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ABSTRACT 

On the•Thermal History of Chondrites 

by G. Jeffrey Taylor 

In order to investigate shock and reheating effects 

in ordinary chondrites, 71 bronzite, 26 hypersthene, and 6 

amphoterite chondrites were examined by X-*ray diffraction 

and 39 bronzite and 19 hypersthene chondrites were studied 

metallographically. In addition, the inert gas contents of 

12 bronzite and 4 hypersthene chondrites were measured mass 

spectrometrically. It was found that virtually all chondrlte 

with short gas- retention ages (<2 b\y,) are shocked and 

reheated, whereas chondrites with ages >3 b.y. are not 

reheated to any appreciable extent, although some are heavily 

shocked. It is concluded that few, if any, severe collisions 

took place on the chondrlte parent bodies between 3 and 4.5 b 

ago. Moreover, the bronzite and amphoterite parent objects 

apparently escaped fragmentation, such as was suggested by 

Anders and Heymann for the hypersthene object. 
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I. INTRODUCTION 

Ordinary chondrites display a range of gas retention ages. 

Most ages are approximately 4 b.y. or nearly equal to the accepted age 

of the solar system Much shorter ages are common, however, ranging 

down to a few hundred million years. Although soma of these younger 

ages are concordant to within ±207., they are frequently discordant, 

with the U»Th~He age virtually always shorter than the K-Ar age. 

Concordant and discordant ages have different meanings. The 

former indicate a real outgassing event. Discordant ages, however, can 

be interpreted in a number of ways: 

1. ) The U,Th~He age represents a real outgassing event, 

with only partial loss of Ar^; 

2. ) The K-Ar age represents a real outgassing event, 

with Ke^ losses continuing afterwards; 

3. ) Neither age is real, due to partial loss of both 

/j, /j.Q 
He and Ar during the meteorite’s history. 

The purpose of this paper is to investigate the thermal 

history of chondrites by utilizing different lines of evidence. The 

objective is to establish more finely which thermal processes have 

played important roles in producing the observed age distribution. 

Let us begin by defining two major periods in a chondrite’s thermal 

history. The first one is the era of heating and cooling in the parent 

object 4.5 - 3.0 b.y. ago. The second era occurs when a more recent, 

detectable rise in temperature is experienced. This is called reheating. 



It is by no means certain, however, that all chondrites have experienced 

reheating. In order to determine how many and to what extent chondrites 

have been reheated, polished etched sections of 39 bronzite and 19 

hypersthene chondrites were studied for tnetallographic symptons of re¬ 

heating (cf Urey^Mayeda, 1959; Heymann, Lipschutz, Nielsen, and Anders, 

1965b; Wood, 1966; Heymann, 1967). 

For 16 of the chondrites studied metallographically or by 

X-ray techniques (see below) no inert gas data were available, hence no 

ages were known. In order to obtain these ages, the gas contents of these 

chondrites were determined mass spectrometrically. 

Several reheating mechanisms have been proposed for the 

chondrites: 

1. ) Impact reheating during the collisional breakup of a 

parent object or secondary objects (Kirsten, Krarikowsky and Zahringer, 

1963; Anders, 1964; Wood, 1967; Heymann, 1967). This hypothesis implies 

a correlation between reheating and shock effects. Because olivine is 

a good shock indicator, becoming finely polycrystalline at pressures 

above approximately 130 kbar (Fredriksson, De Carli, and Aaramae, 1963), 

Laue X-ray patterns were taken of 103 ordinary chondrites, including all 

the ones studied metallographically, bj' a technique described by 

Heymann (1967). 

2. ) Solar heating, due to a close pass to the sun 

O Ol 

(Urey, 1959). These cases can be distingushed by anomalously low He' /Ne^ 

22 ?1 
ratios relative to Ne* /Ke" (Eberhardt, Eugster, Geiss, and Marti, 1966). 

3. ) Speidel and Kafziger (1966) have proposed retrograde 

melting as a possible mechanism to explain localized melting in stony 

meteorites. This mechanism requires olivine composition of at least 

Fagg, but the olivine composition of chondrites is no greater than about 
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Fasi> less than half the mole percent fayalite required* This process, 

therefore, is not likely to have been of any importance* 

4*) It is also possible that a meteorite was reheated 

accidentally on earth* Although this is undoubtedly a rare occurence 

it could be mistaken for solar reheating. 

II. EXPERIMENTAL TECHNIQUES 

A.) Hass Spectrometry 

A 4.5 inch radius, 60° Reynolds*3type mass spectrometer 

was used to measure Ke, Ne, and Ar in 12 bronzifce and 4 hypersthene 

chondrites. The entire system consists of Pyrex glass. In order to 

obtain representative samples, 1 gram of a meteorite was powdered. 

From this, about 0.1 gram was taken for each mass spectrometrie run. 

The powder was wrapped in A1 foil and placed in the vacuum system. 

Before these samples were melted for gas"extraction, they were preheated 

to about 100°C for 12-16 hours. 

The samples were then dropped into a prebaked molybdenum 

crucible and heated by induction for 20 minutes at about 1700°C. It 

was found empirically that this procedure releases more than 99% of the 

Ar1^. In order to decrease the pressure in the system during the melting 

a charcoal trap, connected to the furnace, was maintained at liquid 

nitrogen temperature throughout the heating period. After the gas 

extraction was completed, the charcoal was allowed to rise to room 

temperature. The released gases were cleaned on two hot titanium getters 

one at:^v950°C, the other at^500°C. It was found that no more than 15 

minutes was required for adequate gett* ring. Ar was then adsorbed on 

the charcoal at liquid nitrogen temperature while the gettering furnaces 



were allowed to cool * He and Me were measured first. Then the liquid 

nitrogen was replaced with a mixture of dry ice and acetone, allowing 

Ar to he released. 

The absolute abundances were determined by peak compar¬ 

ison with known amounts of gas. To this end, carefully metered quantities 

3 A 
of He , He*, and Ne of atmospheric isotopic composition were admitted to 

the spectrometer immediately after the sample measurement. Similarly, 

Ar of atmospheric composition was measured following the measurement of 

Ar in the sample. 

Blank runs were made between sample runs. In these, 

the same procedures were followed as when running a meteorite, but no 

sample was dropped into the crucible. A problem arose from the fact that 

4 
He diffuses into the glass system. Under static conditions, it diffuses 

~9 4 
in at a rate of approximately 10 cc(STP)/min. Thus, a significant He 

background is always present. It was found that more than 50% Ik/r back¬ 

ground is obtained while the furnace is hot. For example, in blank runs 

with 30 minutes heating time the content averaged 38±5 x 10~®cc(STP)* 

Those with heating times of only 20 minutes had average blank values of 

o 

25 i- 3 x 10 cc(STP). The decrease of'«-13 x 10 cc(STP) cannot be accounted 

for by the diffusion rate into the system of -vl0~^cc(STP)/min. The He 

-8 
content of samples ranged as low as 5 x 10 cc(ST)?). For these with such 

low values the blank correction is unreasonably high. It would seem that 

larger sample weights would be required, but this would also require 

longer melting times in order to release all of the Ar, and the longer 

melting times would further increase the He/* blank. A reasonable com¬ 

promise was obtained by attempting to keep the He^ blank as constant as 

possible by carefully timing each sample run and blank run. 



