flat rear side. The first mentioned are deeply carved, 
with elongated grooves radiating from the apex; the last 
mentioned are shallow and about twice as wide as the 
others. Apparently the ablational power of an airstream on 
the rear of an oriented meteorite corresponds to the low 
velocity region in the last part of the trajectory. 


Many iron meteorites display confusing mixtures of 
regmaglypts and rather smooth surfaces, e.g., Bahjoi, 
Bushman Land, Durango, Hill City, Hassi-Jekna and Repeev 
Khutor. Even on very small, smooth meteorites, e.g. Avce, 
Joel's Iron and Puerta de Arauco, regmaglypt-like depres
sions may be identified. It appears that the smooth parts of 
the meteorites were the last to develop, at relatively low 
velocities between 3 and 10 km/sec. Below 3 km/sec 
probably very little ablation occurred. If this supposition is 
correct , the effectively smoothed surfaces developed on 
meteorites which, because of a low angle of entry (It'), had a 
relatively long coasting flight at velocities below 10 km/sec. 
On the other hand, fully regmaglypt-covered masses should 
have had rather steep entries with short trajectories in the 
low velocity region. 


The Atmospheric Heating and Ablation as Revealeci 
by Metallographic Examination 


Cuts perpendicular to the surface of a freshly fallen 
iron meteorite disclose fusion crusts and heat-affected rim 
zones. While the fusion crusts on stone meteorites are 
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Figure 38. Bruno. An angular mass of 12.7 kg with five major faces and a sixth smaller one, all of which have been sculptured by ablation in 
the atmosphere. Elongated regmaglypts radiate from what was apparently the apex during flight. Fine hair-lines of metallic fusion crust are 
clearly seen. NH4 Cl-coated. Scale bar 5 em. 


usually the product of simple melting, the crusts on iron 
meteorites are complex, displaying mixed melts of fully and 
partially oxidized metal. The fusion crusts are the adhering 
remnants of ablated metal from the last part of the 
trajectory left on the surface when the velocity de'creased 
below about 3 km/sec, and ablation ceased. In addition, 
some fusion and light-emission may have been caused by 
exothermal oxidation of iron in the denser parts of the 
atmosphere. The fusion crusts are, in principle, composed 
of an exterior fully oxidized, rapidly solidified nonmetallic 
melt, and an interior only slightly oxidized metallic melt. 
The oxide melts have solidified and decomposed to 


wi.istite-magnetite aggregates, while the metallic melts, 
often forming numerous crossbedded 50 J1 thin sheets, have 
solidified to dendritic-cellular aggregates, that below 700° C 
have transformed diffusionless to fine-grained martensitic 
cx2 products. They are usually hard, HV 310±50, but the 
hardness is of little informational value since ~t is widely 
scattered because of the numerous micropores and oxide 
inclusions. Also, the hardness measurements require per
fect, edge-supported samples. 


Figure 45 is a sketch of a typical ablated surface as it 
may be observed on, e.g., Bahjoi, Bogou, Juromenha and 
Yardymly. The interface between the fused layers and the 







Figure 39. The Boguslavka hexahedrite . The second largest iron 
seen to fall. The mass split along a cubic cleavage plane and 
produced two fragments of 198 and 58 kg, here restored to original 
shape. Scale bar 20 em. (Courtesy E.L. Krinov.) 


Figure 40. Boguslavka. The cleavage plane on the 58 kg mass. The 
flight was evidently sufficiently long for new shallow regmaglypts to 
be produced after splitting. Scale bar 10 em. 


Figure 41. A vee. An eminent, softly rounded crescent of 1.23 kg 
with regmaglypts on the concave side. Scale bar 2 em. 


Shapes and Surface Characteristics 51 


""' 2 CM. 


Figure 42. The stone meteorite Pasamonte (eucrite), New Mexico, 
fell as a shower March 24, 1933. The small individual shown here is 
entirely enveloped in a porous glass crust with numerous gasholes. 
This appearance is unknown in iron meteorites. NH4 Cl-coated. Scale 
bar 2 em. S.I. neg. 19755. 


unmelted meteorite is smooth on the large scale but 
irregular in details because it accurately reflects the melting 
temperatures of the phases present along the surface. 
Kamacite , with a melting point of about 1500° C, occupies 
the highest level. Taenite, which contains 30-40% Ni in 
solid solution and consequently has a 3040° C lower 
melting point, is slightly excavated, leaving grooves 10-30 J1 
deep. Schreibersite with a melting point of 1000±10° C is 
severely attacked to depths of about 1 mm below the 
kamacite surface. The major part of the melted schreibers
ite is removed and only partly replaced by other metallic 
melts from adjacent sites. Grooves caused in this way and 
resembling chisel scars are often seen on ablated surfaces as 
a result of the burning out of Brezina lamellae (See, e.g., 
Grant, Chupaderos, Hammond and Kouga Mountains) . 


If pure, the troilite has a melting point about 1190° C. 
It will usually be excavated, as shown, leaving cylindrical 
cavities with flat bottoms. Only insignificant parts of the 
melts remain in the cavities. The troi!ite immediately below 
the melted surface will usually be recrystallized. Troilite, 
with significant inclusions of graphite and silicates, will be 
quite refractory and will ablate away at a rate comparable 
to that of the metallic surface. Some meteorites which are 
anomalously rich in troilite, such as Pitts and Soroti, will 
show anomalous ablation sculptures and anomalous fusion 
crusts. 


Below the fusion crusts, a heat-affected zone follows. 
The examination of this zone is important because it 
(i) yields information of the flight characteristics and 
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Figure 43. The stone meteorite Norton County (aubrite), Kansas, 
fe ll February 18, 1948. Close-up of warts, hair-lines and gasholes in 
the glassy fusion crust. Note also the numerous fine fissures. Scale 
bar 1 em. S.I. neg. M-1360A . 


Figure 44. Mazapil (Chicago no. 1977) Above, the 100 1-1 thick 
dendritic-columnar metallic fusion crust. Below, the ex terior part of 
the heat-affected a 2 zone. Note the fissures and the re lative 
displacements in the metal, which cause the fusion crust to crack. 
Scale bar 40 IJ. 


Figure 46. Samelia (Bri t. Mus. 1927, 916) . To the left a part of the 
oxidic and metallic fusion crust. The taenite has a lower melting 
range than kamacite and is preferentially ablated. The kamacite is 
transformed to a 2 , but near taenite it is modified to bainitic 
structures due to carbon. Etched. Scale bar 40 IJ . 
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Figure 47. Mazapil (Chicago no. 1977). The metallic fusion crust 
contains numerous spherical gasholes and globular iron oxide melts. 
Polished, unetched. Scale bar 20 ~-
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Figure 45. Sketch of the ablated surface of a typical iron meteorite. Below 2 mm, structura l alterations are usually absent , and below 10 mm 
the microhardness is also unaffec ted. Not drawn to scale in de tails. 







indicates the exact dimensions of the meteorite after the 
completed flight, even if some corrosion has occurred 
afterwards; (ii) allows qualitative estimates of the terrestrial 
age of the meteorite; (iii) displays in itself a remarkable 
constancy from meteorite to meteorite, so that it may be 
used as a reference zone; and (iv) indicates that artificial 
reheating has not occurred. 


The typical heat-affected zone, as revealed by micro
hardness testing and etching, is 10 mm wide under a plane 
or slightly convex meteorite surface, Figure 45. Under 
concave surfaces, for example, at the bottom of regma
glypts, the zone decreases to below 4 mm, while under 
knobs and strongly convex surfaces the zone increases to 
thicknesses of 20 or even 30 mm. The normal10 mm wide 
zone may be divided into three easily recognizable 
subzones. 


A. The outermost 1 mm will display micromelted 
phosphides, corresponding to brief peak temperatures 


Figure48. Kalkaska (U.S.N.M. no . 3217). On cer tain parts of the 
ablated surface, intricate whirlpools of fused metal and fused iron 
oxides are deposited. Polished, unetched. Scale bar 30 J.l. 
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Figure 49. Yardymly (U.S.N.M. no. 1940). Fusion crust above. 
Heat-affected zone A with cx 2 transformation structure, micro
melted phosphides and surviving precipitates on the former Neu
mann bands. A microfissure filled with phosphide melt ex tends 
perpendicular to the surface through zone A. Etched. Scale bar 
200 J.l. 
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above 1000° C. Originally angular, the phosphides have 
now assumed subspherical shapes since, upon melting, they 
have dissolved part of the adjacent metallic walls. Fine, 
zigzagging, 1-2 J.1 wide veinlets of phosphide melts follow 
the high temperature austenite grain boundaries and have 
often caused fissures perpendicular to the surface , resem
bling hot-cracking in cast steels. The phosphide melts have 
solidified by cooling from the massive interior, as clearly 
evidenced by the direction and location of the primary 
dendrites. The remaining melts have solidified in extremely 
fine-grained eutectic structures. Spherical gasholes, 5-25 J.1 


across, have very often developed during the solidification. 
These pinholes are characteristic for the exterior zone. 


