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Abstract. In an attempt to recon truct the history of the surv iving Canyon D iablo frag­
ments, we have studied 56 specimens by metallography and ma spectrometry and 5 others 
by metallography only. Of the e, 25 came from the rim of the crater, and 36 from the plains. 
Fifteen contained diamonds. On the basis of metallographically observab le reheating effects, 
the samples were classified as strongly, moderately, and lightly shocked, corresponding to 
shock pre ures of 2': 750 kb, 130-750 kb, and < 130 kb. The division among these categories 
was as fo ll ows. Pla in s: 0, 14, and 6% ; rim : 72, 2 , and 0% ; dia mond-bearing: 67, 33, nnd 
0%. Th is bears out earlier ob ervation by Nininger and the authors that rim (and diamond­
bearing) specimens tend to be much more strongly reheated than pla ins specimens. To de­
termine the original depth in the meteoroid from which the specimen came, we measured 
their He3 content. The values vary by a factor of 10', ranging from ~ 0.03 X 10-• to 294 X 
10-a cc STP / g H e'. Apparently, the great majority of samples come from the outermost 2 of 
the meteoroid. There appears to be a distinct grading of shock effects with depth; the mean 
depth of the lightly shocked specimens is 72 cm, whereas that of the moderately and strongly 
shocked specimens is 132 cm. Diamond-bearing and rim pecimens al o come from greater 
mean depths: 135 and 127 cm, in contra. t to t he depth of the plain specimens (81 cm). The 
moderately to strongly shocked pecimen , as well as the metall ic spherules result ing from 
the vaporization of the meteorite, show a marked localization northea t and southeast of the 
crater. The throwout pattern for hocked material seems to have been highly directional, 
like the lunar ray craters. M ea urements of H e, Ne, and Ar in 14 of the most gas-rich samples 
gave a co mic-ray age of 540 m.y. fo r 7 and 170 m.y. for 5 samples. The Canyon Diablo 
object apparently originated in a breaku p 540 m.y. ago and uffered a secondary coll ision in 
space 170 m.y. ago. 

1. l NTRODUC'fION 

Barringer's 1909 paper, in which he proposed 
an impact origin of Meteor Crater, Arizona, 
contain a map showing the distribution of 
Canyon Diablo meteorites around t he crater . 
Many small pecimens (u ually ;<S;5 kg in 
weight) were concentrated on the northea t rim 
of the crater; others, ranging up to 500 kg in 
weight, were scattered over t he surrounding 

1 ow at the Departmen t of Chemistry, Pur­
due University, Lafayette, Indiana. 

plains, at distances of up to 9 km from the 
crater. Nininger [1950, 1956] later drew atten­
tion to some remarkable differences between 
these two populations. The 'rim' specimens 
(from both t he northeast and southea t parts of 
the rim) nearly alway showed evidence of re­
heating to ~760°C and often contained dia­
monds. The 'plain ' specimens, on the other 
hand, were not reheated and did not contain 
diamonds. Later we e tablished that the reheat­
ing had apparently lasted for only a few seconds 
and had been followed by a rapid quench [Lip-

619 



620 HEYMANN, LIPSCHUTZ, NIELSEN, AND ANDERS 

schutz and Anders, 1961a]. These observations 
led to t he suggestion that the diamonds were 
produced by t he impact shock [Nininger, 1956; 
Lipschutz and Anders, 1961a, b] . 

It was not known, however, how these strik­
ing differences between rim and plains popula­
tions were rela ted to t heir positions in the 
ori" inal meteo roid . Fortunately, this problem 
can be attacked experimenta lly . In a meteoroid 
exposed to cosmic rays in space, the production 
ra te of a cosmogenic nuclide such as He' de­
crea e nearly exponentially wi th increasing 

depth [Signer and Nier, 1960; Arnold et al., 
1961]. Hence the concent ration of He' indicates 
the original distance of a sample from the pre­
atmospheric surface, provided that all parts of 
the meteoroid were irradiated for t he same 
length of time. 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

lininger 
No.• 

4328 
4329 
4330 
4302 
4811 
4 12 
4813 
4437 
4442 
4335 
4337 
4323 
4325 
4326 
2654 
2659 
2660 
2727 
2730 
2739 
3744 
4339 
4340 
4341 
4441 
4814 
4344 
4345 
4347 
2840 
2842 
2843 
2845 
2851 
2855 
3740 
4366 
4367 
4368 
4369 

For the present study, we obtained from 
Nininger 45 Canyon Diablo specimens whose 
locations with respect to the crater were known 
(~amples 1-45, Table 1). Twelve of these were 
rim specimens, from either the northeast or 
t he sou theast rim. The remaining 33 were plains 

TABLE 1. Summary of Experimental Resul ts 

Location b 
(Sec. No. ) 

16 
16 
16 
18 
28 
28 
28 
30 
30 
32 
32 

6 
6 
6 

13, NE Rim 
13, NE Rim 
13, NE Rim 
13, NE Rim 
13, NE Rim 
13, NE Rim 

14 
14 
14 
14 
20 
21 
22 
22 
22 

24, SE Rim 
24, SE Rim 
24, SE Rim 
24, SE Rim 
24, SE Rim 
24, SE Rim 

26 
34 
34 
34 
34 

Weight, 
g 

640 
625 
569 

2551 
357 
557 

1201 
770 

1278 
314 

1660 
595 

1047 
136 
777 
366 
622 
652 
213 
221 
336 
657 
554 
448 
951 
966 
638 
329 
262 
668 
554 
535 
511 
423 
362 

2253 
44 
88 

189 
280 

Shock and Reheating Symptoms< 

,Fe KRx 

+ (+ ) 
+ + 
+ + 

+ + 

++ 
++ 
++ 
++ 
++ 

+ (+) 

+ (+) 

++ 
++ 
++ 
++ 
++ 

+ + 

Cdiff 

m+ 

P++ 
m++, P++ 
m++, P++ 

P++ 
P++ 

P++ 
m+ 
P+ 
P+,m+ 
m++ 

FeS 

1 

2 

1 
l 

2, 3 

2, 3 

Eu 

L,Ph 
L, Ph 

Ph+ 

L,Ph 
L,Ph 

L,Ph 

Classd 

G 
M 
M 

MD 

G 
M 

G 

H 
H 
HD 
H 
H 
1 

G 

M 

HD 
H 
H 
H 
H 
M 

He3' 

10-s cc 
STP/g 

3 .9 
~0 .1 
~0.1 

0. 3 
0 .3 
0 .3 

109 
3.8 
1. 9 

~0.07 
21 . 9 
0 .7 

174 
31 

0 .23 
~0 .1 
~0 .06 

0. 7 
1.6 

65.5 
~0 .2 

2. 4 
46.8 

294 
0 .8 

36 .2 
12 .2 
2 .3 
0.6 
3.0 

~0.03 
0.2 
0 .3 
1.9 

~0.16 
0.7 
0 .3 

109 
17 

~0.1 
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TABLE 1. (Continued) 

Shock and Reheating Symptoms• He3• 

Nininger Locationb Weight, Clas d 10-s cc 
No. No.• (Sec. No. ) g ,Fe KRx Cdiff FeS Eu STP/ g 

41 4727 34 441 0 .6 
42 4733 34 434 4,9 
43 4352 36 370 33 .6 
44 4353 36 543 14 .7 
45 4354 36 467 0 .3 
46 4719 Rim 185 ++ m++ 3 HD 0 .8 
47 4721/ Rim? 198 + + M 35.2 
48 4722 Rim ++ m++ 3 Ph HD 0 .15 
49 2755 Rim ++ m++ 2, 3 L,Ph HD .3 
50 _a Rim >150 ++ P+ 3 L,Ph HD 0 .9 
51 _a , o Rim >2000 + ? ? ? MD? ~0 . 1 
52 _a Rim >412 + + m+ 2, 3 L MD 0 .26 
53 2758 Rim ++ m+ + 3 L,Ph HD 5.1 
54A _a, h ? 33. I 
54C _ a, h Rim? + ( + ) 1, 2 MD 0.18 
55 4703 Rim ++ m++ 2, 3 L, Ph HD 1.1 
56 4729 Rim ++ m++ 2, 3 L,Ph HD 0.8 
57 4041 .2 Rim ++ m++,P++ 2, 3 L,Ph HD 
58 4043 .2 Rim + + 2, 3 MD 
59 4012 .2 Plains 1 
60 4047 .2 Plains 1 
61 4050 .2 Plains l 