All sample data v?ei:e corrected with the average of the 

proceeding and following blanks* The average blank values, in units of 

o 
10 cc(STP), are listed below. The error attached to each is one 

standard deviation, with the exception of lie4, which is the difference 

between the lowest and highest measurements: 

He3, 0.034 *. 005 

He4, 25 * 5 

„ 20 
Ne , 0.12 *. 01 

XT 21 

Ne , 0.014* .004 

>T 22 

Ne , 0.060 * .002 

A 36 Ar , 0.025* .005 

A 33 Ar , 0.008* .001 

A .4° Ar , 4*1 

B«) X-ray Diffraction 

Laue spot exposures were made cf small fragments of 103 

ordinary chondrites with a North American Philips powder camera of 57.3 mm 

diameter, using Kodak No-Screen Medical X-ray film. The exposures were 

made using filtered iron lc^ radiation. The exposures usually took two 

hours. The samples, which appeared to be a few single crystals, were not 

rotated. In this way, it could be determined whether the samples were 

inonocrystalline or polycrystalline because the former produce a spot 

pattern while the latter produce a powder pattern. 

The samples were prepared as described by Heymann (1967). 

First, small chips were broken off a specimen with a needle and examined 

microscopically using low magnification (IQx). Any loosely bound 

aggregates were broken apart by applying light pressure with the needle. 
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A grain that appeared to be a single crystal was then mounted on a 

Pyrex glass holder with cellulose nitrate cement. 

The patterns obtained were compared with a powder pattern 

of the olivine from the Brenham pallasite, in order to identify the 

olivine lines or spots. Besides olivine, the reflections of pyroxenes, 

troilite and metal were also observed. When the olivine reflections 

were weak, additional exposures were made using fresh fragments of the 

same sample. 

C.) He ta 11 o gra phy 

Sections of 39 bronzite and 19 hypersthene chondrites 

were polished on lapping disks and given a light etch in nital. Normally 

the sections were given a 10 second etch in 47. nital (4% nitri.c acid in 

alcohol). The sections were viewed in reflected light at magnifications 

up to 500 times. The opaque minerals were identified by their character¬ 

istic reflectivity, color, or structural features. For. example, kaniacifce 

is usually very white with Neumann bands traversing the grains. Taenite 

is slightly yellowish when clear, or has brown diffusion borders when 

zoned. Troilite has a dull luster and is somewhat cream colored. 

Martensite has a characteristic acicular structure. Since these are 

the phases of principal interest, no attemps were made to study any of the 

other opaque minerals in reflected light. 

III. SAMPLE SELECTION 

Heymann (1967) restricted his investigation of evidence of 

shock and reheating in chondrites to the black hypersthene chondrites. 

In an effort to obtain a more representative suite of ordinary 
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chondrites with respect to their gas retention ages, I selected 

hypersthene chondrites with long or intermediate ages and bronzite 

chondrites of all ages. There are only a few bronzite chondrites with 

ages below 1 b.y. and an attempt was made to examine most of them. A 

list of the samples studied appears in Table I. 

IV. RESULTS AND DISCUSSION 

A.) Hass Spectrometry 

The results of the rare gas measurements are shown in 

Table II. Only one meteorite (Castalia) had been measured previously 

by others (Hintenberger, et. al., 1965). The results of these measure¬ 

ments are also listed, but it is not known whether Hintenberger et al. 

measured the light or dark portion of Castalia. 

He, Ne, and Ar must be resolved into three components: 

cosmogenic isotopes, radiogenic He^- and Ar^, and excess, or primordial 

gas. This can be done because each component has its own characteristic 

isotopic composition. 

In the chondrites measured, He is purely cosmogenic. 

This conclusion is based on the isotopic composition of Ne, which is 

?0 *>l 22 
characteristic of cosmic ray produced Ne (Ne* : Ne" : Ne ^ 1:1:1) in all 

of the chondrites. None of the chondrites measured, therefore, contain 

any significant amounts of light primordial rare gases. . 

All of the chondrites measured contain small amounts of 

*lf* 

excess argon. It is assumed here that the cosmogenic ArJ /ArJO ratio is 

1.55j that the same ratio i.n the excess argon is 0.19; and that all Ar^® 

is radiogenic. The last assumption, implies that all of the excess Ar is 

primordial, and not due to atmospheric contamination. There is no way 
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Table I 

List of chondrites used in the present work. 

Meteorite Methods of. Date of Fall Recovered Source.. . 
  ■ ■___ Investigation'  - -  wt. (Kg) Catalogue* ' 
Bronzite chondrites 

Aarhus 1 
Achilles 1,2 
Alamogordo 1 
Archie 1 
Barbotan 1 
Ba th 1,2 
Beardsley 1,2 
Beddgelert 1 
Brownfield 1,2 
Burdett 1*2 
Bus line 11 1 
Carcote 1 
Castalia (light) 1,2,3 
Cas ta 1 ia (dark) 1,2,3 
Cavour 1,2 
Gee Vee 1,2 
Chairtberlain , 1,2 
Cha lining 1,2,3 
Charsonville 1,2,3 
Clovis #2 1 
Cobija 1 
Coldwater 1,2 
Covert 1,2 
Culbertson 1 
Cullison 1,2 
Darmstadt 1 
Dimmitt 1,2 
Doha chi 1 
Dresden 1 
Elsinora 1,2 
Estacado 1 
Farley 1 
Faucett 1,2,3 
Garnett 1 
Gilgoin Station 1,2 
Holyoke 1,2 
Horace 1 
Hugoton 1 
Kesen 1 
Kimble County 1,2 
La Villa 1,3 
Loop 1,3 
Ma lotas 1,2 
Miller 1 
Moreland 1 
Mount Browne 1,2 

Found 1924 16 
Found 1938 13.6 
8/10/1932 5 
7/24/1790 ? 
8/29/1892 21.2 
10/15/1929 16 
9/21/1949 0.8 
Found 1937 325 

Found 1939 1.24 
Recognized 1888 0.287 
5/14/1874 7.3 

Found before 1943 21 
Recognized 1965 3.6 
Found 1941 2.4 
Found 1936 15.3 
11/23/1810' 27 
Found 1961 283 
Found 1892 3.7 
Found 1924 11 
Found by 1896 37 
Found 1913 5.7 
Found 1911 10 
Fell before : 1804 0.1 
Known before 1947 13.5 
10/22/1901 3.8 
6/11/1939 47.7 
Found 1922 22 
Found 1883 290 
Found 1936 19.4 

Recognized 1938 4.8 
Found 1889 135 
Recognized 1935 5.5 
Found 1940 9.2 
Found 1927 335 
6/12/1850 135 
Recognized 1936 . 153.8 
Found 1956 19.8 
Found 1962 5.6 
6/22/1931 .2 
7/13/1930 17 
Found 1890 330 
7/17/1902 11 

E. A. 
WNSE, USNM 1510 
MPIM 74/1 
ASU 175 ax 
WNSE 
USNM 201 
AML, USNM 870 
MPIM Pa 11/1 
AML H 15.38 
AML II 29.16 
MPIM 11/1 
MPIM Pa 26/1 
RVS 
RVS 
KPIH 251, USNM 1414 
AML H 25.11 
AML H 474.11 
WNSS 