B. The outermost 2 mm, and thus comprising zone A, 
is the heat-affected zone familiar to most people. When 
etching a good polished section, it develops distinctly as a 
matte rim, following the contours of the meteorite . It is 


Figure 50. Silver Crown (U.S.N.M. no. 522) . A completely molten 
and rapidly solidified schreibersite particle. The primary dendrites 
are dispersed through the melt and line the smooth walL The melt 
finally solidified to an extremely fine-grained eutectic at about 
1000• C. Etched. Scale bar 25 !l-
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Figure 51. Washington County (Harvard no. 565). On this anomal
ous meteorite the heat-affected zone A has acquired a peculiar 
matte sheen due to a large number of microscopic pinholes. The 
shrinkage cavities (black on the photo) are located in the last 
solidifying phosphide eutectics, nearest the ablated surface. Etched. 
Scale bar 50 J.l. 
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caused by the rapid, diffusionless transformation of kama
cite to unequilibrated serrated a:2 structures: a: 4 r 4 a:2 , a 
reaction which occurs when the temperature briefly ex
ceeds 750° C. The a:2 grain size is small (5-25 f.l ) when 
produced from a shock-hardened hatched structure but 
large (50-200 f.l) when produced from an annealed structure 
or from a structure with Neumann bands. The hardness is 
almost the same, HV 190±30, whatever the initial kamacite 
structure . More important to the resultant hardness and to 
the structural details is the amount of phosphorus and 
nickel in the meteorite. Increasing amounts of these 
elements tend to increase the a:2 hardness to abo ut 250 by 
solid solution hardening. 


If carbon is also present, martensitic-bainitic zones , 
with hardnesses in excess of 350, may form . Such products 
are very common in 20-100 fJ. wide zones adjacent to 
taenite with carbon in solid solution. The taenite which 
usually stains in brown-blue colors in the interior of the 


meteorite - possibly due to a submicroscopic decomposi
tion to a:+ r - reacts differently in the rim zone . It etches 
in clear whitish colors, apparently because the a:+ r 
mixture has homogenized to pure r . Simultaneously, the 
taenite has recrystallized to polycrystalline aggregates of 
50-100 fJ. grains, each of which has imperfectly transformed 
to martensitic a:2 structures upon cooling. The resultant a: 2 


structures vary in appearance with the actual nickel 
content. Taenite with more than about 30% Ni will not 
transform to a:2 as shown by Allen & Earley (1950) and 
Kaufman & Cohen (1956), and, therefore, remains more or 
less structureless, Figure 181 . Its hardness is, however, 
usually significantly altered. 


While the a:2 zone is usually 2.0±0.5 mm wide under 
the leading surface in stabilized flight, it may increase to 
4±1 mm on the rear surfaces, see e.g., Costilla Peak, Keen 
Mountain , Serrania de Varas and Washington County. 
Under unusual flight circumstances the a:2 zone may even 
increase to 6 or 8 mm width , such as recorded in 
Chupaderos and Roebourne. On the other hand, on fracture 
surfaces which were produced late in flight, the a:2 zone 
may be very thin, for example 0.8±0.4 mm on specimens of 
Soroti , Toluca, Imilac and others. 


C. The innermost 8 mm of the heat-affected zone 
usually escapes notice. It is hardly to be seen by normal 
optical microscopy but is readily revealed by microhardness 
testing. Hardness tracks, preferably applying 50-100 g 
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Figure 52. Thule (Copenhagen no. 1955, 186). The heat-affected 300 I ~ 
rim zone B is seen as a smoothly curved, matte exterior zone. Its 
matte appearance is due to kamacite having transformed to 
unequilibrated a 2 whenever the temperature briefly exceeded 
750° C. Etched. Scale bar 3 mm . 


Figure 53. Mazapil (Chicago no.1977). A detail of the heat-affect
ed B zone of 800-1000° C. Transformation of a 2 into kamacite, and 
mosaic pattern - actually in yellow to brown hues - within the 
taenite. Etched. Scale bar 100 J.l. 
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Figure 54. Hardness curve type I. Hardness (1 00 g Vickers) versus 
depth below the ablated surface of an iron meteorite. Since hardness 
measurements scatter significantly , the hardness results are shown as 
a band within which 90% of all measurements are situated. 
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loads on a Vickers Pyramid indenter, indicate significant 
hardness variations, as shown in Figures 54-59. Common to 
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Figure 57. Hardness curve type IV. 


these curves is the hardness level of the a:2 zone, 200±20. 
Below this zone -- i.e., below peak temperatures of 
700-750° C -- the a:2 transformation cannot occur. Instead, 
the kamacite is recovered; there was usually insufficient 
time for recrystallization, and the term "recrystallized rim 
zone" for any of the zones A, B or C is very inadequate 
although it has been used by many authors in the past in 
rather inaccurate descriptions. 


Curve I illustrates the case when the meteorite, because 
of cosmic shock events, has acquired a high initial hardness, 
the kamacite easily reaching 300-350. During the brief 
atmospheric reheating, the kamacite recovers and hard
nesses reach minimum values of 180 just below the zone 
which has transformed to a: 2 • Excellent examples are found 
in Bartlett, Drum Mountains, Grant , Kalkaska, Savannah 
and View Hill. 


Curve II illustrates the case when the original hardness 
was medium due to low shock intensities or to imperfect 
cosmic annealing of highly shocked material. The atmos
pheric annealing serves to decrease the hardness further to 
about 170 in the recovered transition zone . Examples are to 
be found in Bogou, Bushman Land, El Burro, Perryville, 
Seymour and Wabar. 


Curve III illustrates the case when the meteorite was in 
an almost perfectly annealed state before it reached the 
Earth's atmosphere. Little extra recovery is to be expected 
in such a case. Examples are to be found in Ballinoo, 
Edmonton (Canada), Indian Valley, Joel's Iron and 
Yardymly. 
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Curve IV illustrates the rather few cases where the 
meteorite displays a wide range of hardnesses, either 
because of preatmospheric inhomogeneous cold work or 
because of atmospheric breakup and cratering effects. 
Within a few square centimeters of a S{.·;;tion the hardness 
may vary 100 units, but in the a 2 zone the hardness is, as 
usual, about 200 ; all effects of previous inhomogeneous 
cold work have disappeared. Examples are to be found in 
Cape York, Gibeon, Madoc, Osseo, Russel Gulch and 
Wood's Mountain. 


+---recover y----++---- unaltered interior 


Curve V illustrates the case where kamacite is too 
sparse for a hardness track to be obtained within this phase. 
Instead, the taenite phase has been measured, e.g., in the 
ataxites Freda, Illinois Gulch and Twin City. The taenite 
exhibits a smoothly decreasing hardness towards the sur
face. This is because the taenite - with 3545% Ni -at all 
temperatures lies in a stable austenite part of the Fe-Ni 
diagram, with no possibilities of a ~ 'Y transformation. The 
curve also illustrates the hardness of 40-60 11 wide taenite 
(3545% Ni) lamellae of typical octahedrites, e.g. , Bagdad, 
Cape York, Grant , Kayakent, N'Kandhla and Neptune 
Mountains. However , the taenite lamellae, which are some
what inadequate for routine hardness tracks because they 
only cover a small percentage of the whole section, may be 
insufficiently represented in the heat-affected zones for a 
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Figure 58. Hardne ss curve type V. 
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Figure 59. Hardne ss curve type VI. 
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full hardness track and may alter their chemical composi
tion in the most heated near-surface regions, thus impairing 
the hardness comparisons. 


Curve V compared to curves I-IV indicates that 
cold-worked taenite is slower to recover than the adjacent 
kamacite and that taenite does not usually, during the brief 
atmospheric flight, acquire the minimum values, 155, which 
are obtained by more thorough annealing. 


Finally, curve VI illustrates an unusual case, so far only 
observed once, in Jamestown, but probably also occurring in 
other irons with a similar flight history. The curve 
illustrates a hardness track across a 25 mm thick section of 
Jamestown, page 690 . The left ablation surface displays a 
normal type II hardness curve, while the entire middle 
portion represents the cosmic, initial hardness. However , 
the opposite ablation surface displays hardening effects of 
an unusual character. Microscopic examination reveals the 
cause of the high hardness. Numerous fine metallic and 
oxidic spherulites have apparently impacted the metallic 
surface late in the flight and have been partly cold-welded 
to the surface. In several places the linear elements of the 
Widmanstatten structure are severely bent and distorted 
around the impacting particles. It is worth noting here that 
Jamestown is of airfoil shape. Relatively slow ablation 
occurred on the convex side, while the flat or concave 
opposite side was rapidly devoured and in the later stages 
impact-hardened, presumably due to fused particles carried 
in the intensive eddies of the passing air . 


Figure 61 summarizes the results for kamacite and 
taenite lamellae in a typical octahedrite . The associated 


24 mm peak temperatures are estimated from laboratory experi
ments in which synthetic Fe-Ni-P alloys and selected iron 
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Figure60. Seneca Township (U.S.N.M. no. 1325). Section perpen
dicular to the surface. Whirlpool structure of the ablated and 
redeposited fu sed metal. Severe plastic deformation of the underly
ing Widmanstiitten structure. (Perry 1950: volume 4.) Scale bar 
I mm. 


meteorites were subjected to brief reheatings to the 
temperatures indicated. No effects were found below 
300° C. The hardness of taenite in the outermost 1 mm is 
noj well determined, but the trend is clear. It appears that 
the hardness, much higher than expected from curve V, is 
due to diffusion reactions so that the taenite lamellae in 
this high temperature region have lower nickel contents 
(18-25%) than in the interior (3545%) and, therefore , 
acquire higher hardnesses upon quenching (see, e.g., 
Buchwald 1966, Figure 13). 