• All of Nininger's Canyon Diab lo specimens carry the prefix number 34, in addition to the 4-digit number 
listed. The remaining specimens are : No. 50, sample 1 from Lipschutz and Anders [1961a]; Nos. 51 and 52, 
samples 2262 and 1724 from the U.S. National Mu eum. The latter was previou ly described by Nininger 
(1939], Ksanda and Henderson (1939], a nd Lipschutz and Anders [1961a]. Numbers 54A and 54C are reported 
to be portions of Carter and Kennedy's (1964] sample No. 3. Numbers 57 to 61 were obtained from the 
Nininger collection through the courtesy of Carleton B. Moore of Arizona State University. They were 
described as 'rim' or 'plains,' but their exact location was not known. 

b Full location data are : Township 19N, Range 13E: Sections 16, 18, 28, 30, 32, and 6; Township 19N, 
Range 12 1/2 E: Sections 13, 14, 20, 21, 22, 24, 26, 34, 36. 

• Headings• ,Fe, ,-iron transformation structure; KRx, recrystallized kamacite ; Cruff, carbon diffusion 
zone; FeS, troilite; Eu, phosphide and carbide eutectics. Symbols: ( + ), feature seen only along fault lines 
and phase boundaries; +, feature seen in localized areas; ++, feature seen throughout specimen; 
m, martensite ; p, pearlite; 1, 2, 3, polycry talline or remelted troi li te, as defined in section 2; L, ledeburite­
like eutectic; Ph, phosphide eutectic . 

d M, moderately shocked (130- 750 kb) ; H, heavily shocked ( 2;::750 kb); D, diamond ; G, cohenite 
graphitized in cracks, either due to weathering or sustained reheating by hot ejecta. 

• Values printed in ita lics a re single measurements. Samples known to have cosmic-ray ages other than 
540 m. y. are printed in boldface type. For the purpose of Figure 10, their He3 contents were recalculated 
to 540 m. y. 

I This ample was stored with the rim specimens in the American Meteorite Museum, but its original 
location was not recorded at the time of collection and was therefore not known with certainty. It was 
reported to contain numerous small diamonds, but we found none after repolishing. This sample may be a 
piece of Canyon Diablo 2, since it is a medi um, rather than a coarse, octahedrite. 

• This meteorite contained a large diamond, about 1 mm in diameter, at the center of the slice. The 
surface was rough and badly gouged, and the troilite portions were deeply recessed. To repolish this 
specimen, it would have been necessary to remove the diamond, which was not permitted under the terms 
of the loan. We were therefore unable to repolish more than a small corner of it. The kamacite was completely 
recrystallized, but, since we had no positive evidence that this was the case throughout the remainder of 
the slice, we recorded a single + in the KRx column and classified this sample as moderately shocked. 

A Both samples allegedly came from the same 15-cm specimen, but the He3 contents, differing by a factor 
of 180, imply that they were separated by a distance of at least 110 cm. The shock effects also differ quite 
drastically. Only 54C matches the Carter and Kennedy No. 3 specimen morphologically, and the origin 
of 54A is therefore in doubt [Anders and Lipschutz, 1965). 
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specimens, repre ent ing 13 of the I-mile (1609 
m) surveyor 's sections in the crater area. Their 
exact location within each square was not 
known, except fo r samples and 9 which came 
from the southeast part of the section. In addi­
t ion, we obtained from various sources 11 speci­
mens known or believed to contain diamonds 
( am pies 46-56). All but one had ori"inalJy 
been collected by Nininger, and, since be states 
that he found diamond-bea ring samples only on 
the rim, we have li ted these samples as rim 
peeimen . In several ca es where the identifica­

t ion of the diamonds seemed uncertain, we 
checked them by X-ray diffraction. In one 
sample (no. 47) , t he presumed diamonds dis­
appeared during repolishing, befo re they could 
be X-rayed. Various ob ervations make it 
unlikely t hat they were diamonds . T o improve 
our statistics on t roili te-bearing sample , we 
obta ined five uch specimens (nos. 57-61) from 
Carleton B. Moore of Arizona State University. 
These ample were received toward the end of 
our survey and were studied only metallo­
crraphicall y. Two of t he e were rim specimens 
and conta ined diamonds. Count ing the six 
t roili te and three diamond inclusions discovered 
during t hi tudy, t he following breakdown of 
sa mples resul ted : 

R im 
Plain 
Diamond-bearing 
Troilite-bearing 

25 
36 
15 
20 

Location data for alJ samples are given in Table 
1. Each sample was studied by metallographic 
techniques to determine its temperature his­
tory. The He• content wa mea ured on a mass 
spectrometer . In twelve samples where the 
noble-gas content was high enough, neon and 
argon were mea ured also. These data (and two 
ea rlier mea urcments [Heymann, 1964]) were 
used in calculating the co mic ray exposure age 
of Canyon Diablo. 

2. EXPERIMENTAL P ROCEDURE 

Temperature and Pressure History 

Opik [195 ] pointed out several years ago 
that the su rviving Canyon Diablo fragments 
presumably came from the rear part of the 
meteoroid, having been spalled off by the shock 
wave at the in tant it reached the rear surface. 

A typical fragment must have passed through 
the following stages during impact . First, it 
was heated and compressed by the shock wave. 
Its temperature at this point was equal to the 
sum of an 'adiabatic' and a ' residual' term and 
depended strictly on the shock intensity. A frac­
t ion of a millisecond later t he rarefaction wave 
decompres ed and cooled it to the residual tem­
perature and threw it clear of the explosion area. 
From then on the fragment cooled by radiation 
:rnd conduction. Its cooling t ime therefore de­
pended on its size and ejection velocity and 
might be expected to range from a few seconds 
to a few minutes. If it chanced to fall on an area 
covered by hot ejecta, its cooling t ime would 
have been longer, up to several hours or days . 

Few pressure indicators as such are available 
in iron meteorite . But because the reheating 
temperature is related to the shock intensity, 
it can erve as an indi rect measure of the pres­
sure to which t he specimen was exposed. Two 
types of temperature indicators are available, 
di ffe ring in t heir response t imes. Diffusionless 
phase changes, such as melting or cer tain solid­
state t ransformations, are prompt and can 
therefore record, in p rinciple, t he peak tempera­
ture reached during passage of the shock wave. 
Transition temperatures change with pressure, 
however, and this limits the usefulness of this 
class of temperature indicators. 

Other structural changes involve diffusion of 
atoms from one phase into another and are 
therefore inherent ly slower. In one respect this 
is an advantage, because diffusion is negligible 
during the passage of the shock wave. The 
changes commence effectively only after decom­
pression , when the specimen has cooled to the 
' residual' temperature. Laboratory data at 1 
atm are therefore strictly applicable. Inasmuch 
as t he wid th of a diffusion zone depends on t ime 
as well as on temperature, it can serve as a 
measure of the cooling rate. A drawback of 
the e indicators is their lack of specificity. They 
can also occur in an unshocked meteorite that 
happened to fall on a layer of hot ejecta. For­
tunately, uch cases are easily recognized by 
t heir abnormally slow cooling rates. 

Temperature and Pressure Indicators 

Several indicators exist, but they are very 
unevenly distributed over the range of interest. 
B rentnall and Axon [1962] have recently pub-
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lished a detailed study of thermal alterations in 
Canyon Diablo, greatly ei,.iending our earlier 
work [Lipschutz and Anders, 1961a]. In the 
present discussion only tho e pressure and temp­
erature effects t hat occur on a time scale of 
seconds, or fas ter, are of interest . 