. WNSE 
•MPIM 114/1 
MPIII 288 
WNSE 
AML 22.59 
MPIHI 218 
USNM 430 
MPIH 184 
AML II 9.33 
MPIH:. 243 
MPIH 238 
MPIH 235, USNM 1460 
MPIM Pa 26/1 
MPIM 26/1 
AK 
MPIII 254 
MNHC MS 538 USNM 2249 
MD 
MPIII 259 
MPIM 32/1 
MPIH 227 
AK 
AK 
AML1I 20.14 
MPIH 260, USNM 1440 

WNSE 527.13 
MPIM 45/12 
USNM 478,2937 



Meteorite Methods of- Itatc of Fall Recovered Source. . 
„ ^...Inv^tigation^^ - wt. (Kg) Catalogue^ 

Oakley 1,2 Found 1895 28 HP III 300, U! 
Ochansk 1,2 8/30/1887 500 NHMC Me 335 
Olmedilla 1 2/26/1929 14 MPIH 261 
Ozona 1 Recognized 1939 127.5 MPIII 295 
Plainview 1,2 Found 1917. 700 WNSE, USNM : 
Pribram 1 4/7/1959 5.5 MPIM 56/1 
Pultusk 1,2 1/30/1868 210 USNM 463 
Queens Marcy 1 4/30/1925 4 MPIH 292 
Rhineland 1,2,3 AK 
Richardton 1 Fall 1918 90 AMNH 
Rose City 1,2 10/17/1921 12 MNHC Me 239i 
Saline 1,2 Found 1901 31 MPIH 289, U: 
Scott City 1,2,3 Found 1905 0.135 MD 106a 
Selma 1 Found 1906 141 MPIH 223 
Seminole 1,2 Recognized 1963 41.1 AML H 13.34 
Sutton 1,2 Found 1964 7.6 AML H 22.13 
Sv?ee twa ter 1,2,3 AIC 
Tell 1,2 Recognized 1965 16.6 AML H 24.18 
Texline 1 Found 1937 26.2 AMM 415.39 
Tulia 1,2,3 Found 1917 23.8 AK 
Ulysses 1 Found about 1927 3.9 MPIH 252 
Weidona 1 Found 1934 27.7 MPIH 248 
Wellington 1,2,3 AK 
Wellman 1,2 Found 1940 unknown AM, 12.26 
Willowdale 1,3 Found 1951 3 WNSE 
Woodward County 1 Found before 1933 45.5 MPIM 95/1 

Hypers thane chondrites 

Adelie Land 1,2 Found 1912 1.1 USNM 2318 
Akron #3 1,2 Found 1963 4 AML H 2.5 
Arriba 2 Found 1936 33.6 
Atwood 1,2 Recognized 1963 2.1 AML, H 4.18 
Ausson #49 1 Fall 1858 50 GBL 
Bjurbole 2 3/12/1899 330 USNM 2673 
Blackwell 1 5/1906 2.38 AMNH 
Borkut 1 10/13/1852 7 AMNH 414 
Bursa 1 Fall 1946 25 EUI 
Callihara 1 Recognized 1958 40.4 AML 670.53 
Canalckale 1 7/1967 4 EUI 
Dalgety Downs 1,2 known in 1941 1 WNSE, USNM 2 
Dwight 1,3 Found 1940 4.1 AML 468.8 
Edmonson 1 Recognized 1965 12 AML 11 31.12 
Elenovka 1,2 Fall 1951 55 USNM 1707 
Fremont Butte 1,2 Recognized 1963 6.6 AML H 5.18 
11a r r is onvil 1 e 1,2 Found 1933 12.9 WNSE 12.11 
Hayes Center 1 Found 1941 4.5 ASU 481.5 
Holbrook 2 7/19/1912 111 USNM 569 
Inman 1,3 AK , 
Kandahar 1,2 11/1933 1 USNM 2168 
Kendleton 1,3 5/2/1939 6.9 AK 
L'Aigle (light) 2 4/26/1803 37 USNM.485 

AJ 



Meteorite Methods of. Date of Fall Recovered Source. 
  Investigation^   wt. (Kg) Catalogue^ ^ 

Mocs 2 2/3/1882 300 USNM 690 
Narellan 1,2 Fall 1928 0.4 USNM 1459 
Ness County 1,2 Found 1894 17 WNSE SI1.39 
Nev? Concord • 1,2 5/1/1860 227 GBL, USNM 324 
Ramsdorf 1 7/26/1958 4.7 EA 
Roy (1933) 2 Found 1933 43 USNM 898 
Rush Creek 1 Found 1938 9.3 AMNH 4122 
Temple 1,2 Found 1959 5.63 AML 689.40 
Vouille 1,3 5/13/1831 20 GBL 532 
Waconda 2 Found 1873 50 USNM 

Amphoterite chondrites 

Arcadia 1 Found 19.4 AMNH 3939 
Chicora 1 
Lake Labyrinth 1 Found 34 AMNH 2685 
Mangwendi 1 3/7/1934 27 AMNH 3974 
Oberlin 1 Found 2.3 AMM 283.4 
Vishnupur 1 12/15/1906 2.4 AMNH 

..... . " ' " . ■ * “ ' - ' 

a) 1, X-ray diffraction; 2, metallography; 3, mass spectrometry. 

b) AK, Dr. Albert King, NASA, Houston, Texas; AML, American Meteorite 
Laboratory; AMM, American Meteorite Museum; AMNH, American Museum 
of Natural History; ASU, Arizona State University; EA, Dr. Edward 
Anders, University of Chicago; EUI, Ege University, Izmir, Turkey; 
GBL, Gregory, Bottley and Co., London; KB, Krantz Borra; MD, Kaison. 
Deyrolles; MNKC, Museum of Natural History, Chicago; MPIK, Max 
Planck Institut f. Kernphysik, Heidelberg; MPIM, Max Planck Institut 
f. Chemie, Mainz; RVS, Dr. R. Van Schmus, Kansas University; WNSE, 
Ward's Natural Science Establishment. 



However, Inman clearly to distingush between these two possibilities, 

contains a large amount of primordial Ar^ because the Ar^/Ar^ ratio 

in this sample is 91, far below the atmospheric ratio of 296. Similarly, 

at least some of the primordial Atr° reported for Sweetwater must be 

genuine because the Ar^/Ar^ ratio is 298. No firm conclusions are 

possible for the remaining chondrites. 

The agreement of the present results on Castalia with 

those of Ilinterberger et al. (1965) is fair. My own values are all 

larger, for both the light and dark portions. Depth effects are 

probably not the cause for this systematic difference as the meteorite is 

not large (7.3 kg). The difference in the He/1' contents may be due to 

inhomogeneities in the uranium distribution (cf Fleischer, 1968). 

Judging from the results of duplicate analyses, Iia~', 

21 2? Ke , and Na ~ are probably accurate to A 5-10%, while the other isotopes 

are accurate to *10-15%. 

Special mention should, be made of the results on Inman. 