The importance of the hardness curves I-VI lies in their 
support and extension of the observations which are 
possible with the microscope. With the aid of these curves, 
the position of the meteorite's surface may be extrapolated 
with precision, even if later corrosion has removed the 
visible o:2 part of the heat-affected zone. Weathered 
meteorites, e.g., Boxhole, Cleveland and Davis Mountains, 
may thus exhibit only the right leg of curve I, but the 
results discussed here allow us to estimate the loss in 
millimeters. In addition, if we know the climatic conditions 
of the place of find and the depth of burial, we may 
eventually hope to reach a semiquantitative terrestrial age , 
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Figure 61. Hardness curves for typical kama cite and taenite lamel
lae of the same iron meteorite, such as Thule or Grant. The 
heat-affected zone is 10 mm deep, but optically visible changes are 
only present in the exterior 2 mm. 


i.e., the number of years the meteorite has been exposed to 
terrestrial weathering. 


Another very important aspect of the heat-affected 
zones lies in the fact that we may now definitely deduce 
the size of the body in the last part of the trajectory. No 
wild speculations regarding the amount of silicate material 
once present as a wrapping - but now supposedly 
weathered away - can be allowed. When the criteria 
developed above are fulfilled for the heat-affected zone, we 
know exactly how much larger the meteorite could have 
been immediately after its fall. This aspect is important 
because a large proportion of all iron meteorites, about 
94%, are usually finds of an undetermined age. 








CHAPTER SEVEN 


Classzfication 


Numerous schemes for classification have been pro
posed since Partsch (1843) and Shepard (1846) presented 
the first serious attempts, at that time on the basis of only 
about 65 stones and 25 irons. The system which has 
basically proved most efficient was suggested by Rose 
(1863). It has been revised and improved by Tschermak 
(1872a), Brezina (1896), Prior (1920), Yavnel (1968b) and 
Mason (1971). Basically different classifications have also 
been proposed . Daubree (1867b) and Meunier (1884 ; 
1893a) thus introduced a system which won wide support 
in France , Italy, Spain and most of the Latin-American 
countries. It has, however, been rightly criticized as rich in 
inconsistencies and superficial analogies (see e.g. , Cohen 
1905: 19); it has nevertheless persisted to our day as the 
basis for classification of some of the less important 
collections. 


The scheme proposed below, Table 23a, adheres to 
Prior's system and comprises four main divisions. The 
number of classes has, however , been slightly altered partly 
because the iron division has been reworked, partly because 
it was felt that in a basic scheme comprising almost 1700 
meteorites there should be no room for five old classes each 
of which contained only one or two known samples: thus 
the chassignites (1), angrites (1) , nakhlites (2) , sidero
phyrs ( 1) and lodranites (1) have been omitted, and , in 
their place, four , more extensive , "anomalous" classes have 
been introduced. The anomalous classes embrace meteorites 
which for one reason or another do not fit into the normal 
classes; with a negative criterion like this, individual 
members must necessarily be very different. Stone meteor
ites assigned to the anomalous classes are listed in the 
footnotes to the scheme, while the anomalous stony irons 
are briefly discussed below. 


Just as there are stones which are unique and require 
individual recognition, e.g., Winona and Angra dos Reis, 
there are irons which are unique or at the most have one 
or two relatives, both in regard to structure and chemical 
composition. Such iron meteorites, e.g. , Kodaikanal, 
Tucson and Mundrabilla, have been classed together as 
"anomalous irons." In the main part of this book and in 
Appendix 1, the reasons for the individual choices have 
been discussed and summarized. 


In the scheme the number of falls and the total number 
of meteorites, i.e., falls plus fmds, within each class are 
noted. The data are condensed from the more detailed 
compilation in Table 23b , where an attempt has been made 
to assemble the pertinent statistics as to falls, showers, fmds 
and weights for all meteorites. A shower has, for this 
purpose, been defmed as a fall that - in the air -
decomposed into two or more fragments, which were 
subsequently recovered. 


Also, the ratio between the number of finds and the 
number of falls has been calculated. This ratio mainly serves 
to indicate how easily meteorites will be recognized by 
layman: the higher the ratio, the easier the meteorite type 
will be distinguished from terrestrial rocks and reported. To 
a minor degree the ratio also reflects the resistance of 
meteorites to terrestrial weathering: the higher the ratio, 
the more stable the meteorite type. 


Within the iron division, it was deemed necessary to 
exclude certain meteorites from those which were class
ified. Those excluded are insufficiently known, be it due to 
inaccessibility, state of corrosion or for other reasons; see 
page 37 and Appendix 2. By comparison, it is surprising to 
observe how homogeneous the chondritic classes apparently 
are, and how neatly all chondrites apparently can be 
referred to their pigeonholes in the classification system, 
leaving none unclassified and less than one percent anom
alous. The system, as it stands here, has, in somewhat 
similar forms, won wide recognition; but it should be 
emphasized that it has not taken into account the often 
very complex nature of some stony meteorites, as for 
example several of the so-called polymict breccias discussed 
by Wahl (1952). 


The meteoritic stones, or aerolites, are covered by the 
chondrite division and the achondrite division. The total of 
634 falls have provided about 14.9 tons of material, i.e., on 
the average more than 23 kg per fall. However, to empha
size the fragmentary nature of our statistics it may be noted 
that until 1968 the carbonaceous chondrites C3-C4 com
prised 11 falls, totaling less than 400 kg. Since then the 
Allende fall, on February 8 , 1969, has alone added more 
than 2000 kg. A similar situation exists within iron meteor
ites: The Sikhote-Alin fall in 194 7 (page 1123) added more 
than 23 tons to the previously rather rare group liB. 
Nevertheless, the total quantity of meteorites recovered 
through the last some two hundred years amounts to no 
more than 485 tons, see Table 23b. The annual primary 
production of gold is about three times this amount; it is no 
wonder that meteorites are in demand and are expensive. 


Chondrites 


The Chondrites (Rose 1864a: 29, 84; Mason 1962a; 
Wood 1963; Van Schmus & Wood 1967) contain millime
ter-sized silicate spherules, chondrules, and 19-35 weight 
percent iron, either as free nickeliferous iron or bound in 
troilite and silicates. The chondrites may be divided as 
shown in Table 24 into six classes according to their 
chemical composition. Within each class a range of textures 
exists which may be interpreted as representing progressive 
degrees of recrystallization, Table 24a (Van Schmus & 
Wood 1967; Dodd 1969). In Table 24b two typical 







60 Classification 


Table 23a. The Classification of Meteorites 


Symbol Class Characteristic Minerals Falls Total Example 


E Enstatite chondrites Enstatite, nickel-iron 11 16 Hvittis 
H Olivine-bronzite chondrites Olivine, bronzite, nickel-iron 224 450 Hessle 
L 0 livine-"hypersthene" chondrites Olivine, bronzite, nickel-iron 256 461 Bjurbole 
LL Amphoterites Olivine, bronz-hyperst., plagioclase 49 64 Siena 
C3-4 Carbonaceous, Type 3-4 Olivine, pyroxene, organics 12 15 Allende 
C1-2 Carbonaceous, Type 1-21 Chlorite4, sulfates, organics 21 21 Orgueil 


Anomalous chondrites2 1 3 Winona 


CHONDRITES Total: 574 1030 


Au Aubdt" } Ca-poor 
Enstatite, forsterite 8 9 Norton County 


Di Diogenites 
(0.3-1.9%) 


Bronzite, clinobronzite 8 8 Johnstown 
u Ureilites Olivine, nickel-iron, diamond 3 6 Novo-Urei 
Ho Howardites } Ca-rich Hypersthene, bytownite 17 19 Kapoeta 
Eu Eucrites (3-8%) Pigeonite, bytownite 20 23 Stannern 


Anomalous achondrites3 Ti-augite; olivine; chromite 4 5 Nakhla 


ACHONDRITES Total: 60 70 


p Pallasites Olivine, nickel-iron 2 33 Imilac 
M Mesosiderites Pyroxene, bytownite, nickel-iron 6 20 Estherville 


Anomalous stony irons Pyroxene, nickel-iron; tridymite 6 Lodran 


STONY IRONS Total: 9 59 


Coarse i~clusion-rich octahedrites Kam., taen., graphi., silic., carbides 5 69 Canyon Diablo 
I-An Inclusion-rich irons Kam., taen., graphi ., silic., carbides 2 19 Copiapo 
IIA Hexahedrites Kamacite, daubreelite 4 43 Coahuila 
liB Coarsest octahedrites Kamacite, taenite 1 14 Sikhote-Alin 
IIC Plessitic octahedrites Kamacite, taenite 0 7 Ballinoo 
liD Medium octah. (10-11.5% Ni) Kamacite, taenite 2 11 Carbo 
IliA Medium octah. (7-8.8% Ni) Kama cite, taenite, troili te 4 117 Cape York 
IIIB Medium octah. (8 .6-10.6% Ni) Kamacite, taenite, phosphates 1 40 Chupaderos 
IIIC Fine octah.(l0.5-13.5%Ni) Kamacite, taenite, carbides 1 6 Mungindi 
IIID Finest octahedrites Kamacite, taenite, carbides 0 5 Tazewell 
IIIE Coarse octahedrites Kamacite , taenite, cohenite, graphite 0 7 Kokstad 
IVA Fine octah. (7 .5-10% Ni) Kamacite, taenite 1 39 Gibeon 
IVB Ataxites Kamacite, taenite 0 11 Hob a 