Changes in the metal. Two direct pressure 
indicators a re available. Neumann lines (narrow 
lamellas in the kamacite, resulting from me­
chanical twinning along the 112 planes) require 
hocks of ~80 kb at room temperature (P. S. 

De Carli, private communication, 1964), but 
they can also be produced by weaker shocks at 
lower temperatures. They seem to be present in 
most iron meteorites (Figure 1), having been 
produced during preterrestrial collisions or dur­
ing impact with t he earth. They are therefore of 
lit tle use to us. 

At pressures greater than 130 kb a transfor­
mation structure appears (Figures 2a, 2b) , re­
sulting from the temporary conversion of a- to 
cFe [Smith, 1958; Maringer and Manning, 
1962]. In kamacite con taining about 7% Ni , the 

cJ ' \ -
I , , , I 

I I 
I 

I 
I .. " 

... I- . 
K . ' 

• 

I 

.M 

t ransition pressure is probably lowered very 
slightly below 130 kb. The appearance of the 
cFe transformation structure changes with pres­
sure. Smith noted that Armco iron subjected 
to shock pressures from 130 to 600 kb showed 
a progression of metallographic structures. 
'Feathering' and multiplication of Neumann 
bands were followed at higher pressures first by 
a highly complex structure resembling carbon­
free martensite and then by a simpler one. 
Analogous differences were found in meteoritic 
iron shocked to 190 and 600 kb (Figures 2e, 
2!). At the lower pressure (Figure 2e) the Neu­
mann bands begin to show a slight amount of 
feathering. The background is dense, fine­
grained, and hard to resolve. At the higher 
pressure (Figure 2/) the Neumann bands show 
a well-developed transverse hatching, and the 
background has thinned out to a pattern of fine 
bu t sharp, clearly resolvable lines. In most Can­
yon Diablo meteorites studied the cFe structure 
resembled the 600-kb structure rather than the 
190-kb st ructure. 

II 
I I 

/ 

I 

Fig. 1. Lightly shocked Canyon Diablo plain specimen (no. 1) , rich in Neumann bands. 
C, cohenite ; K, kamacite ; 0, iron oxide form ed during terrestrial weathering ; P , plessite. 
Scale bar, 100 µ. 
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1, 
f 

-:/ 
I 

{ ·, 
F in-. 2a. Moderately hocked Canyon Diablo 

specimen (no. 3) , showing ,Fe transformation 
structure. Clear kamacite surrounding cohenite has 
tran formed to den e, fine-grained structure. 
Ve t iges of Neumann bands are visible in lower 
right. Compare wi th Figure 2e. Scale bar, 100 µ . 

A disadvantage of this pressure indicator is 
it tendency to appear only in localized areas 
of favorable grain orientation [Smith, 1958] . 
Sample 3, which contains t he low-pressure va­
riety of the £ structure, displays this structure 
throughout the entire specimen, except for a 
patch of recrystalli zed kamacite. Other samples 
(e.g., 10 and 52) which seem to have been 
shocked to higher pressures, judging from both 
the morphology of the £ structure and the 
pre ence of other shock indicators in the 0.8- to 
1-Mb range, contain only a few isolated patches 
of t he £ structure. One must t herefore scan at 
least 20 cm' of meteorite to ascertain t he ab­
sence of this structure . Often the affected areas 
can be recogni zed macroscopically by their 
'matte' appearance [Maringer and Manning, 
1962]; they may etch either light or dark, de­
pending on orientation . 

No other pressure indicators are available 
from here on, and it is therefore necessary to 
infer pressures from residual temperatures. The 
relationship between shock pressure and resid­
ual temperature is well known for pure iron 
[McQueen et al., 1962], and t he data can be 
applied to kamacite with lit tle error (Figure 
3) . In t his figure we have assumed an initial 
temperature of +90°C, which seems to be the 
radiation temperature of iron meteorites at 1 
AU [Butler and Jenkins, 1963] . 

Only a few subtle changes take place between 
the £Fe t ransformation and 675°C, correspond­
ing to a shock pressure of 970 kb . At about 
500°C, a fine globular precipitate appears in the 
kamacite. Brentnall and Axon [1962] have 
c;il ]ed it 'micro rhabdite' on the assumption that 
it consi ts of (Fe, Ni )0P, but its exact nature 
ha not been defini tely established. It seems to 
fo rm by ome di ffusionle ·s t ransformation, for 
we h:we observed it in Odessa samples heated 
to 400°C for t ime as short as 15 seconds. Nearly 
all Canyon Diablo samples contain it, and 
since this structure can result from mere heat­
ing at low pressures (e.g., contact with hot 
ejecta) we cannot u e it a an unambiguous 
pre~sure indicator. 

At 550°C, a feathery precipitate of carbide 
appears at strain lines emanating from sharp 
corners of t he coheni te [ (Fe, Ni ),C] crystals. 
At lightly hiuher temperatures, t he cohenite 
begins to graphitize in cracks (Figure 4) . A 
serious limitation of these two temperature in­
di cators is their slowness. Both seem to require 
heating t imes of several minutes [B rentnall 
and Axon, 1962]. Hence they can hardly be 
u ed as shock indicators, though t hey may be 
qui te useful in helping us to recognize sustained 
heating by hot ejecta. 

At 675°C, carbon from cohenite begins to 

Fig. 2b. Moderately shocked Canyon Diablo 
specimen (no. 54C), showing ,Fe t ransformation 
structure. K amacite background is clearer than 
in Figure 2a, but Neumann bands have developed 
sharp transverse hatching. This specimen matches 
the 600-kb, rather than the 200-kb, shock experi­
ment (Figure 2e, 2/) . Scale bar, 100 µ . 
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Fig. 2c, d. (c) H eavily shocked Canyon Di­
ablo specimen (no. 55). K amacite has recrystal­
lized and carbon has diffused from cohenite into 
metal during excursion of kamacite in to stabili ty 
field of -yFe. Owing to fast cooling rate, carbon dif­
fu sion zon e transfo rmed to martensite. Rows 
of fin e blacks do ts in cohenite consist of nodular 
graphi te. Compare wi th Figure 2g. Scale bar, 
100 µ. (d) H eavily shocked Canyon Diablo speci­
men (no. 33). Similar to 2c, but conta ins pearli te 
rather than mar tensite, owing to slower cool­
ing rate. Scale bar, 100 µ. 

diffuse into the surrounding kamacite, changing 
it to austenite (yFe saturated with carbon). 
The width of the diffusion zone depends on the 
reheating temperature and t he time spent in 
the region above 675°C. The latter, of course, 
is a function of specimen size. On rapid cooling 
(less than a few minutes) t he au tenite changes 
to martensite, a metastable alloy of Fe and C. 
If the cooling time is slow, either because the 
meteorite was la rge or because it happened to 
be in contact with hot ejecta, the austenite de­
composes to pearli te, a eutectoid of kamacite 
and cohenite (Figures 2c, 2d). 

The carbon diffusion zone evidently forms 
after decompres ion of the meteori te, and the 
threshold temperature at 1 atm is therefore 
strictly applicable. Hence a meteorite display­
ing a carbon diffusion zone must have had a 
residual temperature of ;:::: 675°C. Figure 3 
shows t hat t his im1 lies a pressure of ;::=: 970 kb . 

At about 740°C and 1 atm, kamacite trans­
forms to taenite (yFe) . If Neumann bands or 
other imperfections are present in the kamacite, 
it becomes finely polycrystalline when the y 
phase reverts to a phase on cooling (Figures 

Fig. 2e, J, g. Samples of Odessa meteorite, 
shocked to 190, 600, and 1000 kb . Compare with 
Figures 2a-2d. Scale bar, 100 µ. 
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8 00 

Carbon diffus ion zone 
u 
0 

- 600 

Komocite rec rystal l i zes 

] 4 00 
0 
.; 
a. 
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QJ 
t-

g 200 
,? 
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(l'.'. 