Judging from its macroscopic texture, this meteorite appears to be 

unequilibrated. The rare gas data show a primordial Ar^ content of 

-8 57.2 x 10 cc(STP)/g, an amount that is typical for unequilibrated 

ordinary chondrites (Ileymann and Massor, 1968). Kendleton also appears 

36 -8 unequilibrated, but has a low Ar content of 3.2 x 10 °cc(STP)/g. 
P 

Castalia is termed "primitive" by Binns (1968)j, with the dark portion 

less recrystallized than the light portion. This is consistent with 

the Ar'/ data obtained here, because the Ar^ content is seen to be 

lower in the light portion. Tulia also contains above average amounts 

of primordial Ar, although it is classed in petrologic class 5 by 

Van Schmus and Wood (1967). 



The U,Th"He ages of the chondrites were calculated and 

are given in Table III. The radiogenic Ik/f content was corrected for 

cosmogenic: He by assuming a cosmogenic He /He'> ratio of 5 (Keymann, 1967) 

This correction is often inconsequential, but in cases of low radiogenic 

4 
He it can become substantial. The uranium content of the samples 

measured has not been determined. I have assumed a U content of 11 ppb 

(Hamaguchi, Reed, and Turkevich, 1957) and a Th/U ratio of 3.6 (Rate, 

Huizenga, and Portratz, 1959). The following decay constants were used: 

A (U )=1.54 x 10 yr ; A(U )=9.8 x 10 yr ; X (fh )= 4.99 x 

10 "yr . There is soma uncertainty in the values for the average 

abundance of uranium in chondrites, but even if the U content were known 

very accurately, it is not certain that a sample on which, rare gas 

measurements ware made would contain the "average" uranium abundance, 

owing to t:he nonuniformity of the uranium distribution in chondrites 

(Fleischer, 1968). It: is thought, however, that the procedure used in 

the present work of powdering 1-gram samples, from which 100 mg portions 

are taken for each rare gas analysis, is adequate to obtain a representa¬ 

tive sample. 

The K-Ar ages of the samples also appear in Table III. A 

value of 800 ppm V7as adopted for the K contents, except for Tulia, 

because the great majority of ordinary chondrites have K contents within 

£ 10-20% of this value. The K content of Tulia is 580 ppra (Edwards and 

Urey, 1955). The following decay constants were used: A$ — 4.74 x 10'"^yr" 

and AK~0.583 x 10"^®yr'*^. 

Despite the predegassing of the samples, some of the 

measured Ar^ may be due to atmospheric contamination. Because part of 

36 
the Ar is genuinely primordial, we cannot correct for air contamination 
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Table III 

Gas retention and radiation ages of 16 chondrites. 

Meteorite U,Th -He^(b.y»)a 7, . 40,, .b K-Ar (b.y.) Radiation age 

Bronzite chondrites 

Castalia (light) 4.1 3.5 20 
Castalia (dark) 3.9 4.2 18 
Channing 2.6 3,8 4.4 
Charsonville 0.55 1.0 60 
Faucett 3.7 4.0 5.7 
La Villa 3.5 4.7 15e 

M-4 1.0 2.2 2.6d 

Rhineland 3.1 3.8 5.5 
Scott Gity 3.2 4.0 7.6d 
Svjeetwa ter 0.2 0i66 3e5d * 
Tulia 1.2 3.7° 3.7d,e 

Wellington 3.7 4.1 6.5, 
Willowdale 2.4 3.5 3.2d 

Hypersthen© Chondrites 

Dwight 1.8 3.8 21 
Inman 4.7 4.3 30e 

Kendleton 2.6 3.6 2.2e 

Vouillfe 0.59 0.7 17 

a) Assuming U content of 11 ppb and a Th/U ratio of 3.6. 

b) Assumes K content of 800 ppm. 

c) K content of 580 ppm (Edwards and Urey, 1955). 

3 3 d) He radiation age not used because He lost by diffusion. 

38 PI e) Ar"' radiation age not used because He /Ar" > 10.0. 
v C 



using the (Ar/f®/Ai:®®) air ratio,of 296. However, notice in Table II 

36 that 10 of the samples have Ar-5 contents between 0,7 and 1.0. It 
P 

could be-that this constant rage of values represents an average atmos- 

pheri.c contamination. There are, however, too points which speak against 

this view. First, the samples were not all degassed for the same times, 

or for exactly the same temperatures, and among those degassed for the 

longest (16 hrs) at the highest temperature (105°C) are Charsonville and 

Channing, each of which contains a slightly higher than average excess 

Ar content. Secondly, duplicate analyses of two sarples (La Villa and 

8 36 
Rhineland) show agreement to within±.2 x 10 cc(STP)/g in the ArJ content. 

P 

On this basis, therefore, it is assumed that the atmospheric contamination 

-8 , 40 -8 
is~ .2 x 10 cc(STP)/g. This gives an Ar contamination of '-'60 x 10 ce(STP)/g 

or an upper limit of ~0.2 b.y. by which the K~Ar ages may be too high. 

The radiation ages in Table III were calculated on the 

basis of constant production rates for the stable cosmogenic isotopes. 

The largest uncertainty arises from shielding effects, which may be as 

large as 20-50% (Rowe, Van Mila, and Anderson, 1963). If a meteorite has 

3 
lost He by diffusion during its cosmic ray exposure history, the He 

radiation age will be lowered. Consequently, in those cases where He had 

3 apparently been lost by diffusion the He radiation age was not used. The 

criteria by which this decision was made is discussed below (section III, B). 

The Ar**® data were rejected if the He^/Ar®® ratio was >10, because this 
c c 

is unusually high for chondrites. 

3 „g 
The following production rates were used: He , 2,0 x 10 

cc(STP)/g per Myr (Geiss, Oeschger, and Signer, I960; Goebel and Schmidlin, 

1960). Ne^, 0.38 x 10 ®cc(STP)/g per m.y. and Ar^, 0.053 x 10 ^cc.(STP)/g 

per m.y. (both from J. Cobb, unpublished data). The values in Table III 

are averages of all three ages. 
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B.) X-Ray Results 

Figure 1 shows X-ray patterns of an unshoclced and a 

shocked dunite^, taken from lleymann (1967). The dunite was shocked to 

about 450 kbar. Note the change from a spot pattern to one with perferred 

orientation. Fredriksson et al. (1963) showed that shock of 130-300 kbar 

changed the pattern of St'aildalen from one with preferred orientation to 

one with smooth diffraction rings. Similar results have been obtained 

with other minerals as well. Fredriksson et al. (1963) reported that 

according to X-ray diffraction patterns a single calcite crystal shocked 

to about 500 kbar appeared to be best described as a polycrystalline 

aggregate with a range of preferred orientation, although the external 

form remained essentially unchanged. I have found that quartz shocked 

to ~ 120 kbar during a nuclear test (Hardhat) gave a pattern displaying 

preferred orientation. 

The mechanism by which olivine is transformed to a finely 

polycrystalline state is unclear. Fredriksson et al* (1963) suggested 

that olivine may temporarily transform to a spinel under sufficient 

shock pressures, then becoming finely polycrystalline with a range of 

preferred orientation upon decompression. McQueen, March, and Fritz 

(1967) report a transition for olivine under shock conditions of 450 kbar. 