Anomalous irons Kam., taen., silicate, graphite 4 92 Nedagolla 
Unclassified irons 7 52 Armanty 


IRONS Total: 32 532 


METEORITES Total: 675 1691 


1) Also in some systems classified as olivine-pigeon.ite chondrites, or HL chondrites. 
2) Kakangari, Winona, Mount Morris (Wisconsin). 
3) Chassigny, Angra dos Reis, Nakhla, Lafayette, Shergotty 
4) Chlorite or serpentine; identification very difficult (Mason 1972). 


chondrites from each petrologic type have been selected for 
illustration. The numbers within the boxes indicate how 
many of the classified meteorites that had been studied, at 
the time of writing, with respect to their petrologic type. 
The systematic arrangement does not imply that, e.g., the 
meteorites Adhi-Kot, Abee, St. Marks and Hvittis necessar
ily represent a metamorphic rock sequence, since significant 
initial variations also seem to have been present within a 


class. In many instances chemical and textural similarities 
may only indicate formation of meteorites under similar 
conditions and from similar starting material, so it is 
possible that many of the recognized classes had already 
acquired their characteristic composition independently by 
differentiation in the solar nebula. One can still say with 
Wiik (1956) : 


"This [system] is intended only to give a picture of the 
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Table 23b. Statistical Data for All Meteorite Classes, as of Jan. 1, 1972 


Class Falls Number of Falls Finds Finds Finds Total 
Number Shower-2 kg' Number kg' Falls Number kg' 


producing falls 


E3 1 0 4 0 0 0.0 1 4 
E4 2 0 142 3 1 1.5 5 143 
E5 2 0 28 0 0 0.0 2 28 
E6 6 2 52 2 7 0.33 8 59 


Enstatites 11 2 226 5 8 0.46 16 234 


H3 4 1 40 5 309 1.25 9 349 
H4 16 6 985 21 266 1.31 37 1251 
H5 53 23 1057 23 210 0.44 76 1267 
H6 30 13 486 14 871 0.46 44 1357 
H no specification 121 49 869 163 1305 1.35 284 2174 


Bronz. chondr. 224 92 3437 226 2961 1.01 450 6398 


13 8 7 71 2 60 0.25 10 131 
14 11 4 719 10 478 0.91 21 1197 
15 23 13 862 21 494 0.91 44 1356 
16 107 48 3118 48 1555 0.45 155 4673 
1 no spec. 107 41 854 124 1299 1.16 231 2153 


Hypers. chondr. 256 113 5624 205 3886 0.80 461 9510 


113 5 4 90 0 0 0.0 5 90 
114 1 1 80 1 44 1.0 2 124 
115 7 4 181 2 3 0.29 9 184 
116 16 10 669 4 46 0.25 20 715 
11 no spec. 20 9 479 8 123 0.40 28 602 
Amphoterites 49 28 1499 15 216 0.31 64 1715 


C3-4 12 7 2378 3 34 0.25 15 2412 
C1-2 21 13 165 0 0 0.0 21 165 
Carbon. chondrites 33 20 2543 3 34 0.09 36 2577 
Anom. chondrites 1 1 1 ~ 2 26 2.0 3 27 


Chondrites 574 256 13330 456 7131 0.80 1030 20461 


Aubrites 8 5 1200 I 5 0.13 9 1205 
Diogenites 8 3 68 0 0 0.0 8 68 
Ureilites 3 1 5 3 4 1.0 6 9 
Howardites 17 5 3't 2 7 0.12 19 41 
Eucrites 20 7 207 3 24 0.15 23 231 
Anom.- achondrites 4 1 51 I 1 0.25 5 52 
Achondrites 60 22 1565 10 41 0.17 70 1606 


Pallasites 2 0 45 31 7162 15.5 33 7207 
Mesosiderites 6 3 479 14 1153 2.33 20 1632 
Anom. siderolites 1 0 I 5 224 5.0 6 225 


Siderolites 9 3 525 50 8539 5.6 59 9064 


I 5 1 188 64 94500 12.8 69 94688 
1-Anom. 2 1 107 17 7450 8.5 19 7557 
IIA 4 2 304 39 3259 9.8 43 3563 
JIB 1 I 23000 13 5089 12.0 14 28089 
IIC 0 0 0 7 201 00 7 201 
liD 2 1 66 9 1100 4.5 11 1166 
IliA 4 1 32 IJ3 100846 29 .3 117 100878 
IIIB 1 0 63 39 28045 42.0 40 28108 
IIIC 1 0 1 5 144 5.0 6 145 
IIID 0 0 0 5 54 00 5 54 
IIIE 0 0 0 7 705 00 7 705 
IVA 1 0 4 38 22250 38.0 39 22254 
IVB 0 0 0 11 60487 00 11 60487 
Anom. irons 4 2 46 88 74396 21.5 92 74442 
Irons 25 9 23811 455 398526 18.1 480 422337 
Irons, no spec. 7 0 87 45 32200 6.3 52 32287 
Irons total 32 9 23898 :Soo 430726 15.5 532 454624 


Footnotes: 1) Recovered weight . In many cases estimated; therefore, the figures must be taken with reservation. 
2) A shower produced two or more fragments that were recovered. 


chemical relations between the subgroups , and not 
intended to suggest the genesis. There is insufficient 
evidence at the moment to permit any clear conclusions 
regarding the genesis of various groups of meteorites." 


Thi s is perhaps particularly true of the carbonaceous 


chondrites, that in the future will require more subdivisions 
or classes to be introduced into the present system of 


classification (see, e.g., Yavnel1968b; Van Schmus 1969; 


Mason 1970a). Again , however, the total number of carbon


aceous chondrites is relatively small, so it is limited how 


specific one can be in a classification system . 


In most chondrites the major minerals are olivine , 


orthopyroxene, albitic feldspar, troilite, calcic pyroxene , 


and metallic nickel-iron (Kamacite, taenite and their 
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Table 24. Oassification and Composition of Chondrites 


a. Chondrite Classification 


Petrologic Type 


1 l 2 3 I 4 I 5 I 6 


E Enstatite chondrites 
H Olivine-bronzite chondrites 
L Olivine-hypersthene chondrites 
LL Amphoterites 
C3-C4 Carbonaceous chondrites I 
Cl-C2 Carbonaceous chondrites 


+- Increasingly unequilibrated Progressively recrystallized -+ 


b. Chondrite Examples. The number of chondrites so far identified to petrologic type is given in each case. 


1 2 3 4 5 6 


E 1 A bee 5 St. Marks 2 Hvittis 8 
Adhi Kot Indarch St. Sauveur Pillistfer 


H Sharps 9 Tysnes 37 Hessle 76 Guarefia 44 
Tieschitz Weston Pultusk Kernouve 


L Hallinge berg 10 Bjurbole 21 Farmington 44 L'Aigle 155 
Mezo-Madaras Tennasilm Knyahinya Bruderheim 


LL Chain pur 5 Kelly 2 Olivenza 9 Ensisheim 20 
Parnallee.....__ Soko-Banja Krahenberg St . Severin 


C34 Omans 13 Coolidge 2 
Vigarano Karoonda 


Cl-2 Ala is 5 Murray 16 
Ivuna Murchison 


c. Chondrite Composition (some characteristic data) 


Metallic Fe4 Total Fe TotalS Total P Fe/Si Si/Mg Fayalite Spec. Grav. 
weight% atomic % mole % g/cm3 


E 19-28 22-35 2.6-6.1 0.04-0.26 0.83±0.32 1.27±0.10 - 3.45-3.65 
H 14-19 25-31 0 .9-2.6 0.00.0.23 0 .83±0.08 1.04±0.03 16-20 3.40-3.90 
L 4-11 20-23.5 0.8-3.0 0.00.0.30 0 .59±0.05 1.07±0.03 22-26 3.25-3 .75 
Le 0.54 18.5-21.5 1.8-2.6 0.06-0 .18 0 .53±0.03 1.06±0.03 27-32 3.45-3.55 
C3-C42 0-5 24-26 1.3-2.7 0.09-0 .1 7 0 .80±0.04 0 .95±0 .03 3240 3.4-3.8 


C1-C23 0-0.1 18-24 2.8-6.7 0.05-0.18 0 .85±0.05 0.95±0.03 - 2.2-2.9 


1) Soko-Banjites of Craig (1964 ). 
2) Ornansites of Craig (1964) and others. 
3) The CI-C2 carbonaceous chondrites contain 10-20% water and 1-5% tota l carbon, but tpe analyses reported here are on a carbon- and 


water-free basis. 
4) The data refer to the iron amount. Since nickel remains remarkably constant between 0.7 and 2.0 weight % and is present almost entirely 


in the metal phase, the structural ratio of taenite to kamacite may be expected to increase systematically from class to class. In those 
chondrites with little or no metal present, nickel is chalcophilic, occurring mainly in the nickel-iron sulfide pentlandite. 


Data compiled from Wiik (1956), Pokrzywnicki (1957), Keil (1962), Craig (1964), Van Schmus & Wood (1 967) , Mason (1971) and 
Moore (1971). 
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Figure 62A. The stone meteorite Mezo-Madaras fell in 1852 in 
Rumania (U.S.N.M. no. 3242). It is an olivine-hypersthene chon
drite (L3). Tiny grains of nickel iron and troilite (white) are liberally 
sprinkled through the stone , sometimes enveloping the chondrules 
in discontinuous rings. Polished section. Scale bar 2 mm. S.I. 
neg. M-979. 