0 

c - Fe appears 

200 4 00 600 800 1000 1200 
Pressure ( kb ) 

F in-. 3. Residual temperature in shocked iron, for an initial temperature of + 90°C 
[.McQueen l al., 1962, and R. G. M cQueen, private communication, 1965] . Metallograph­
ica lly observab le changes in iron meteorites of about 7% Ni are a lso indicated. Vertical and 
horizonta l markers indicate observed pre~sure and temperature thre holds, respectively. The 
thresholds for recrysta!Jization of kamacite and melting of t roili te are known only approxi­
mately . 

2c, 2d) . F rom Figure 3, a temperature of 740°C 
would imply a pressure of about 1 Mb. How­
e,·cr, the y-a t ransformation is diffu ionless 
and can thus lmppen while the metal is still 
under pres ure. At higher pressures, the trans­
formation temperature drops. Johnson et al. 
[1962] have bown that shocked a Fe becomes 
polycrystalline whenever its temperature ex­
ceeds 775 °K, the tr iJ le point of a- , y-, and 
cFe. From Figure 3, this corresponds to a pres­
sure of ;:::: 750 kb. 

However, Odessa meteorites artificially 
shocked to pres u res of 400 to 500 kb show small 
amounts of recrystallized kamacite. Such local­
ized recrystallization is invariably found only 
along fault lines or kamacite-taenite interfaces, 
regions where pressures may have been higher 
than in the body of the metal owing to multiple 
shock reflections. 

Changes in troilite. Troilite can serve as a 
P-T indicator not only because the troilite it­
self undergoes several changes but also because 
troilite nodules are often associated with other 
minor phases [graphite, cohenite, and schrei­
bersite, (Fe,Ni).PJ . At temperatures between 
900 and 1150°C, many characteristic binary 
and ternary cutectics form among these phases. 

Unfortunately, troi lite nodules are relatively 
rare. Among the 45 uncut Canyon Diablo speci­
mens in our initial sui te, only 6 revealed troilite 
inclusions on cutting. No additional inclusions 
were detected by X-ray radiography, although 
19 of the larger pieces were examined. To im­
prove our statistics, five troilite-bearing Canyon 
Diablos (nos. 57-61) were obtained from Carle­
ton Moore. Among the 11 specimens selected 
e peciaUy for their diamond content (nos. 46-
56), 9 contained t roili te, so that a total of 20 
troilite-bearing specimens were available for 
our study. 

Unfortunately, t roilite cannot be used as a 
quantitative pressure indicator because its equa­
tion of state is not known. The generalizations 
discussed below are based largely on empirical 
correlations between changes in the troilite and 
metal. 

The shock effect are always most prominent 
at t he troili te-metal interface. In Odessa, the 
troili te at the interface is monocrystalline (see 
Figure 3b in Lipschutz and Anders [1961a]), 
but even in the lightly shocked Canyon Diablo 
specimens, showing nothing but Neumann 
bands, the t roilite-pentlandite mixture at the 
periphery is polycrystalline, sometimes contain-
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ing broken bits of Fe3C and Fe.P. The poly­
crystallinity is most easily observable in polar­
ized light (Figures 5a, 5b). The grains are 
always finest at the periphery and coarsest in 
the interior of the nodule. The grain size seems 
to decrease with increasing shock pressure. Even 
though the grains are distorted and show de­
formation bands, t hey still retain their original 
orientation. In Table 1, we have designated such 
polycrystalline, but still oriented, troilite as '1' 
(Figures 5a, 5b). 

In the more strongly shocked specimens, the 
troili te grains at the periphery no longer show 
their original orientation when viewed in polar­
ized light . They are small, equiaxial, and ran­
domly oriented. We have designated such equi­
axial troilite as '2' in Table 1 (Figures 5c, 5d). 
It could have resulted from remelting or from 
a solid-state phase transformation during pas­
sage of the shock wave. Mere recrystallization 
I y prolonged reheating is ruled out by both 

the resistance of troilite to recrystallization 
[Curvello, 1958] and the occasional localization 
of equiaxial grains along fault lines. The residual 
temperature cannot have been much above the 
melting point of troilite; otherwise, various 
binary and ternary eutectics would have formed 
from the schreibersite, cohenite, and kamacite 
surrounding the nodule. 

Such eutectics are indeed present in the most 
strongly shocked specimens. The t roilite at the 
periphery shows a distinctive polyphase struc­
ture, due to the presence of metal and other 
phases from the eutectic zone surrounding the 
nodule . We have regarded this polyphase struc­
t ure as evidence for remelting and have desig­
nated such troilite as '3' in Table 1 (Figure 5e) . 
In the interior of these nodules, the troilite is 
single-phase, consisting of large, randomly 
oriented, equiaxial grains (Figure 5d). These 
grains resemble troilite 2 in all respects except 
size and location and are therefore de igoated 

Fig. 4. Lightly shockeJ Canyon Diablo spec imen (no. 1), how ing graphitization of 
C'ohcni te in cracks. The coheni te (C) has broken down to graph ite (b lack veinlet ) an d kama­
·ite ( light pha e surrounding the graphite, corroded to grayish oxide in places). This graph­
it izat ion may be the result of conductive heating by hot ejecta. Scale bar, 100 µ. 
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Fig. 5. Three stages of alteration of troili te, identified by numbers 1, 2, 3. Scale bar, 100 µ. 
(a) Troilite 1 in lightly shocked specimen (no. 12). The heavi ly fractured, light-colored ma­
terial on the right is coheni te and schreibersite. Small , broken bits of both minerals are also 
found in the tro ili te near the interface. (b) Same field in polarized light. The originally 
monocrystalline troilite is seen to ha ve broken down to a mixture of coarse but oriented 
grains. (c) Moderately shocked specimen (no. 54C) in polarized light. At the edge of the 
nodule (right), the troilite has changed to fine, unoriented, equiaxial grains (' troilite 2'). 
Further inward (left), the change has been less drastic; the grains are fin e but still show their 
original orientation and are thus classified as troili te 1. (d) Coarser variety of troilite 2, in 
polarized light (specimen 30). (e) Remelted tro ilite 3, in specimen 52. Droplets show eutectic 
structure. 
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by the same symbol in Table 1. Shock experi­
ments on Odessa gave t roilite 2 at pressures as 
low as 400 to 500 kb; troilite 3 formed only at 
700 to 800 kb. In Canyon Diablo, troilite 3 was 
correlated with e},.i;ensively recrystallized kama­
cite, ::md troili tes 1 and 2 were found also in 
amples showing only small amounts of re­

crystallized kamacite. This would seem to imply 
a pr ure t lHc hold near 700 kb for troilite 3, 
and rnn"'e of about ~ 130 to ~ 1000 kb for 
t roiJi tc 2, and < 130 to < 00 kb for t roilite 1. 

Eutectics. Pure troilite has a melt ing point 
of 1193°C at 1 atm, but, in the presence of 
other meteoritic phases, various binary and 
ternary eutectics with melting points as low 
as 950°C form. The first signs of melting are 
usually found at the periphery of troilite nod­
ules, where several minor phases exist in close 
contact. In addition to remelted troilite 3, 
tron.,.ly shocked meteorites usualJy contain 

J bosphidc eutectics (freezing points ~950 to 
1000°C) and a carbide eutectic resembling 
ledeburite, the binary eutectic of Fe.C and Fe. 
Pure ledeburite has a freezing point of 1147°C, 
but in the presence of troilite a 'ternary eutectic 
forms, with a freezing point of 1100°C. The 
effects of pressure are not known. We observed 
eutectics in an Odessa sample shocked to a 
nominal pressure of 700 to 800 kb, but in some 
of our Canyon Diablo samples eutectics were 
lacking even when the kamacite was completely 
recrystallized. Apparent ly, pressures somewhat 
greater than 800 kb are required to produce 

these eutectics. If the eutectics are used as 
pressure indicators, it must be kept in mind 
that they corrode more easily than the un­
melted metal. The absence of eutectics thu 
does not preclude high pressures. 