This is much higher than the pressure found for the transition of olivine 

to spinel under static conditions. For olivine of composition of %a2Q} 

1. These patterns were kindly made available for publication by 
Dr. E. Du Fresene. 

2. These samples were kindly made available to ma by Mr. J. B. Hartung. 
They were originally donated by the AEC to Dr. N. M. Short. For further 
details on the samples, see Hartung (1968). 
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Figure 1.. X-ray diffraction patterns from an 
unshocked (a) and from a shocked (b) dunite. The 
sample was shocked to about 450 kbar. Trie paotorni of 
the shocked dunite was made available by Dr.E. Dulresne 
Note the similarity between pattern b and the 
pattern in Figure 2c. Radiations filtered Fe-K^. 
exposures: (a) 2 hr, (b) 1.5 hr. 



Figure 2. Typical x-ray patterns from chondrites: 
(a) spots (Oakley), (b) spotty rings (Ochansk), (c) 
similar to the shocked dunite (Voullle), and (a) 
smooth rings (Chamberlain). Radiation: filtered Fe-K^ 
exposures: 2 hr. 



Akimoto and Fujisawa (1966) report a transition pressure of 110-135 kb 

at 800°C, For pure fayalite, Akimoto, et al. (1965) report a transition 

to spinel at only 45 kb (800°C). Lower temperatures lower these trans¬ 

formation pressuresc 

In any case, it seems that shock is manifested in olivine 

X-ray patterns by a change of spot patterns to spotty rings, to rings 

with preferred orientation and to smooth rings. Figure 2 shows illustra¬ 

tive examples of each of these patterns. Since the names used for these 

patterns are not 'wholly satisfactory, these will be referred to as shock 

class A, shock class B, etc. A chondrite is classed here according to 

whether its X-ray pattern resembles Figure 2a (class A-spots), Figure 2b 

(class B), Figure 2c (class C-sarce as the shocked dunite) or Figure 2d 

(class D-sraooth rings). 

Table IV contains the results of the X-ray study, along 

with those of Hey ma nn (1967). The ages listed are averages of values 

given in the literature* The He radiation, ages were not included in 

q MI 

the average when the He’vR'e ratio was less than 3.0. When no radiation 

age was listed by the author, it was computed from the data by adopting 

3 **S 21 
a He production rate of 2.0 x 10 cc(STP)/ gra per m.y. and a Ik; " pro- 

wp 
duction rate of 0.38 x 10 cc(STP)/ gm per m.y. Also shown in Table IV 

are the U,Th~He and K-Ar ages. 'Che overwhelming majority of these data 

were taken from the literature. 

A comparison of the X--ray shock classes with gas retention 

ages is of principal significance because one would expect those, chondrites 

whose short ages are the result of outgassing during a collision to show 

clear-cut evidence of heavy shocks. On the other hand, certain chondrites 

may have suffered diffusion losses of He during their cosmic ray exposure 

-12- 



Table IV 

X-ray shock class, gas retention ages, and radiation ages of the chondrites 
studied. Those X-ray shock classes marked with an asterilc are from Heymann (1967). 

meteorite 
X-ray U,Th-He 

shock class age(b.y.) Ref. 
K-Ar 
age (b.yO i Ref. 

Radiation 
age(m.y.) Ref, 

Bronzite chondrites 

Aahrus B 3.6 P 4.4 P 6.1 P 
Achilles B 3.3 h - 22 h 
Alamogordo C 1.5 h - - 5.7 h 
Archie B 1.0 P 3.5 P 7.7 P 
Barbotan B 0.4 n 4.3 n 7.7 n 
Bath B 3.5 h,p 4.1 P 5.5 h,p 
Beardsley B 3.7 d 4.5 a ,d 4.0 d 
Beddgelert C 0.41 d,f 2.8 d 4.6 d,f 
Brownfield B 3.3 h,n 3.8 n 22 h,n 
Burdett D 4.2 n 3.1 n 25 n 
Bushnell B 3.2 h ... - 9.7 h 
Carcote C 3.3 h - - 30 h 
Castalia (light) C 4#1 - 3.5 - 20 - 
Castalia (dark) C 3.9 - 4.2 - 18? - 
Cavour C 2.0 h,k 2.9 k 2.0 h,k 
Cee Vee B - - 3.4 n 3.7 n 
Chamberlain D 3.4 h - - 5.5 h 
Channing C 2.6 - 3.8 4.4 - 
Charsonville C 0.55 - 1.0 60 - 
Clovis #2 C 0.13 h - - 7.0 h 
Cobija A 3.6 k 4.5 k 12 k 
Coldwater B 3.2 e 3.9 e 4.7 e 
Covert B 3.2 h - - 19 h 
Culbertson C - - 4.4 k 50 k 
Cullison C 1.1 f - - 1.7 f 
Darmstadt C 0.7 k 2.0 k 4.0 k 
Dimmitt B 1.2 k 2.8 i,k 3.7 h,k 
Dokachi B 2.5 k 4.4 k 4.8 k 
Dresden B 3.5 k 4.2 k 4.0 k 
Elsinora *B 3.4 k 4.4 k 5.0 k 
Estacado A 4.3 k 4.2 k 4.8 k 
Farley A 2.5 k 3.1 k 8.8 k 
Faucett B 3.7 - " 4.0 - 5.7 - 
Garnett C 3.4 k 3.7 k 4.4 k 
Gilgoin Station D 2.7 k 3.4 k 4.5 k 
Grady (1937) A* 3.9 k 4.6 k 5.1 k»l 
Holyoke C 4.1 k 3.8 k 5.4 k 
Horace C 3.7 k 3.9 k 4.6 k 
Hugoton c 3.5 h,k 4.5 k 5.2 h,k 
Kesen B 3.4 k,i 4.0 i,k 6.0 ijk 
Kimble County C 0.8 n 1.2 n 7.9 n 
La Villa B 3.5 - 4.7 - 15 - 
Loop C 3.6 n 3.3 n 13 n 
Malotas B 3.9 k 4.1 k 1.8 k 
Miller B 4.4 e 4.8 e 2.9 e 



meteorite 
X-ray 

shock class 
U,Th-He 
age(b^y.) Ref. 

K-Ar 
age(b.y. ) Ref. 

Radiation 
age(m.y.) Ref. 

Moreland B 3.1 f 0.5 f 
Mount Browne B 3.9 k 4.1 k 15 k 
Oakley A 4.3 k 4.3 k 9.6 k 
Ocliansk B 4.3 f,k 3.7 k 6.5 f,k 
Olmadilla B 3.1 k 4.5 k 4.4 k 
Ox ona B 4.7 • k 3.7 k 17 k 
Pantar (light) c* • 3.5 f - 1.5 f 
Pantar (dark) D* - - - - - - 
Plainview c 3.0 e 4.1 e 4.1 e 
Pribram c 3.3 . f ,i 3.8 i 14 h,i 
Pultusk c 3.8 e,f ,h 3.9 e 4.5 e,f 
Queens Mercy c 4.2 k 3.9 k 6.2 lc 
Rhineland c 3.1 - 3.8 - 5.5 - 
Richardton A 3.7 e 4.3 a ,e 21 e 
Rose City c 0.4 e,h 1.0 e 28 e,h 
Saline c 3.8 i,lc 3.9 i»k 5.1 i,lc 
Scott City c 3.2 - 4.0 7.6 - 
Selma B 3.8 lc 3.5 k 44 k 
Seminole c 3.0 n 3.4 n 6.3 n 
Stalldalen c* 0.2 P 0.62 P 2.1 P 
Sutton D 2.3 n 2.7 n 4. n 
Sweetwater c 0.2 - 0.66 - 3.5 - 
Tell C 2.8 n 3.1 n 4.6 n 
Texline c 1.3 f - - 5.8 f 
Tulia c 1.2 ~ 3.7 3.7 - 
Ulysses B 2.2 k 3.6 lc 3.5 k 
Weidona D 1.4 k 2.9 k 12 k 
Wellington B 3.7 - 4.1 - 6.5 - 
Wellman D 2.9 h - - 5.3 h 
Willowdale B 2.4 - 3.5 - 3.2 - 
Woodward County D 2.6 f - •• 4.8 f 