Figure 62B. Mezo-Madaras. In thin section the opaque minerals 
(nickel-iron and troilite) appear black, but the interior crystalline 
structure of the chondrules is distinctly seen. Polished thin section. 
Scale bar 2 mm. S.I. neg. M-1152. Compare Figure 62A. 


plessite intergrowths). Minor minerals are graphite, 
oldhamite, daubreelite, schreibersite, tridymite, chromite, 
ilmenite, rutile, chlorapatite and whitlockite (see, e.g., 
Mason 1962b; 1972; Keil1969). The kamacite of enstatite 
chondrites is remarkable by its high silicon content 
(14 weight%; Keil1968), a composition which elsewhere 
is found only in some enstatite achondrites and a few iron 
meteorites, e.g., Tucson and Horse Creek. In carbonaceous 
chondrites, magnetite, epsomite (a magnesium sulfate), 
pyrrhotite, dolomite and other minerals occur, often with 
crystal water, but particularly interesting are the organic 
compounds. Aliphatic and aromatic hydrocarbons have 
been identified in significant numbers, e.g., n-alkanes, 
alkylbenzenes and alkylnapthalenes. Below C8 , branched 
alkanes, benzene and toluene dominate. Thiophenes, amino 
acids, porphyrin-like pigments and chlorobenzenes have 
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also been found, particularly in C1 and C2. The C3 and C4 
chondrites are apparently metamorphosed to a significant 
extent and contain little water and indigenous organic 
matter . 


The presence of organic compounds and graphite may 
perhaps best be explained on the assumption that Fischer
Tropsch reactions were common in the primitive solar 
nebula: from simple molecules, like CO, H2 and NH3 , the 
complexes were synthesized by the catalytic action of 
nickel-iron and magnetite on the surfaces of dust grains 
(Studier eta!. 1968; 1972). A close study of 17 amino acids 
from Murchison (Kvenvolden eta!. 1970) revealed these to 
be largely racemic; i.e., of abiological origin . They could, 
thus, not have been introduced by terrestrial contamina
tion, but may well have been produced by a Fischer
Tropsch-like synthesis in the primitive solar system. 


The compositions of the major silicate minerals are 
usually uniform within recrystallized chondrites and very 
similar for individual chondrites belonging to a given class 
(see, e.g., Mason 1965b, Yavnel 1968b). The olivine may 
thus be characterized by its fayalite content, as indicated in 
Table 24c. In unequilibrated chondrites the minerals are 
usually quite variable in composition and often zoned, and 
the primary structures of individual chondrules are well
preserved. The E6 enstatite chondrites have on the other 
side lost their chondritic structure, but their chemical and 
mineralogical similarities to E3, E4, ES leave no doubt as to 
their classification. The C1 carbonaceous chondrites do not 
contain chondrules at all, but again because of chemical and 
mineralogical relationships to chondrites, they are tenta
tively classified with them. 


Two principal hypotheses for the origin of the 
enigmatic chondrules have been proposed. One hypothesis 
suggests that chondrules are primary objects which con
densed from a relatively slowly cooling gaseous nebula of 
solar composition and then agglomerated to form the 
meteorite parent bodies (Suess 1949; Blander & 
Katz 1967). The second hypothesis suggests that chon
drules are secondary objects formed from preexisting solids 
by processes such as volcanism (Tschermak 1875), impact 
splattering (Fredriksson 1963), shock melting of primitive 
dust (Wood 1963), or electrical discharges through the 
primitive dust cloud (Whipple 1966). That glasses really can 
be produced in large concentrations by impact is proved by 
the surface samples recovered from the Moon (Chao 
etal.1970; Glass 1971). The lunar soil, the so-called 
regolith, a few meters in depth, is observed to consist of 
from 10 to 60% glass, depending in general upon site and 
core sample. The glasses occur as coatings, ellipsoids, 
dumbbells, perfect spherules and as fragments of these, and 
the analystical data suggest that the glasses are mainly 
derived by impact from the lunar surface rocks and soil. 
Apparently, on the Moon, glass can remain metastable, 
without devitrification, through billions of years, possibly 
due to the extreme deficiency of water. 


Many chondrites are not simple aggregates of perfect 
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chondrules and comminuted matrix. Commonly chondrules 
have been broken prior to, or during, accretion, and 
furthermore some chondrules show evidence of plastic 
deformation and chemical alteration, suggesting that they 
were exposed to mutual collisions while still hot. Finally, 
many polymict breccias also contain angular to rounded 
fragments of pre-existing chondritic or crystalline material. 
Also a few iron meteorites, such as Netschaevo, apparently 
include chondri tic fragments. Although the question of the 
origin of chondrules is not solved, it appears that the 
observational data favor an origin as secondary objects in 
the top soil of a planet exposed to the infall of other 
bodies. For thorough discussions and references to the 
extensive literature on chondrules, the reader is referred to 
the above mentioned papers, and to Kurat (1967), Binns 
(1968), Fredriksson (1969), Van Schmus (1969) and 
Ahrens & O'Keefe (1972). 


Achondrites 


Achondrites (Cohen 1905: 13; Moore 1962; Mason 
1962a; Wasson & Wai 1970) form a somewhat heterogene
ous division, characterized by the absence of chondrules, by 
less iron - about 14 weight% - than in chondrites, and by 
analogies in both chemical, mineralogical and mechanical 
properties to some terrestrial rocks (diabases, dunite, 
pyroxenites); see Table 25. Their resemblance to terrestrial 
rocks also seems to be reflected in the low ratio, 0.17, 
between finds and falls (Table 23b ). The total weight of all 
achondrite falls is about 1560 kg, but if the 1000 kg 
Norton County is subtracted, there remains 560 kg on 59 
falls or on the average less than 10 kg per fall. The 
achondrites contain only small amounts of metallic nickel
iron and troilite. While analyzing one-half kilogram of the 
aubrite, Norton County, Wiik (I 95.6) thus noted only three 
small rounded fragments of metallic nickel-iron, amounting 
to 0.73 weight%. The specific gravity of the achondrites 


ranges from about 3.00 (some eucrites) to 3.40 (some 
diogenites). The mineralogy and texture of many achon
drites suggest that they at one time were entirely molten 
and crystallized from a magma, in contrast to the chon
drites which never were molten, but acquired their final 
texture through varying degrees of metamorphism. 


The ureilites form a distinct achondrite class of six 
meteorites, of which the most recent fall is that of Havero, 
Finland, August 2, 1971, (Wiik 1972; Jedwab 1972). The 
ureilites, named after the fall ofNovo-Urei in 1886, contain 
olivine, pigeonite and kamacite. The metal and some troilite 
are present as micron-sized globules and as polycrystalline 
flakes that constitute 3-6 weight% of the mass. Carbon
aceous matter occurs as irregular inclusions between sili
cate, troilite and metal. Most of the carbon is in the form of 
graphite, while only trace quantities (~ 1 ppm) of hydro
carbons occur. In Havero (Vdovykin 1972) 0.32% of the 
meteorite consists of hard polycrystalline aggregates of 
diamond and lonsdaleite microcrystals (< 1 p). Diamonds 
have long been known from other ureilites (Jerofejef & 
Latsjinof 1888); their occurrence, together with lonsdaleite , 
is best interpreted as indicating formation under cosmic 
shock conditions from preexisting graphite. 


Stony Irons 


Pallasites form the most homogeneous class within the 
classification system. They are characterized by the pres
ence of up to centimeter-sized, rounded or angular olivine 
crystals (11-13 or 18-20 mole% fayalite), embedded in an 
equal volume of nickeliferous iron (Rose 1864a: 28, 73; 
Mason 1963; Buseck & Goldstein 1969). Only two pallasite 
falls are recorded (Table 23b ), that of Marjalahti 1902, 
which provided 45 kg , and that of the little known Laisho 
(1898?) which allegedly comprised only one mass of 
330 grams. Although the present author originally planned 
to leave pallasites out of the handbook because they are not 


Table 25. Composition of Achondrites and Stony-Irons 


Metallic Total Fe Total Ni 1 TotalS Total P Total Mg Total Ca Average 
Fe Spec. 


average Weight % Grav. 
g/cm 3 


Aubrites 2.3 0.5-3.0 0.04-0.1 0.2-0.5 0.01-0.03 22 .5-24.6 0.5-1.2 


Diogenites 0.8 11.7-16.6 0.02-0.1 0.1-0.6 0.03-0.04 14.0-17.1 0.5-1.9 3.36 


Ureilites 3.9 11.3-16.4 0.09-0.23 0.2-0.6 cr:03-0 .04 22.0-23.5 0.3-1.0 (3.29) 


Howardites 0.3 13 .7-14.1 <0.01 0.1-0.5 0.04-0.07 7.2-12.4 2.9-5.8 3.23 


Eucrites 0.8 12.2-15.8 <0.01 2 0.02-0.5 0.005-0 .08 3.9-5.1 7.1-8.2 3.23 


Pallasites 49 30-69 3-8 0.2-1.0 0.06-0.25 25 .6-29.3 3 0.002-0 .008 3 4.90 


Mesosiderites 46 44-52 3.2-4.8 0.2-4 .6 0.25-0.54 7.3-13.6 3 2.0-5 .73 4.85 


I) Bulk nickel values for achondrit es are not known with great precision. 
2) According to Duke (1965) even as low as 4 ppm and thus significantly lower than in terrestrial basalts , which contain 40-230 ppm Ni. 
3) Data for the separated silicate phases. 
Compiled from Urey & Craig (1953), Keil (1969), Mason (1971), Moore (1971) and Wiik (1972) . 







considered proper iron meteorites, a few (Glorieta Moun
tain, Hopewell Mounds, Imilac and Lazarev (?)) have been 
included, either because the metallic portion of these 
meteorites has become so significant that, in small samples, 
the meteorites could pass for undisputed irons, or because 
new field work and structural data could be reported 
(Imilac). Typical chemical data are summarized in Table 25. 