To provide some additional calibrations and 
cross checks of our pressure scale, we shocked 8 
samples of the Odessa meteorite to pressures of 
190 to 1000 kb. The shock effects observed arc 
li ted in Table 2. In a quantitative comparison 
of these data with Fi.,.ure 3, it must be kept in 
mind that Figure 3 applies to pure iron initially 
at 90°C, whereas the samples in Table 2 con­
tained 7% Ni and were initially at about 30°C. 
Also, the pressure gradients in the artificially 
shocked samples were very steep. 

A summary of shock symptoms is given in 
Table 3. As noted in the table, some of these 
ymptoms cannot, by themselves, be used to 

distinguish shock heating from conventional 
conductive reheating at low pressures (e .g., con­
tact with hot ejecta ). This ambiguity can usually 
be resolved if true pressure indicators (e.g., the 
cFe structure) are present or if the structure 
in question occurs in only one part of the 
specimen. Steep temperature gradients, as im­
plied by such localization, could neither occur 
nor persist under conditions of prolonged, con­
ductive reheating. A particularly telling piece 
of evidence is the presence of high-temperature 
regions in the interior. No conventional heat 
source can produce such 'inverse' temperature 
gradients [Lipschutz and Anders, 1961a] . 

TABLE 2. Shock Experiments on Odessa Meteorite* 

Pressure, 
kb .Fe 

190 ++ 
200 ++ 
400-500 ++ 
500-600 ++ 
600 ++ 
700-800 + 
1000 
1000 

Shock and Reheating Effects t 
KRx Cdiff FeS 

( +) 1, 2 
( +) 
+ 
+ P+ 2, 3 
++ P++ 
++ P+ 2, 3 

Eu 

L,Ph 
L 

Diamondst 

+ 

+ 
+ 

*Weare indebted to N. L. Coleburn of the Naval Ordnance Laboratory for the shock experiments at 
190 and 600 kb and to P . S. DeCarli of the Stanford Research Institute for the remaining experiments. 

t See Table 1 for explanation of symbols. 
t So as not to destroy the textural relations, none of the presumed diamonds have as yet been removed 

for X-ray diffraction analysis. The identification must therefore be regarded as tentative. 
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TABLE 3. Shock Indicators in Canyon 
Diablo Meteorites 

Pressure, 
Symptom kb Limitations* 

N eumaun bands ~80 to =750 1 
EFe transformation 

structure ~130 to =750 2 
Recrystallized 

kamacite ~750 3a 
Carbon diffusion 

zones ~970 3b 
Phosphide eutectics >800 3c 
'Ledeburite' eutectic >800 3d 
Troilite 1 (fine-

grained, oriented) <130 to <800 
Troili te 2 ( eq uiaxial 

grains) ~ 130 to ~ 1000 
Troili te 3 (remelted) ~750 ? 3c 

* 1. May have been produced during breakup 
of meteorite parent body before it approached the 
earth. 

2. Strong tendency toward localization. 
3. Cao also be produced by prolonged heating to 

(a ) ~ 500°C ; (b) ~675°C;(c) ~ 950°C;(d) ~ll00°C ; 
(e) a few hundred degrees. Such reheating can be 
ruled out if steep, 'inverse' t emperature gradients 
are present or if characteristic symptoms of sus­
tained reheating are absent. 

Classificat ion of M eteo1i tes According to Shock 
Intensity 

A serious obstacle to any classification scheme 
is the grossly nonuniform pressure distribut ion 
in shocked specimens. Often a given pressure 
indica tor is found only in one part of the speci­
men, implying the existence of a pressure 
gradient across the meteorite. An example is 
shown in Figure 6, where a sharp boundary 
separate recrystallized kamacite from t he £Fe 
transformation structure. At higher pressures, a 
broad spectrum of pressure indicators is often 
found in a single specimen, especially in the 
presence of troilite. The diamond-bearing speci­
men 52 is a good example (Table 1; see also 
Anders and Lipschutz [1965]). Remelted troilite 
3, ledeburite, and troilite 2 are found side by 
side with recrystallized and unrecrystallized 
kamacite, cohenite wi th and without martensitc 
borders, etc. Very large pressure gradients evi­
dently existed in some specimens. 

In our classification scheme, we divided the 
meteorites into three categories. The dividing 
lines were chosen so as to make the assignments 

unequivocal in all cases. The classification was 
based entirely on the metal phase, since troilite 
inclusions were rarely present in our samples, 
and coheni te, though ubiquitous, was often 
highly localized. 

1. Heavily shocked meteorites show com­
pletely recrystallized kamacite throughout the 
entire sample. Carbon diffusion zones around 
cohenite are present in at least a part of the 
specimen. These criteria imply a shock pressure 
of a t least 750 kb in the entire sample and ~970 
kb in some portion . 

2. Lightly shocked specimens show no shock 
symptoms other than Neumann bands, not even 
the £Fe t ransformation structure. This implies 
pressures of ~ 130 kb. 

3. Moderately shocked specimens are the 
remaining ones. This category is somewhat 
heteroc:reneous, as implied by the widely spaced 
pressure limits (130--750 kb). To complicate 
mat ters further, some specimens show apprecia­
ble pressure gradients: carbon diffusion zones 
( ~ 970 kb) and phosphide or carbide eu tectics 
( > 800 kb) in some areas, unrecrystallized 
kamacite (~ 750 kb) in ot hers. To make our 
classification scheme as consistent as possible, 
we used the sta te of the kamacite as the over­
riding criterion. If unrecrystallized kamncite was 
present in only a part of the sample (implying 
that some regions did not reach pressures of as 
high as 750 kb), the meteorite was classified as 
moderately shocked, even though other portions 
bowed evidence of shock pres ures exceeding 1 

Mb. 
Four meteori tes showed a peculiar kind of 

alteration: their cohenite was partly graphitized 
in cracks ( ee Table 1 and Figures le and 4). 
Such graphitization can be produced by re­
heating to abou t 650°C for times the order of 
an hour [Brentnall and Axon, 1962; Lipschutz 
and Anders, 1964]. Curiously, the Neumann 
bands, which were unusually abundant in all 
four specimens, had not recrystallized, although 
such recrystallization normally takes no more 
than a few hours at 650°C. This places rather 
narrow limits on the cooling times of these 
meteorites. To make matters worse, the cooling 
time of specimens in the 0.1- to 1-kg range are 
measured in mimi te rather than hours, and it 
therefore seems likely tha t the coolinc:r was re­
tarded in some manner. Perhaps these meteorites 
were in contact with hot ejecta after the im-
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Fig. 6. Pressure gradients in specimen 3. In the main part of the specimen, the kamacite 
contains the • structure (E). In the darker part at the upper right, no • structure is present; 
the kamacite is completely recrystallized (R ). In the wedge-shaped, light-colored zone at the 
lower right, between letters 'E' and 'R ,' both the • structure and recrystallized kamacite are 
present. Scale bar, 1 cm. 

pact . There was no apparent regularity in the 
distribu tion of these meteori tes. They were 
located we t, south, and east of t he crater. None 
of the other meteori tes in the same section 
howed signs of such prolonged reheating, and 

we therefore suspect t hat the alteration was 
cau ed either by 1, rge blocks of hot rock or by 
a highly locali zed, ray-like blanket of hot ' rock 
fl our' or impactite. Consequent ly, these effects 
were di regarded in the classification of the 
specimens. 

Mass Spectrometry 

To measure the stable isotopes of He, Ne, 
and Ar, we evaporated a meteori te sample from 
a hot crucible, purified the released ga ·es, and 
put the remaining gas into a Nuclide Analysis 
Associate RSS-1 , 4.5-inch-radi us mass spec­
trometer. The sensit ivi ty of the instrument was 
calibrated wi th known amounts of He", He', Ne, 
and Ar. Instead of performing a separate cali­
bration before and after t he measurement of 
a sample, we added the calib ration standards to 
the sample gas in most cases and measured the 

resul ting increments of signals. The ion source 
of the mass spectrometer was operated without 
a source magnet; emission currents ranged from 
0.03 to 0.6 ma, depending on the ion beam 
intensity. With an ext raction potential of 1800 
volts, t he focusing conditions were almost 
ident ical at all masses concerned, so that a 
given set of focusing condi tions could be used 
throughout an entire run . Whenever a change 
in ion beam intensity of more than 2% oc­
curred during a measurement , the focusing 
condi tions were checked and the measurement 
repeated. 