Hypersthene chondrites 

Abernathy C* 0.60 1 22 1 
Adelie Land B 4.1 k 4.2 k 29 k 
Akron #3 c 1.1 h - - 18 h 
Arapahoe c* 0.4 1 2.7 1 42 1 
Arriba c* 1.6 f - - 13 f 
Atwood C 1.8 n 3.1 n 16 n 
Ausson #49 C 3.9 e 4.2 e 52 e 
Barratta C* 0.54 1 0.81 1 8.4 1 
Beenham B* 1.7 k 3.6 k ' 1.9 lc 
Bjurbole A* 4.3 e,f 4.3 a>e 10 e,f 
Blackwell C 0.68 17 2.0 17 8.3 17 
Bluff D* 1.0 f,k 0.6 k 22 h,lc 
Borkut A 4.0 17 4.8 17 12 17 
Bruderheim C* 1.2 e,i 1.9 e>i 25 e,i 
Bursa C 3.4 j 4.1 j 2.0 j 
Calliham D 0.56 h,i 0.78 i 23 i 
Canakkale B 3.5 j 4.4 j 9.7 j 
Carrav?eena D* - - 1.0 1 6.5 1 
Chateau Renard D* 0.3 e 0.51 e . 4.2 e 



meteorite 
X-ray 

shock class 
U,lh-He 
age(b.y. ) Ref. 

K-Ar 
age(b.y. ) Ref. 

Radiation 
age(m.y.) Ref. 

Dalgety Downs C 2.8 n 2.7 n 16 n 
Dwight C 1.8 - 3.8 - 21 •• 
Edmonson • c 0.4 n 0.8 n 24 n 
Elenovka A 4.0 b,e 4.0 b,e 20 e 
Ergheo c* 0.88 1 1.0 1 23 1 
Farmington D* 0.55 1 0.9 1 0.03 1 
Fremont Butte C 0.18 n 0.17 n 14 n 
Goodland c* 0.46 1 0.65 1 14 1 
Harrisonville c 1.00 h - - 9.4 h 
Hayes Center A 0.7 d,e,l 0.7 d,e,l 25 e,h 
Holbrook B* 3.8 ' b,i 4.4 a ,e 27 d,e 
Inman A 4.7 - 4.3 - 30 - 
Kandahar B 3.1 b,i 4.3 b,i 20 b,i 
Kendleton C 2.6 3.6 - 2.2 ~ 
Kingfisher C* 1.46 1 0.51 1 15 1 
Ladder Creek A* 3.1 k 4.5 k 0.93 f ,1c 
L'Aigle (light) B* 2.8 e,f 4.0 e 8.6 e,f 
Lubbock C“ 0.46 1 1.45 1 12 1 
Marion c* 3.1 h,i»k 4.3 a ,i,k 34 h,i 
McKinney D* 0.35 1 2.0 1 3.7 1 
Mocs c* 2.6 d,i,k 4.4 a,i,k 19 d,i,k 
Karelian A 4.2 e 4.4 e 5.4 e 
Hess County c 0.6 h,k 2.2 k 5.2 h,k 
Nav? Concord C 0.88 h,k 2.1 k 2.6 h,lc 
Orvinio '(grey) D* 0.1 1 2.1 1 5.9 1 
Orvinio (black) D* same 
Peetz D* 4.3 1 4.2 1 31 1 
Ramsdorf D 0.42 d,e 0.40 d,e 3.8 d,e,l 
Roy (1933) B* 3.9 h,k 3.5 k 25 h,k 
Rush Creek D* 0.40 17 0.74 17 11 17 
Shelburne D* 0.4 k 0.5 k 2.5 k 
Tadjera D* 1.1 1 4.1 1 20 1 
Taiban I C* 0.54 1 0.62 1 21 1 
Temple C 3.0 d,lc 4.7 k 44 d,lc 
Vouill& C 0.59 - 0.7 - 17 - 
Waconda A* 3.6 i,lt 4.3 i,k 13 i,lc 
Halters C* 1.0 h,ijk 3.4 i,k 2.9 h,i,k 
Wickenburg D* - 1.7 1 2.6 1 

Amphoterite chondrites 

Arcadia D 2.2 8 2.1 8 4.8 8 
Chainpur A* 4.4 m 4.6 ra ■ 24 m 
Chicora C 3.0 8 3.8 8 7.7 8 
Kelly A 4.1 S»h»k 2.7 8»k 11 8>k 
Lake Labyrinth C 2.8 8>k 3.5 8>k 10 8>k 
Mangwendi B 2.6 8 4.1 8 .13 8 
Oberlin C 0.7 8»k 0.82 8 8.8 8>h 
Ottav?a c* 3.8 8>k 2.9 8»k 38 8 
Soko-Banja F>* 3.6 8>k 4.3 8>k 55 8»*- 
Vishnupur B 3.6 8>n 4.4 n 8.2 8 
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era, due to close passage to the sun. In this case, one might expect the 

3 21 short age to be uncorrelated v;ith shock. Since He and Ne were produced 

only during the exposure era, and since He^ is liable to be lost more 

readily than Ne. , the He /Ke ratio is a rather good diagnostic feature 

for detecting solar heating. To examine, which of the chondrites studied 

have most likely lost Ha by solar heating, the lie /Ne ‘ ratio was first 

plotted against the U,Th-IIa age for bronzifce and hyparsthene chondrites 

O O’! 

(Figure 3). There is group of bronzitcs with He /Ke ratios of less 

than 3.5 and ages less than 2 b.y., enclosed by the dashed lines in 

Figure 3. It might be suspected that at least some of these lost He by 

diffusion. Eberhardt et al. (1966) have shown, however, that a low 

3 21 He /Ke' ratio alone is not sufficient to settle this matter conclusively. 

o p*i 
These authors noted a significant correlation between the He°/Hex and 

p p p *| 
Ke’^'/Ke'" ratios and argued convincingly that this correlation is related 

to the size of the meteorite, not to gas losses. Accordingly, I have 

3 21 22 21 
plotted the He /Ke * and Ke '/Ke ratios of the bronzite chondrites 

mentioned above to see whether the points fall on or near the He^/Kc: - 

Ne^/Kc^ line of Eberhardt et al# (1966) or below it* The latter would 

3 indicate diffusion losses of He and, by inference, loss of an approxi- 

4 3 21 rnately equal amount of HeErrors of ± 10% in the He /Ne ’ ratios and 

22 ?I 3:3% in the Ne VNe" ratios were allowed in determining whether a point 

was on or below the line® (See Appendix X)# Those chondrites whose 

3 21 22 21 L 
He /Ne and Ke /Ne~' ratios indicated substantial loss of He* were not 

used in the comparison of shock intensity and U,Tiv*IIe ages, except: when 

the U,Th-Ke and K-Ar ages are concordant.. 