Mesosiderites are composed of about equal weights of 
nickel-iron and silicates. The nickel-iron usually occurs as 
discrete blebs and grains that may reach centimeter-size and 
display Widmanstiitten structure (Figure 64). The silicates 
are mainly orthopyroxene and anorthitic plagioclase, but 
olivine, clinopyroxene, troilite, schreibersite and chromite 


Figure 63. The pallasite Salta (U.S.N.M. no. 1333). One mass of 
27.1 kg was found in Argentina and acquired by the Smithsonian 
Institution . The subangular olivine grains (black) have nucleated 
rims of swathing kamacite (white). The remaining metal has 
transformed into fine Widmanstiitten patterns that indicate a large 
number of randomly oriented parent taenite grains. Salta is possibly 
a transported fragment of Imilac. Etched. Scale bar 3 em. S.I. 
neg. M-1336A. 


Figure 64. The siderophyre Steinbach (Copenhagen no. 1872, 
2803) was found in Saxony. It is composed of about 50 weight % 
metal and 50% silicates. The silicate portion contains about 70% 
bronzite and 30% tridymite (Diirfler e tal. 1965). The metal forms a 
spongy, almost continuous network. Its fine octahedral structure 
and its composition closely resemble that of many group IV A irons, 
such as Hill City and Duchesne. Etched. Scale bar 3 mm. 
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also occur. Several accessory minerals have been noted. The 
structure is often brecciated (Rose 1864a: 28; Mason 
1962a: 125; Powell 1969). The six mesosiderite falls are 
Barea (1842: 3 kg), Estherville (1879: 300 kg), Veramin 
(1880: 54 kg), Dyarll Island (1933? 0.2 kg?), Lowicz 
(1935: 59 kg) and Patwar (1935: 37 kg). Typical chemical 
data are summarized in Tabid 25. 


The anomalous stony irons comprise Lodran (one 
kilogram fell in 1868) and the finds Bencubbin, Enon, 
Mount Egerton, Weatherford and Steinbach. Lodran (the 
sole example of the Lodranites in the old system) consists 
of a friable aggregate of granular olivine and orthopyroxene 
in a discontinuous nickel-iron matrix with some troilite, 
chromite and anorthite. The structure approaches a pal
lasitic Widmanstiitten structure, but the crystals are smaller 
than 1 mm (Tschermak 1870). Of the others, Steinbach has 
also previously been given its own class, siderophyrs; but, as 
noted above, there is little sense in retaining classes based 
upon only one example. Steinbach contains about 50% 
nickel-iron, 35% bronzite, 15% tridymite and some schrei
bersite, troilite and chromite (Gotz 1962; Dorfler et a!. 
1965). It displays considerable similarity to the Gibeon 
meteorites and other fine octahedrites of group IV A 
(Schaudy et a!. 1972). 


The reader is referred to Cohen (1905 :3), Prior (1920), 
Krinov (1960a), Yavnel (1962), Mason (1962a), Craig 
(1964), Hey (1966) and Keil (1969) for additional informa
tion regarding the development of the classification system 
and the precise composition of the silicates. 


I ron Meteorites 


Many modern classifications, e.g., by Lovering eta!. 
(1957), have tended to reduce the number of classes of iron 
meteorites. This trend is an unwarranted oversimplification, 
only justified as long as insufficient information concerning 
the individual meteorites is available. More advanced 
schemes of classification were proposed as new and precise 
data were accumulated (Buchwald & Munck 1965; Yavnel 
1965b; Wasson 1967a; Goldstein 1969). Basically two 
entirely different approaches have been used. The classic 
one is based upon the examination of the macrostructure of 
an etched section under a hand lens. The new one is based 
on accurate chemical analysis of the major element, nickel, 
plus the trace elements gallium, germanium and iridium. 
Let it be said immediately that the two approaches support 
and agree with each other very well, particularly if, in 
addition to the macrostructure, one also observes and 
utilizes the microstructure. 


The problems associated with classifying iron meteor
ites on basis of their structure alone are mainly caused by 
the fact that solid state diffusion processes have been much 
more efficient in transforming and eliminating primary 
structures in irons than in stones. As a result of deforma
tion and reheating - caused, e.g., by movement of the 
overburden and by shock, - original medium octahedrites, 
such as Cape York, may have been altered beyond 
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Figure6S. The mesosiderite Pinnaroo (U.S .N.M. no. 2312) was found in South Australia. The silicate portion consists of pyroxene and 
plagioclase. The metal, originally polycrystalline with a grain size about 5 mm, now displays swathing kamacite nucleated by the grain 
boundaries and their silicates. The grain interior subsequently decomposed in a Widmanstiitten pattern. Etched. Scale bar 3 mm. S.l. neg. 
M-1052E. 


recognition to structures like that of Juromenha. This fact 
makes any structural classification for genetic purposes very 
difficult, since meteorites with the same chemical composi
tion of both main and trace elements may, under some 
circumstances, form a perfect medium octahedrite. Under 
other circumstances, however, they may form an ataxite; 
or, in one case, a hexahedrite (Boguslavka) and in another 
case a "nickel-poor ataxite" (Mejillones). However, having 
recognized this, it must be emphasized that a close study of 
the iron meteorites can penetrate and rationalize the 
structural alterations, and, therefore, the structural classifi
cation is not obsolete. The best classification for genetical 
purposes is that based upon Ni-Ga-Ge-Ir determinations as 
presented in Table 23a-b, while the structural classification 
serves as a guide to the initial cooling conditions and to the 
secondary stages of metamorphism, suffered over aeons of 
time. 


The iron meteorites may be subdivided according to 
their primary structures as shown in Table 26a. The size 
and shape of the kamacite crystals are the decisive criteria. 


Table 26a. Structural Classification of Iron Meteorites 


Structural Class Symbol Bandwidth , mm 


Hexahedrites H 


Coa rses t Octahedritcs Ogg > 3.3 


Coarse Octahedritcs Og 1.3 -3.3 


Medium Octahedrites Om 0 .5-1.3 


Fine Octahedrites Of 0 .2 .0 .5 


Finest Octahedrites Off < 0.2, continuous 


Plessiti c Octahcd ritcs Opl < 0 .2. spind les 


At ax ites D 


Anomalous Anum Vario us 


Approximate 
number 


Type member Falls Total 


Coahuila 4 50 


Sikhotc-Alin 20 


Canyon Diablo 4 90 


Ca pe York 12 2 10 


Gibeon 4 55 


Tazewell 0 


Ballinuu 20 


Hob a 33 


40 


3 1 525 


A typical kamacite lamella is a finger- to plate-shaped ferrite crystal 
which has the approximate ratios 30:3:1 between length, height and 
width. It is the average width of the largest kamacite lamellae that is 
to be used for classification purposes. Frost (1967a) has published 
correction factors for measurements taken on a single, arbitrary 
section. In the present work, the bandwidths have, however, usually 
been obtained as averages from the examination of mutually 
perpendicular sections. In order to arrive at true average values for 
the maximum bandwidths it was found necessary to work with 
sections with areas at least 1000 times the bandwidth, thus, e.g., at 
least 30X 30 mm sections for a medium octahedrite. 







Figure 66. The hexahedrite Scottsville (Copenhagen no. 1891 , 54). 
Neumann bands cross the entire section in at least seven directions, 
parallel to (112)01• Schreibersite crystals (dark) are surrounded by 
zones depleted in Ni and P (white). Etched. Scale bar 3 mm. 


In hexahedrites the kamacite crystals are large (generally 
larger than the specimen) and equiaxial; in octahedrites 
they are distinctly visible as lamellae, while in ataxites no 
kamacite is visible to the naked eye. 


The availability of a large number of bandwidth 
measurements has allowed a clearer definition of the 
bandwidth divisions, differing slightly from the earlier 
proposed system (Buchwald & Munck, 1965). 


The observed range in kamacite widths has been 
subdivided into five steps, each formed from the previous 
by multiplication by 2.5. This number is a very convenient 
and psychologically attractive increment which is used in 
other sciences, too; for example, for classification of stellar 
magnitudes. The proposed system is felt to be superior to 
previously used structural systems because in a majority of 
cases it also coincides with the chemical groups as proposed 
by Wasson (1967a; 1969; 1970a). Structural classes and 
chemical groups coincide as follows: 


Table 26b. Comparison of Structural and Chemical Classes 


H 
Ogg 
Og 
Om 


IIA 
liB 


I, IIIE 
IliA, IIIB, liD 


Of 
Off 
Opl 
D 


IVA; IIIC 
IIID 
IIC 
IVB 


Notable exceptions occur; these are discussed under the 
individual descriptions. Since the kamacite bandwidths are 
primarily dictated by the initial bulk nickel content of the 
cooling taenite crystal and the cooling rate, it is obvious 
that a structural classification will not necessarily coincide 
with a chemical classification based on nickel, gallium, 
germanium and iridium. When, on the other hand, the 
present structural classification scheme happens to show 
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Figure 6 7 . The coarsest octahedrite Sikhote-Alin (Moscow 
no. 1601). The Widmanstiitten pattern is not very obvious in this 
meteorite class unless large sections are examined. Schreibersite 
crystals have nucleated wide rims of swathing kamacite. Etched. 
Scale bar 30 mm. 