The ion current was defl ected on the first 
dynode of a nine- tage secondary electron multi­
plier wi th a gain of about 10' at an over-all 
electron accelerating voltage of 1.5 kv . The 
signal produced by t he current across a 1010-ohm 
resistor was amplified by a vibrating reed elec­
t rometer and recorded. All peaks were measured 
by magnetic canning, each peak being scanned 
several t imes. In addi tion to the peaks resulting 
from the rare gas isotopes, a number of peaks 
at other masses were measured as cont rols. This 
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included peaks at masses 1, 2, 16, 18, 28, 35, 37, 
and 44. A typical sensitivity for He• under the 
conditions given (emission current 0.3 ma, ion 
accelerat ing voltage 1800 volts, mul tiplier gain 
10•, resistor 10'0 ohms) was 60-100 mv for 10-• 
cc STP of gas. The mass spectrometer could be 
outgas ed at 350°C. 

It was expected that the study of a large 
number of specimens of the ma sive Canyon 
Diablo iron meteorite would pre ent some diffi­
culties, inasmuch as the co mogenic rare gas 
content might vary appreciably. Indeed, t he 
He• values ranged from :s;o.03 t o 294 x 10_. cc 
STP /g. As far as He• is concerned, the mass 
spectrometer always has a background peak at 
mass 3 resulting from H,+ ion molecules . Since 
the concentration of th is species depends on the 
par tial pressure of hydrogen, it was important 
to purify the gas as thoroughly as possible, par­
ticularly for specimens with low He• contents. 

Initially the gas was purified by means of a 
titanium metal getter enclo ed in a thick-wa lled 
stainless steel cylinder connected to the vacuum 
l.ine by a glass-to-metal seal. The titanium was 
heated to about 900°C for 20 to 30 minutes by 
means of a resistance-heated furnace and then 
allowed to cool to room temperature. This pro­
cedure yields satisfactory backgrounds at mass 
3, but takes much time. Equall y low back­
grounds were attained by another and faster 
technique. The meteorite samples were dropped 
in to a prebaked alumina crucible (Figure 7) 

V iewing Window 

i 

Quartz 

which was then heated to about 1750°C by in­
duction heating with an external load coil. This 
:n-rangement allows the gas to be purified at the 
same time. A econd molybdenum crucible was 
mounted below t he 'melting' crucible and filled 
with t itanium metal sponge. Two 6-rnm holes 
were drilled through the wall of the lower cruci­
ble to permi t unimpeded diffusion of gas to the 
getter. The lower crucible was positioned at 
the fringe of the RF field ; its temperature dur­
ing t he melting of a sample was therefore some­
what lower than the temperature of the upper 
crucil le but high enough fo r the gettering of 
N,, 0 ,, and the like. Most samples were heated 
to about 1750°C fo r 20 minutes, which was long 
enough to evaporate Ni-Fe specimens weigh­
ing 0.1 to 2.0 grams. Hydrogen is efficiently ad­
sorbed on ly at temperatu res below 500°C; hence 
the H, gettering took place while the furnace 
cooled to room temperature. It was found that 
th is cooling took about 45 minutes. 

In a few instances it was observed that the 
melting or evaporation of a sample had not 
been complete, and in such cases all data were 
discarded. In separate runs of specimens 20 
and 38 the temperatu re was increased stepwise 
in 100°C increments star ting at 900°C. (Tem­
peratures were measured with an optical pyrom­
eter and are probably accurate to within 20°C.) 
It was fow1d t hat only about 10% of the 
cosmogenic He• was released up to the melting 
point of the metal, but the amount rose to 
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more than 95% by the time the sample had 
completely melLcd. 

Backgrounds at masses 3 and 4 were deter­
mined in blank runs, which were alternated 
periodically with ample runs. A typical back­
ground at mass 3 was equivalent to 10-10 cc 
STP of He". A typical He' background wa 5 
X 10..a cc STP, but thi value depended some­
what upon t he t iming because He' from room 
air diffused through the Pyrex walls of the 
ystem. We compared He' blanks obtained from 

a water-cooled Pyrex furnace with backgrounds 
obtained from an identical furnace made from 

orning 1720 combustion tubing and found no 
significant differences for blank runs between 
the two glasses. 

Another problem was the possibili ty of con­
tamination of t he ma spectrometer (or con­
tamination from the gas inlet system and fur­
nace), particularly when a sample with high 
gas content was followed by a sample with low 
gas content. All samples with more than 1 X 
10--8 cc STP /g of He" were always remelted and 
t he relea ed gas measured. In spite of this pre­
caution it was ob erved in some instances that 
contamination from He" existed that could inter­
fere with the next sample. Because of this fact 
and its implications for the measurements of 
Ne and Ar, a preliminary survey of all speci­
mens was made first in which only He' was 
measured. For this urvey the specimens were 
chosen at random. Several t imes the measured 
He• content of con ecutive sample mea ured in 
a clean furnace was low. uch pecimens were 
mea ured only once and are marked in Table 1. 
The precision of the e values is perhaps smaller 
than the precision of duplicate measurements, 
but this fact is of minor consequence in the 
present study. Taking a conservative view, we 
can assume that t hese ingle mea urements are 
valid to within a factor of 2. 

According to the result of this survey the 
meteorites were divided into three groups. The 
first group had He" > 10 X 10..a cc STP /g. For 
a number of meteorites in this group all the 
stable isotope of He, Ne, and Ar were meas­
ured. The second group consisted of specimens 
with He• between 1 and 10 X 10 cc STP /g. 
For this group the He" background was not yet 
serious and amounted to 15% at most. He', Ne"', 
and Ar88 values in this group are not reliable 
becau e of back«round interference and are not 

reported. The third group consisted of speci­
mens with He• < 1 X 10..a cc STP/ g. Sometimes 
the signal at mass 3 could not be distinguished 
from the variations in backgrounds from blank 
to blank. In such cases it was assumed that the 
signal at mass 3 represented an upper limit to 
t he He" content of the specimen. The results of 
such runs are accordingly given as upper limits 
of the He" content. 

The measurement of He', Ne, and Ar isotopes 
presented no special problems. As usual, Ar was 
first adsorbed on charcoal while He and Ne 
were measured. After the completion of the 
He-Ne measurement the spectrometer was 
evacuated before Ar was released from t he t rap . 
There were, of course, background corrections 
fo r e21

, Ar"", and Ar ... The amount of the cor­
rection depended mainly on the degree of out­
gassing of the furnace. Each furnace was pre­
baked to 1750°C for 6 to 8 hours whenever it 
had been exposed to the atmosphere. Typical 
backgrounds were: Ne'°, 1 X 10..a cc STP; Ar'0 , 

10 X l Q-8 cc STP. 
He• and He' results were corrected for back­

ground with the average He• and He' values of 
the preceding and following blanks. For the 
correction of Ne"' it was assumed t hat the neon 
was a mi:Kture of cosmogenic gas wi th Ne"° : 
Ne21 

: Ne"" = 1 : 1 : 1 and air neon. It was as­
sumed that all of the observed Ar'0 was air 
contamination. Whenever the background cor­
rection of He', Ne"', or Ar38 exceeded 30%, the 
re ult was discarded. 

For the calibration of the mass-spectrometer 
sensitivity, metered amounts of He", He', Ne, 
and Ar were added to t he sample gases from 
storage bulbs by means of all-metal gas pipets 
and the increments of signals at given masses 
were measured. Since the ratio of bulb volume 
to pipet volume was laro-e, the calibrations did 
not affect the standard gas in the reservoirs. 
The p ipets, being of a new design, were care­
fully checked. It was found that the measure­
ment of ten successive standards was reproduci­
ble to within 0.5%. This test was repeated 
several times and no change in reproducibility 
was found. Although this did not mean that the 
volume of the pipet had remained unchanged, 
there was independent evidence from repeated 
measurements of t he same specimen that the 
volume remained constant to within at least 
2.5% and probably much less . 
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TABLE 4. Cosmogenic He, r e, and Ar in Canyon Diablo Irons 

Cosmogenic Rare Ga e , 
10-s cc STP /g Ratios 

Radiation 
Sample 1Ie3 He• Ne21 Ar3o Ar3s He3/ He• He3/Nc•' I-Je3 / Ar3s Ar3B/ Ar36 Age, m. y. 