There is a small group of hypersthene chondrites (Figure 3) 

that may also have lost He by diffusion. These were examined by the came 

criteria as the bronzite chondrites. Ultimately the following bronzite 

ages were eliminated on these grounds; Alamogordo, Barbotan, Clovis #2, 
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Cullison, Darmstadt, Dimmitt, Kimble County, Sweetwater, and Tulia. No 

22 
Ne data are available for Archie and Stalldalen. The latter has gas 

retention ages that are nearly concordant,, Archie, however, is rejected 

o 
because its Ke /He” ratio is extremely low (1,52). One of the hypersthene 

chondrites seems to have lost He by diffusion: Ness County, 

The distributions of the U,Th-He ages for each olivine 

shock class are displayed in figures 4 and 5, These diagrams show one 

striking feature. There are only 2 out of 51 chondrites in shock classes 

A or B with ages below ^2 b.y. and only 7 v;ith ages below ~3 b.y,. Shock 

classes C and D, on the other hand, contain 36 out of 75 cases with ages 

below 2 b.y. and 50 cases with ages below 3 b.y. Furthermore, the 

predominance of short ages in classes C and D is shown by both the 

hypersthene as well as the bronzite chondrites. Figures 6 and 7 compare 

the IC-Ar ages to the shock classes. Here, the paucity of young ages 

(<2 b.y.) in shock classes A and B is even more striking; there is only 

one. Only three cases fall below 3 b.y., while the older ages generally 

fall above 4 b.y.. Classes C and D again contain several chondrites with 

young ages. It is interesting to note that the 5 bronzite chondrites 

with K~Ar ages below 2 b.y. are all heavily shocked. These observations 

establish two important facts, namely a) virtually all chondrites with 

young ages have been heavily shocked, and b) that the reverse, however, 

is not true. 

Figure 8 displays the distribution of concordant gas re¬ 

tention ages for each shock class. The lack of ages below 3 b.y, in 

classes A and B is again apparent. Moreover, classes A, B, and 0 

contain clear cut peaks near 4 b.y.. Because concordant ages are 

interpreted to represent true outgassing events, these peaks almost 
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U, Th-He age, b. y. 
Figure 4 

U,Th-He age distribution of bronzlte chondrites for each 
olivine shock class. 



Figure 5 
U,Th~He age distribution of hypersthene and amphoterlte 
chondrites for each olivine shock class. 
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certainly represent the cooling in the parent object. There are also 

two significant peaks under 1 b.y. in shock classes C and D. All but one 

of these meteorites are hypersthene chondrites. These clusters, inci¬ 

dentally, contain the black hypersthene chondrites, which Heymann (1967) 

has shown were outgassed by severe shock and reheating ~'520 m.y. ago. 

It is noteworthy that there are a few exceptions to the 

general trend that chondrites with young ages are heavily shocked. Some, 

of these may represent cases where solar heating ; rise to a lower 

U,Th-He age. A more puzzling case is the Hayes Center hypersthene 

chondrite. As can be seen from Table IV and Figures 5,7, and 8, this 

meteorite is lightly shocked (class A) and yet has concordant U,Th-Ke 

and K-Ar ages of 0.7 b.y. Diffusion losses of lie can be ruled out 

because of its concordant age and because it conforms with the 

He^/Ne^-Ne^/Ne^’ line of Eberhardt et al. (1966). Its X-ray pattern, 

as noted, is a distinct spot pattern. A tentative explanation is that 

this meteorite passed close enough to the Sun to completely outgas it 

very early during its cosmic ray exposure history. Heymann (1967), 

using Arnold's (1965) computer program, concluded that early, close 

perihelion passages to the Sun do not seem to occur frequently. However, 

it seems permissible to accept this explanation for one case (Hayes Center) 

out of a total of 140. 

The data in Table II can be arranged to search for 

possible correlations between X-ray shock class and radiation age. No 

significant correlation, is found, however (Appendix II). Even with the 

limited statistics for classes A and D, each of the X-ray shock classes 

themselves reproduces the overall age-distribution quite faithfully, i.e. 

for any given age or age-interval one finds meteorites in any of the X** ray 



shock classes* This lends support to the generally accepted conclusion 

that the departure of meteorites from their parent objects was not attended 

by impacts producing great shock pressures (100 - 1000 kb range), or that 

if such pressures prevailed on occasion, the resulting meteorite cooled 

fast enough to preclude any substantial lief1' and Ar^ losses at that time. 

Cc) Metallography 

The first study of the metal grains in chondrites was 

made by Howard (1802) who discovered that these were alloys of nickel 

and iron. The metallic minerals were then ignored for over a century and 

a half, until Urey and l>la ye da's (1959) investigation of polished and 

etched sections of twelve stony meteorites. Several studies have been 

made since (Kvasha, 1961; ICnox, 1963; Wood, 1965; Wood, 1967; Ileymann, 

1967; Buseck, 1967) and all have substantiated Urey and Mayeda's observa¬ 

tion that the metallic minerals consist of kamacite (c£ nickel-iron, body 

centered cubic) and taenite (f nickel-iron, face centered cubic) of 

similar composition to the kamacite and taenite found in iron meteorites. 

Furthermore, these studies have shown that the metallic minerals are the 

most reliable temperature indicators, at least with regard to reheating, 

of all the minerals in chondrites. 

Kamacite grains are composed of 6-7 wt 7. Ni in their 

centers and slightly less near their edges. They are highly reflective, 

hence appearing brightly white in polished and etched sections and 

usually displaying Neumann bands (Figure 9), shock produced twin lamellae. 

These are not of much use in determining the degree to which a meteorite 

has been shocked because they are produced by shocks of only about 80 kbar 
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Figure 9. Monocrystal.l ine kamacite with Neumann 
bands; at right, a zoned taenite grain abutting on 
the kamacite; dark areas are silicates. (Melie Land, 
112 x) 

Figure 10* Typical darkly zoned taenite. 
(Adelie Land, 5^0x) 



at room temperature, and can also be produced by weaker shocks at lower 

temperatures* It is just as possible, therefore, that these could be 

produced by impact with the earth as by preterrestrial collisions. 

The taenite grains are usually singly crystals and con¬ 

siderably smaller than the kamacite grains. When etched, the grains often 

darken in a concentric pattern (Figure 10). Urey and Mayeda (1959) 

correctly interpreted this as compositional zoning. Microprobe data 

(Wood, 1967) shows that taenite is 25-357. Ni at the center of the 

crystals and 45-55% Ki near the edge. A thi.n rim of clear taenite usually 

surrounds a zoned taenite grain. Chondrites sometimes contain clear 

taenite, i.e. taenite which does not darken when etched. There is still 

probably a Ni gradient in the grain, but not sufficient enough to cause 

dark etching. Clear taenite is almost always found adjacent to kamacite. 

Plessite, a fine-grained mixture of kamacite and taenite 

with bulk Ki content of''■'20-25% is also commonly found. It is located 

in the centers of some zoned taenite grains. 