Figure 68. The coarse octahedrite Seeliisgen (Copenhagen no. 32). 
Neumann bands are present in all the kamacite lamellae but more 
easily etched in contrast within some orientations. Grain growth has 
occurred. Scale bar 3 mm. 
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F igure 69. The medium octahedrite Cape York (Ahnigito; 
A.M.N.H. no. 2688). The kamacite lamellae display subboundaries 
and Neumann bands. Comb and net plessite are common, while a 
few black taenite wedges may also be seen. Etched. Scale bar 3 mm. 
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Figure 70. The fine octahedrite Gibeon (Copenhagen no. 1905, 
1735). The kamacite displays subboundaries and Neumann bands. 
Taenite and plessite fields cover 40-50% by area. Etched. Scale bar 
3mm. 


such close relationships, there is reason to use it and sustain 
it because, for the uninitiated and for preliminary examina
tions, it is so much easier to perform a structural than a 
chemical analysis. The least one can do in presenting data 
on a new iron meteorite is to report the kamacite 
bandwidth in mm. 


The first seven structural classes, Table 26a, are each 
rather homogeneous, while the last two serve more as a 
kind of wastebasket in which many irons are included that 
have little other in common than that they do not fit the 
first seven classes. 


The hexahedrites (H) are primarily large single crystals 
of kamacite, but grain boundaries appear in rare cases 
(Coahuila, Indian Valley). Almost all of them are members 
of the chemical group IIA. Due to shock or cosmic 
reheating, many of the hexahedrites are partially or 
completely altered, giving rise to polycrystalline kamacite 
aggregates like Mejillones, Bingera and Forsyth County. 
Such meteorites were previously classified as nickel-poor 


Figure 71. The finest octahedrite Fiillinge (Stockholm). The kama
cite lamellae have widths below 0.2 mm. Dense plessite fields cover 
80-90% of the sections. To the left, remnants of the metallic fusion 
crust. Etched. Scale bar 3 mm. 


ataxites, but this term is unfortunate, since the meteorites 
in question are certainly not ataxitic, i.e., structureless to 
the naked eye. 


The class of nickel-poor ataxites is further of little 
value, since in the past it has included, rather indiscrim
inately, pseudometeorites (some Siratik specimens), coarse 
octahedrites (Campo del Cielo ), artificially reheated hexa
hedrites (Chesterville), cosmically reheated hexahedrites 
(Wathena), and coarsest octahedrites (Navajo). In other 
words, the nickel-poor ataxite class has been entirely 
eliminated here, and the meteorites included in it have been 
distributed in their proper classes. 


The octahedrites display octahedral arrangement of the 
kamacite in the parent taenite crystal, at least when large 
sections are inspected. Sikhote-Alin, Mount Joy, Navajo, 
Nelson County and Auburn, all belonging to the class Ogg, 
are examples of octahedrites - small samples of which 
apparently show a random assemblage of kamacite without 


Figure 72. The plessitic octahedrite Butler (Copenhagen no. 1876, 
2247). The kamacite forms discontinuous, bayonet-like spindles 
with widths below 0.2 mm. In the plessitic matrix the pattern is 
repeated on a ten times finer scale. Etched. Scale bar 3 mm. 


Figure 73. The ataxite Kokomo (Copenhagen no. 1876, 2245). At 
this magnification the meteorite appears dense and homogeneous, 
except for the parallel bands which exhibit oriented sheen. Below 
left, a terrestrial corrosion attack has created concentric zones of 
different oxidation stages. Etched. Scale bar 3 mm. 







taenite and plessite. Close examination of larger sections 
usually reveals the presence of taenite and plessite; more
over, these remnants will serve to indicate the orientation 
of the parent taenite crystal(s). 


The classes Og, Om, Of, and Off display continuous 
kamacite lamellae between which retained plessite is 
squeezed in ever increasing proportions until - in meteor
ites such as Tazewell, Dayton and Follinge - the kamacite 
part constitutes only about 15% by volume. These irons 
have 17-18 weight % Ni and so far represent the maximum 
in perfect octahedral structure. It was previously believed 
(Perry 1944: 48 ; Uhlig 1954 ; Mason 1962a: 139; Keil 
1969) that bulk octahedral structure did not develop with 
more than 10-14% Ni in the meteorite , but this is certainly 
not the case. 


The plessitic octahedrites, Opl, are transitional between 
octahedrites and ataxites . They display a plessitic matrix in 
which numerous pointed kamacite spindles, less than 
0.2 mm wide, are scattered in octahedral arrangement. 
They normally require a hand lens for proper recognition. 


The ataxites (Brezina 1896: 23 8, 29 5; previously 
termed "Dichte Eisen" i.e. , dense irons, by Tschermak, 
1872a, and Brezina, 1885: 220, - hence the symbol D) 
unfortunately must remain a rather heterogeneous group if 
we accept the old definition of "densely structured," i.e., a 
structure not resolvable to the naked eye or under a hand 
lens. A considerable number of ataxites belong to the 
chemical group IVB and are structurally characterized by 
the presence of centimeter-wide more or less diffuse bands 
that cross etched sections in octahedral directions and 
subdivide the surface into patches with differently oriented 
sheens . The ataxitic class includes, however , a number of 
irons which are not members of group IVB and are 
mutually unrelated genetically , such as Washington County, 
Arltunga, Juromenha, Smithland, Guffey , Nedagolla and 
the two Babb's Mill meteorites. 


When the above classes have been established, a 
number of irons remain which are sufficiently anomalous to 


Figure 74. Tucson (U.S.N.M. no. 368; Ring mass). Individual parent 
taenite crystals are 2-8 mm in diameter. The grain boundaries and 
the silicate inclu sions (black) have nucleated 20 J.l. wide rims of 
kamacite (whi te). Etched. Scale bar 0.5 mm. 
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require individual recognition as unique specimens. Some
times two or more appear to form doublets or triplets , but 
generally speaking the anomalous irons comprise meteorites 
which both structurally and chemically are easily recog
nized. They appear to be point samples of different, very 
small populations. N'Goureyma, Barranca Blanca, Zaca
tecas, Santa Rosa, Tucson and New Baltimore are good 
examples. The anomalous meteorites are often relatively 
fine-grained - i.e. , the primordial taenite crystal size was of 
the order of 1-3 em instead of the usual foot- to meter
sized. Sections through, e.g., Tucson, Mundrabilla, Santa 
Rosa and N'Goureyma clearly show the polycrystalline 
array of inch-sized crystals, often with copious amounts of 
silicates or troilite in the grain boundaries. 


On the whole, there are fewer structurally anomalous 
meteorites than chemically anomalous meteorites, because 
many of the latter may be fitted into one of the octahedrite 
or ataxite classes, e.g., Mbosi (Om), Reed City (Og) and 
Morradal (D). 


A number of irons were previously termed "brec
ciated," e.g., Holland's Store, Barranca Blanca, and 
N'Goureyma (Krinov 1960a: 488; Hey 1966; and else
where). The term is unfortunate and should be abandoned. 
The meteorites are not brecciated in the geological sense 
but are polycrystalline aggregates of ferrite or austenite 
grains that have grown to their present size by solid state 
diffusion. Holland's Store , originally a normal hexahedrite, 
probably acquired its peculiar structure by recrystallization 
of a shock-deformed single kamacite crystal. It is here 
classified as a hexahedrite , with the qualifying statement 
that it has been shocked and partially recrystallized. 
Barranca Blanca and N'Goureyma apparently still display 
their primary cosmic structure, formed by sintering and 
some grain growth. They are classified as anomalous ; their 
grain size and inclusions are noted, and their possible 
relationships with other meteorites mentioned . 


There are numerous irons which, upon sectioning, can 
be shown to be composed of several taenite crystals. As 
noted above , most of these are anomalous ; however, others 
are normal members of their classes. Gibeon (Of) , Bodaibo 
(Of), Arispe (Og), Mertzon (Om) and Toluca (Og) are thus 


Figure 75. Barranca Blanca (Tempe no. 536.1). The anomalous 
macrostructure shows numerous troili te globules and taenite-plessite 
wedges enveloped by irregular kamacite grains of varying orienta
tion. Etched . Scale in centimeters. Tempe neg. R6.24. 
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Figure 76. Holland's Store (Vienna no. F6482). Probably originally 
a normal hexahedrite. Plastic deformation and subsequent annealing 
caused the material to recover and recrystallize. Etched. Scale bar 
20mm. 


classified according to their bandwidth, but the prefix 
"polycrystalline" indicates that the samples examined were 
composed of several taenite crystals. If this prefix is not 
given, the meteorites in question are believed to be - or at 
austenitic temperatures have been - single taenite crystals 
larger than foot-sized. The largest documented single crystal 
is that of Cape York; the sectioning of the 20-ton Agpalilik 
fragment demonstrated that the parent taenite crystal 
measured at least 2 X 1.5 X 1.5 m. It may well have been 
larger if all of the Cape York fragments were uniformly 


Figure 77. Mertzon. (U.S.N.M. no. 1435). A polycrystalline me
dium octahedrite related to group I. A large precursor taenite crystal 
is in the center, while at least six smaller ones are located left and 
right of it. Troilite and schreibersite inclusions (dark) are abundant, 
particularly in the grain boundaries. Etched. Scale bar 20 mm. 


oriented. On the other hand, the fragmentation may have 
taken place by preferential fracturing along inclusion-rich 
grain boundaries, so that the present fragments represent 
the true grain size. 