24 294 1046 3.80 11.8 17.7 0 .281 77 16 .6 1.50 980 
13 174 637 2.22 7.19 11.2 0 .273 78 15 .5 1.56 622 
3 109 435 1.27 4 .93 7 . 16 0.251 86 15.2 1.45 551 

7 109 427 1.26 4 .17 6.46 0 .250 87 16 .9 1.55 538 
20 65.5 278 0 .67 2.56 3.87 0.236 9 16.9 1.51 578 
23 46.8 191 0.47 1.86 2.86 0.245 100 16.4 1.54 470 
43a* 40.2 151 0.47 1.60 2 .35 0 .266 6 17 . 1 1.47 1 1 
2G 36.2 151 0 .35 1.40 2.20 0 .240 103 16 .5 1.57 468 
47 35.2 154 0.33 1.42 2.10 0.229 107 16.8 1.48 553 
43b* 33.6 131 0 .38 1.29 1.99 0 .256 88 16 .9 1.54 166 
54A 33.1 150 0.32 1.44 2.2 0.221 103 15 .0 1.53 468 
11 21.9 93.3 0.25 0.94 1.46 0.235 88 15 .0 1.55 122 
44 14.7 66 0 .14 0 .53 0.82 0.223 105 17.9 1.55 191 
27 12 .2 55 0.11 0.51 0 .82 0.223 110 14 .9 1.61 248 
Ilf . 36.8 151 0 .34 1.3 2 .3 0 .240 108 16 .0 1.77 640 
IIIt 175 664 1.92 6 .53 10.3 0.264 92 17.0 1.58 1030 

• Samples 43a and b were taken from different portions of specimen 43. In all other ca es, adj acent samples 
of the same slice were used for duplicate measurements. 

t These were the anomalous Canyon Diablo 2 and 3 meteorites previously described by Heymann [1964]. 
Their original specimen numbers were 371.2 and 586.1. 

The re ult of the He• measurements are 
shown in Table 1. We estimate the precision as 
5% for specimens with He" > 10 X 10_. cc 
STP/g and as 5-10% for the specimens with 
He" between 1 and 10 X 10-- cc STP/ g. We be­
lieve that any He" value smaller than 10_. cc 
STP / g is correct to within at least a factor of 2. 

The He', He', e21
, and Ar"" data are given in 

Table 4. The errors of He', Ne", and Ar"" are 
estimated to be 5% whenever the He' content is 
more than 30 X 10_. cc STP /g and somewhat 
larger, probably 7 to 10%, for the remaining 
specimens. 

3. RESULTS AND Drscussro 

Cosmic Ray Exposure Age 
One of the objectives of this study wa the 

determination of the cosmic ray exposure age 
of Canyon Diablo. The noble-gas content of a 
given meteorite sample is a function of both 
its preatmospheric depth and its exposure age. 
Some information on the depth is usually needed 
before an age can be calculated. However, Signer 
and Nier [1960] have developed an ingenious 
method for determining both the age and depth 
from noble-gas data alone. Their method is 

based on t he principle that the production cross 
sections of various co mogenic nuclides in iron 
meteorites differ in their energy dependence. 
Some nuclide , uch as e21

1 are made mainly 
by high-energy primaries; others, such as He', 
are also made in appreciable yield by low-energy 
secondarie . Consequently, the He"/Ne11 ratio 
increases with depth and can serve as a depth 
indicator. Signer and Nier have determined, 
for meteorites of various masses, the relation­
ships between depth-sensitive ratios (e.g., 
He•jNe21

) and the production rates of cosmo­
genic nuclides (e.g., atoms Ar35 g-1 yr-'). On a 
plot of He•/Ne01 versus Ar"" all samples of a 
single meteorite having the same age lie on a 
single curve while samples of higher or lower 
age are displaced to the right or left. 

When the data for the 14 Canyon Diablo 
samples wi th the highe t gas contents are plotted 
on such a graph, t hey fall into two, or po sibly 
three, di tinct groups (Figure 8). Each group 
of points follows remarkably closely Signer and 

ier's curve for a meteoroid of 'infinite' mass 
(i .e.,» 2 X 10• g). The position of the first two 
curves corresponds to ages of 170 and 540 m.y.

1 

assuming an age of 640 m.y. for the 'reference' 
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rnann, 1964]. Solid lines are isochrons of Signer and Nier [1960], constructed from data 
supplied by P. Signer. 

meteo ri te Grant [Signer and N ier, 1960 ; 
clweffer and H eymann, 1965; V oshage and 

Hess, 1964; Lipschutz et al., 1965]. 
The two remaining poin ts appear to fit a 

940-m.y. curve. Alternatively, these two samples 
migh t have come from a projection of the main 
mass which was less heavily shielded than the 
remainder [Heymann, 1964] . The exposure age 
of sample 24, as measured by the K"/K'0 

method, is only 620 ± 130 m.y. (J. Okano and 
H. Voshage, private communication) . This 
would seem to support t he latter alternative. 
Sample 13, on the other hand, has a K" / K'0 age 
of 565 ± 120 m.y., which agrees rather well with 
our figure of 540 m.y. 

It is not surprising that Canyon Diablo shows 
two different ages. This has also been observed 
for everal other large iron meteori tes: Sikhote­
Alin [Vilcsek and W iinke, 1961] , Odessa [Vilcsek 
and TViinke, 1963] , and Arispe [Lipschutz et al., 
1965] . These meteori tes apparent ly suffered 
secondary collisions some time after the primary 
collision that shattered their parent bodies. These 

secondary collisions created new surfaces, 
thereby exposing previously shielded material 
to cosmic-ray bombardment . The lesser ages 
corre pond to the dates of these secondary col­
lisions (provided that the newly exposed ma­
terial had no previous irradiation history) . 

Figure 9 shows the geographic distribution of 
the two age groups. No clear-cut, systematic 
t rends are evident . A somewhat intriguing fact 
is that the meteorites wi th 170-m.y. ages are 
concentrated in a 120° sector south of the 
crater. Was the 'new' surface facing south as the 
meteori te struck the ground? Perhaps so, but in 
view of t he limi ted statistics no definite con­
clusions can be drawn. 

During this study we also measured the noble­
gas contents of the atypical Canyon Diablo 2 
and 3 meteori tes. Both are medium octahedrites, 
whereas 'normal' Canyon Diablo 1 is a coarse 
octahedrite [Nininger, 1940, 1956 ; Nininger and 
N ininger, 1950]. The Ni content of Canyon 
Diablo 2, 8.22%, is also distinctly higher than 
that of Canyon Diablo 1, 7.11% [Goldberg et 

• 
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al., 1951]. The noble-gas data, which have been 
published elsewhere [Heymann, 1964], indicate 
that Canyon Diablo 2 and 3 were neither dis­
tinct falls nor satelli tes of the main mass but 
were located inside the main mass at t he t ime 
of fall. This result provides some quant itaive 
information on the compositional uniformi ty of 
meteoritic iron. The (equivalent spherical) 
diameter of the Canyon Diablo object seems to 
have been of the order of 25 or 86 m, depending 
on the mass estimate: 6.3 X 10'0 grams [Shoe­
maker, 1960] or 2.6 X 1012 grams [()pile, 1958]. 
()pile [1961] has recently presented new, com­
pelling arguments supporting hi earlier esti­
mate. Whichever value is accepted, it is clear 
that major compositional and structural dif­
ferences existed in meteoritic iron over distances 
of less than 100 m. This is not surprising; 
Lovei·ing [1957] has pointed out t hat slow freez­
ing of a Ni-Fe melt will give crystals varying 
continuously in Ni content. His attempt to ac­
count for all iron meteori tes by differentiation 
of a single melt has been cri ticized [Anders, 
1964], but there is no doubt that some dif­
ferentiation processes of this type must have 

.. -' 
/ 

I 

\ 0 0 t. .. 

occurred during the formation of the iron 
meteorites. 