Campo del Cielo, which has been in collections since 
about 1800, was, until 1967, only known as monocrystal
line material. The cutting in Mainz of a 2 ton mass revealed, 
however, a polycrystalline array of 10-30 em precursor 
taenite crystals with silicates in the grain boundaries. 
Further sectioning of other masses, particularly from the 
chemical group I and from the anomalous groups, will 
probably reveal other polycrystalline iron meteorites. 


Table 27. Statistical and Analytical Data for 480 Iron Meteorites 


Group Number Frequency Bandwidth Structural Ni p Ga Ge lr Ge-Ni 
by weight 


Falls Total % mm class Weight % Weight % ppm ppm ppm correlation 


I 5 69 14.4 1.1-3.2 Om.Og 6.5-8.5 0.12.0.40 55-100 190-520 0.6-5.5 neg. 


1-Anom 2 19 4.0 0 .01-4 Om.Og-Anom 6.2-25 0.12.0.50 12-80 25-350 0.2-10 neg. 


IIA 4 43 9 .0 > SO H 5.35-5.75 0 .20-0.34 57-62 170-185 2-60 0 


liB I 14 2.9 5-10 Ogg 5.5-6.9 0 .3.0.9 45-60 105-185 0 .01-0.5 neg. 


IIC 0 7 1.4 0 .03.0.07 Opl 8.9-11 .6 0.3-0 .5 3540 85-115 4-11 pos. 


liD 2 II 2.3 0.45.0.85 Of .Om 9.9-11.4 0.2.0.9 70-85 80-100 3-20 pos. 


IliA 4 117 24.4 0.9-1.5 Om.Og 7.1 -8 .8 0.06-0.35 17-22 3246 0.15-20 pos. 


IIIB I 40 8.3 0.5-1.3 Om 8.6-10.6 0.25-1.0 16-22 2846 0.01.0.15 neg. 


IIIC I 6 1.2 0.2-0.5 Of 11.3-13.3 0.3.0.6 11-26 8-35 0.07.0.55 0 


IIID 0 5 1.0 0.01.0.05 Off-D 16-23 0 .15.0.4 1-5 14 0.01 -0.07 neg. 


IIIE 0 7 1.5 1.3-1.6 Og 8.3-8.8 0.19.0.45 17-19 34-36 0 .05-0.6 0 


IVA I 39 8.1 0.23-0.43 Of 7.5-9.5 0 .02.0.18 1.6-2.4 0.09-0.14 0.14 pos. 


IVB 0 II 2.3 0.006.0.03 D 16-18 0.05-0.20 0.17.0 .27 0.03-0.08 4-36 pos. 


A nom 4 92 19.2 All All 5.1-6.1 0.01-2.1 0 .05-87 0.005-2000 0 .007-54 0 


Total 25 480 100.0 
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Figure 78. Campo del Cielo (U.S.N .M.). The 110 em long El Taco slice displays numerous silicate inclusions (black). It is composed of many 
randomly oriented precursor taenite crystals, ranging from 2 to 30 em in diameter. Etched . Scale bar 20 em. S.I. neg. M-1464. 


Under the individual meteorites, a qualifying statement 
as to amount and nature of inclusions (silicates, graphite, 
troilite) and to the state of recrystallization is given, if 
judged to be characteristic for the particular meteorite. 
While recrystallization and other signs of cosmic reheating 
may occur in each class or group, it appears that silicates in 
significant amounts are restricted to the coarse octahedrites 
of group I and to several anomalous irons. 


The structural classification scheme, as developed 
above, is only slightly different from the classical ones. It is 
deliberately developed so as to remain a purely descriptive 
system, based upon morphological characters that are easily 
observed with the naked eye or a hand lens. Although 
coinciding with the chemical system below in numerous 
cases, it should not be used for "genetic studies." Its value 
lies in its simplicity. If it is further elaborated upon by 
introducing subclasses to indicate recrystallization, cooling 
rate or number of inclusions, it will, in my opinion, cease to 
be functional. On the other hand, used together with the 
chemical system, it provides a full guide to the iron 
meteorites. 


The Chemical Classification of Iron Meteorites 


In the chemical classification system, originally sug
gested by Goldberg et al. (1951), the elements nickel and 
gallium were selected to establish a new classification 
scheme of genetic importance - i.e., it was an attempt to 


·group all iron meteorites of similar composition and, 
therefore, supposedly of similar origin in place and time. 
Later, additional parameters were included, first germanium 
(Lovering et al. 1957) and then iridium (Wasson & Kimber
lin 1967). While iron meteorites have resisted satisfactory 
chemical classification for nearly two centuries, this im
passe has now been breached, due particularly to the 
systematic work by Wasson and co-workers since 1967. 


Accurate determination of Ni, Ga, Ge and Ir together 
with low-power microscopy have enabled Wasson to define 
12 or 13 groups of chemically related meteorites. In 
4-dimensional composition space (Ni, Ga, Ge, Ir), the 
groups form very compact well defined clusters. The 
clusters have limited concentration ranges of all elements 
compared to the range shown by all iron meteorites; they 
show smooth variations in the concentration of one 
element when plotted against that of another, and the 
members display similar structures (Wasson & Kimberlin 
1967). 


When each element is plotted against Ni on logarithmic 
scales, the groups are clearly resolved. All members of the 
same group fall, within the limits of sampling and analytical 
error, on a straight line. Similar correlations of a pair of 
elements may be observed in several groups, e.g., Ni-P 


~ 


~ v ~ 


8 
Figure 79. Log-log plot of gallium versus nickel. Eleven resolved 
chemical groups are labeled with Roman numerals and the number 
of meteorites within each group added. Up-t<Hiate numbers are to 
be found in Table 27. See also Figures 189A and B. 
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Figure 80. Log-log plot of germanium versus nickel. Compare 
Figure 79. 


(Figure 81), P-Ir (Figure 82), Ni-Cr and Ni-As (not shown). 
In contrast to Ga and Ge, many of the elements show 
variations within a group whlch may approach the range of 
all iron meteorites. Tills is particularly true of Ni-P and 
Ni-Ir (Figure 92). The correlation of elements has, after the 
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finishlng of this manuscript, been discussed in great detail 
by Scott (1972) . 


Table 27 displays all the essential information accumu
lated concerning the chemical groups, their corresponding 
structural groups, their relative importance and the ranges 
observed in chemical analyses for selected elements. In 
Tables 23a-b details as to mineralogy and statistics of 
numbers and weights are developed. All data have been 
taken from the descriptive part of the book, and only the 
480 best examined irons have been included. Numerous 
others were excluded because of insufficient information. 
See Appendix 2. 


Five or more similar meteorites are required to form a 
group. The group "!-Anomalous" is related to group I but 
somewhat of a hybrid because structural observations 
indicate that the members do not correspond to the main 
sequence of group I. The nickel content in 1-Anom 
increases to 25.6% in San Cristobal. 


The last line of the table, the chemically anomalous 
meteorites, are those which do not fit the requirements of 
the other groups. 


It should be noted that the symbols I, IIA, liB etc. are 
rather arbitrarily chosen. Lovering et al. (1957) designated 
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Figure 81. Log-log plot of phosphorus versus nickel. Genetically related meteorites plot within narrow bands. Anomalous meteorites, A, scatter 
all over. Data from descriptions in the handbook. 
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Figure 82. Log-log plot of iridium versus phosphorus (up to 2 .0% P), for six resolved chemical groups. lr and Pare negatively correlated; i.e ., 
increasing P means decreasing lr. Correlation factors vary, however, from group to group. Data from descriptions in the handbook. 


four Ga-Ge groups, I to IV, in order of decreasing 
abundance of these elements. When Wasson refined the 
system and introduced additional groups, the letters A, B, 
C, D and E were attached to the Roman numerals on the 
appropriate Ga-Ge level. Various considerations, both struc
tural and chemical, indicate that the pairs I - I-Anom, IIA -
liB, IliA- IIIB - IIIE and IIIC - IIID , although distinct, are 
genetically related, while all other groups are unrelated. See 
also Figures 79 and 80. 


It is hoped that we will ultimately succeed in referring 
each group to a particular condition in time and space for 


its formation. Presumably each group formed in a separate 
environment with specified depth of burial, gravity field, 
age, initial and peak temperatures, and cooling rate. The 
size of the parent bod~es may have varied by large factors , 
some perhaps having been the central nuclei of 100 km 
bodies, others, with higher cooling rates, perhaps having 
formed meter-sized raisins in the upper mantle of the same 
or another parent body. For recent reviews of these topics 
the reader is referred to Anders (197lb) . 