Shock Efjects, Location, and Preatmospheric 
Depth 

The He• measurements for all 56 specimens 
are shown in Figure 10. An approximate depth 
scale is also shown , based on a half-thickness of 
15 cm for the production of He" and an exposure 
age of 540 m.y. Unfortunately, the existence of 
a second age group at 170 m.y. makes the cor­
relation between He• and depth somewhat am­
biguous for the 44 samples whose ages were not 
determined . It was not feasible to measure Ne"', 
Ar"", and He' in most of these samples, since at­
mospheric contamination becomes a serious 
problem at these mass numbers long before it 
berrins to in terfere with the measurement of 
He'. 

To reduce all data to a common basis insofar 
as possible, we raised the measured He• contents 
of the 5 samples with an age of 170 m.y. by a 
factor of 540/170 = 3.18 and plotted t he cor­
rected values in Figure 10. For the remaining 
44 samples no correction could be applied. Judg-
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Fig. 9. Distribution of Canyon Diablo meteorite samples 1 to 45 around the crater. Sec­
tion numbers marked in corners of I-mile squares correspond to those in Table 1. One rim 
specimen (no. 47) and a specimen from an unknown location (no. 54A) also have cosmic-ray 
ages of 540 m.y. 
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ing from the re ults on the 14 dated samples, 
perhaps one-half of the 44 undated ones might 
have ages of 170 m.y. This would require an in­
crea e of t heir He• content by a fac tor of 3.1 
and a decrease of their depth by 25 cm. 

A remarkable fact is t he relatively shallow 
origin of mo t samp les. All but 10 of the samples 
dcfu1 it ly come from a depth of le s t han 1. m. 
For t hese 10, only an upper limit for the He• 
content was determined. Even if we make t he 
(probably unwarranted ) a sumpt ion that t hese 
sa mples came from the interior of t he meteoroid, 
it is remarkable that so few such 'interior' sam­
ples were found . For an original ma~ of 2.6 X 
10u grams, only 12% of the total ma is con­
tained i11 t he outermost 1.8 m, but eYen for 
Shoem::i ker's estimate of 6.3 X 10'0 gram it 
would be onl y 3 %. But ~% of ou r sample 
come from this 1. -m layer. For the rim speci­
men alone, t he percentnge i 7 %. (Most of our 
samples were of nen rly equal weight, so that 
this conclu ion would not be changed appre­
ciably if t he calculation were done on the ba is 
of weight rather t han number .) Our fuJdin gs 
t herefore support Opik's [195 ] conclu ion t hat 
t he surviving Canyon Diablo fragments cnme 
from the rear surface of the project ile. 

If we examine the histograms in Figure 10 in 
detail, we observe some rather marked correla­
tions. 

Shock and location. Seventy-two per cent of 
the rim specimens, but none of the plains speci­
mens, are class ified as heavily shocked. (When­
ever possible, the figures quoted in this section 
al o include specimens 57 to 61 , for which only 
metallographic data were available. ) If the 
moderately shocked specimens are included, we 
see that 100% of the rim specimens, but only 
14% of the plains specimens, have been shocked 
to 2': 130 kb . These resul ts certainly bear out 
N ininger's [1956] earlier observations, although 
he seems to have overlooked the existence of a 
few shocked plains specimens. This is under­
standable becau e the effects of moderate shock, 
resulting in reheating to less than 675 ° , are 
subtle and hard to recognize. 

It is rather remarkable that 4 of t he 5 mod­
erately shocked plains specimens are located 
northenst and southeast of the crater-the same 
directions where most of the rim specimens are 
found . It seems that the throwout pattern for 
the deeper, strongly shocked layers of the 
meteori te was highly directional. The metallic 
spherules collected by Nininger [1956] show 
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TABLE 5. Correlation between Shock Effect and Depth for Variou. Categories 

Shock Effects 
Mean 

Depth, Light, Moderate, Heavy, 
ategory Number 

Plains 36 
Rim (all) 25 
Rim (with diamonds) 14 
Rim (without diamonds) 11 
Lightly shocked 31 
Moderately to heavily shocked 30 
Diamond-bearing 15 

the same nor theast-southeast concentration pat­
tern , indicating t hat the directionality persisted 
t hrough t he stage during which t he meteori te 
was vaporized. 

Location and depth. The rim and plains 
populations al o differ in mean preatmospheric 
depth. Both di t ribut ions contain a similar 
number of interior sample , but t hey differ 
markedly in t he proportion of near-surface 
amples. The rim specimen come from a mean 

depth of 121 cm and the plains specimens come 
from 81 cm. No y tematic differences are found 
wi thin t he plains population itself. Specimens 
located 1 to 4 km from t he center of the crater 
come from t he ame mean depth as t hose lo­
cated 3t di ta nce greater tha n 4 km. Thee 
mean depths a re geometric mea n . Systematic 
age differences ca n account for only par t of t hi 
difference. If t he extreme as umption is made 
t hat t he age of a l.I rim spec imen i 170 m .y. and 
all plain pecimens 540 m.y., t he mean depth 
become 96 and 1 cm. But if such a t rend exists, 
it is certainly in t he wrong direction. Only t hree 
rim specimens have been dated, but the age of 
all three is 540 m .y. 

The t wo hi tograms in t he righ t-hand part of 
Figure 10 suggest a furth er correlation between 
shock heating and dept h. One might at first sus­
pect that t his correlation is a spurious one, t he 
low He3 conten ts merely refl ecting extensive gas 
las es in reheated specimens, but t his seems 
most unlikely. The shock itself could hardly 
have driven out any He" in t he available times 
of less t han lo-' sec. After decompression , t he 
sample cooled from some ini t ial temperature in 
the range 700-1000°C to no more than a few 
hundred degrees in a few minutes. As mentioned 

cm % % % 

81 86 14 0 
127 0 2 72 
133 0 29 71 
121 0 27 73 
72 100 0 0 

132 0 40 60 
135 0 33 67 

earlier, t he oolin o- time was as long as several 
hour in a few ca es, probably because the 
S3 mples were in contact wi th hot ejecta. But one 
of t he e samples (no. 24) happens to have the 
highe t He• content observed in t his study. In 
agreement wi th t his finding, diffu ion data show 
t hat expul ion of 10% of t he cosmogenic He• 
in iron meteorites requires 24 hours at 900°C 
and 2400 hours at 760°C [Fechtig et al., 1963] . 
H ence it is most unlikely t hat the observed 
di t ribution is eriously affected by He" losses 
during cooling. 

To some extent, t he shock-depth correlation 
merely reflects t he location-depth correlation, 
since mo t shock-heated specimens come from 
the rim. But t here are two other lines of evi­
dence strengthening th is correlation. The five 
reheated plains specimens come from depths of 
more t han 1 to 1.5 m, and the heavily shocked 
specimens come from a greater mean depth 
t han t he moderately shocked one : 136 versus 
114 cm. 

The data on the 15 diamond-bearing samples 
are of interest. At least 13 and probably 14 of 
t hese come from the rim and are either mod­
erately or heavily shocked. The fifteenth (no. 
5) is a plains specimen, but it, too, shows evi­
dence of hock in t he rnnge 130- 750 kb. This 
correlation would seem to support the view 
that t he diamonds were produced by impact 
[Nininger, 1956; Lipschutz and Anders, 1961a, 
b ; Anders and Lipschutz, 1965] . An interesting 
question is whether t he diamond-bearing speci­
mens form a di t inct subgroup among the rim 
specimens [Carter and K ennedy, 1964] . Our 
data do not upport this view. Diamond-bearing 
and diamond-free rim pecimens cover abou t t he 



640 HEYMANN, LIPSCHUTZ, NIELSEN, AND ANDERS 

same depth range and include about the same 
proportion of moderately and heavily shocked 
specimens (Table 5). 
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