In addition to the metal phases, chondrites also contain 

~6 wt 7. troilite, FeS. This sulfide, which is virtually Ni-free, con¬ 

taining less than ~/0.27. Ni, can be either monocrystalline or polycrystalline 

and is commonly cracked. Due to the cracks and the fact that many 

chondrites are weathered, it is possible to mistake monocrystalline for 

polycrystalline troilite. 

Table V lists the results of the metallographic study of 

59 chondrites, together with those of Reymann (1967). For comparison, 

the results of Urey and Mayeda (1959) and Knox (1963) have been listed in 

those cases where these authors studied the same meteorites as I did. 

Let us see how these results indicate the degree of reheating when combined 
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with the Fe-Hi phase diagram (Figure 11; Goldstein and Ogilvie, 1965). 

The metal in many chondrites does not seem to have been 

affected to any appreciable extent by reheating. The lcamacite is 

monocrystalline, taenite zoned and clear, and normal plessite occurs in 

some zoned taenite interiors. Let us call chondrites of this type 

"very lightly reheated", or reheating class X. 

Nany chondrites contain polycrystalline lcamacite, both 

irregular and equiaxial (Figures 12 and 13). This is known to be formed 

by sustained heating of deformed lcamacite. Those meteorites in which the 

polycrystalline lcamacite is irregular were presumably heated for a shorter 

time than those with equiaxial polycrystallina lcamacite. Let us call 

those with the irregular lcamacite "lightly reheated" (class II) and 

those with equiaxial lcamacite "moderately reheated" (class III). There 

are some other differences which set these two groups apart, both from 

each other and from class I. First, plessite almost always is contained 

in class II meteorites and is generally coarser grained than that in 

class I (which may not have any). Secondly, class III meteorites contain 

either very coarse plessite, probably resulting from the isothermal 

decomposition of the centers of zoned taenite grains with high central 

Ni content (Wood, 1967), or do not contain any and only contain clear 

taenite. The classification of chondrites into these groups cannot be 

rigorous, however, as some samples contain both monocrystalline and 

polycrystalline lcamacite. 

What has essentially happened to class II and III 

chondrites is that they have been reheated up to /^500°C (line AA' 

in Figure 11). It is clear that temperatures could not have been much 

higher because taenite of > 30% Ni would have been in the taenite field 
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(Kaufman and Cohen, 1956).. Dashed line is an extrapolation 
by Wood (1967). 



Figure 12. Irregular 
a clear tuenite appears 
metal grain. (Seminole, 

polycrystalline kanacite; 
in upper right corner of the 
200x) 

Figure 13. Equiaxial polycrystalline kamacite. 
(L'Aigle, 112x) 



and have converted to martensite (discussed below) on cooling. The 

coarse equiaxial structure of the kamacite in L'Aigle (Figure 13) 

indicates it was held at several hundred °C (but < 500°C) for a number 

of days. Longer times could lower the temperature requirement. Meteorites 

such as Seminole (Figure 12) were probably reheated for a shorter time, 

preventing the leamacite from developing the coarse equiaxial structure. 

It is seen that the fundamental difference between classes II and III 

is one of time, not of temperature. It is conceivable that this could have 

an effect on the retention of rare gases. 

A number of chondrites have been found to contain 

metastable °(z iron (distorted body centered cubic), examples of which are 

shown in Figures 14, 15, 16 and 17. This fact alone indicates that 

these chondrites were severely reheated. 

If chondritic metal is heated to above ^500°C (line AA1 

in Figure 11), any metal of > 28% Hi will form taenite. A,s the temper- 

ature is increased, an increasing amount of metal forms taenite until, 

finally, at 800°C (BB‘) all of the metal is transformed to taenite. The 

result of such reheating is to transform an increasing amount of metal 

to metastable <^z iron on cooling because Ni~Fe, when heated into the 

"t -stability field, does not normally decompose to harm cite and taenite 

on cooling to the /ot+tf phase boundary. Instead, it persists as 

taenite until the temperature falls to a point on the M curve. The taenite 

then begins to undergo a rapid, diffusionless (martensitic) transformation 

to <&z iron. This transformation will continue as long as the temperature 

continues to decrease, even below 0°C, until all of the taenite has 

transformed to i at the curve. Although the transformation tempera- 

tures of the and curves are only approximations to the meteoritici 
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Figure 1.4. 
gray phase Is 

Martensitic nickel-irons the light 
trollite. (Rose City, ICQx) 

Figure 15. Martensite with secondary kamaclte 
around the edges, (Rose City, 200x) 



Figure 16. A martensite grain in Kimble. County. 
Note all of the droplets dispersed throught the 
silicates. (200x) 

Figure 17. Martensite grains in Kimble County. 
Also note the many droplets dispersed throughout 
the silicates. The light gray phase is troillte, 
which appears to'be reheated (labeled t). (500x) 



case, since they are dependent on many factors such as trace element 

content, pressure, and grain size, the basic fact still remains that in 

order for martensite ( CC%) to appear, the metal must be heated into the 

'S -stability field* It is reasonable to conclude, therefore, that a 

chondrite that contains martensite must have been reheated to y 600°Co 

In Table V, it can be seen that some of those chondrites 

that contain martensite also contain polycrystalline karoacite, whereas 

the others contain either secondary kamacite or none at all* Clearly, 

those with polycrystalline kamacite have not been reheated to as high a 

temperature as those that do note Otherwise, the kamacite would have 

been converted to martensite* Let us call the ones with kamacite 

"strongly reheated", or class IV, chondrites, and those with little or 

no kamacite "very strongly reheated" (class V)o 

There are other interesting features observed in class 

IV and V chondrites that are not observed in the less reheated chondrites* 

Tlie most: remarkable characteristic is the v/idespread occurence of areas 

containing numerous small droplets of sulfide and metal (Figures 17 and 

18)* Less reheated chondrites sometimes contain very localized droplet 

areas, but never display them throughout the entire section as do these 

severely reheated ones* Not only is the sulfide disseminated into many 

droplets, but large grains frequently appear remalted (Figure 17)* Viens 

composed mainly of sulfide, although observed in very lightly reheated 

(class I) chondrites, are more abundant in the more heavily reheated 

specimens* As one would expect, these effects are more pronounced in 

class V than in class IV chondrites* Soma of the class V chondrites, 

in fact, are so severely reheated that large round or ovoid metal grains 

have been produced* These have apparently arisen from melted, but 
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Figure 18. An area cf Rose City containing 
a vein composed of metal and sulfide, and many 
droplets of both metal(white) and sulfide(light 
gray). (200x) 

Figure 19. Polycrystalline kamacite adjacent 
to coarse plessite. The latter probably has 
formed by the isothermal decomposition of martensite. 
(Sweetwater,, 500x) 



Figure 20t- Coarse grained mixture of 
kaiaacite (lc) and taenite (t), perhaps the 
result of the isothermal decomposition of 
martensite. (Fremont Butte, $00x) 



rapidly quenched metal (Heymann, 1967)„ 

How long were the reheated chondrites held at elevated 

temperatures? As was pointed out above, a number of days at several 

hundred °C are required to produce the coarse equiaxial structure of 

lcaniacite. Double grain boundaries are often observed in the heavily re 

heated chondrites. Wood (1967) concluded from a study of the Hi dis¬ 

tribution in Farmington (class V) that this chondrite must have been 

held at 1200°G for several years, at 1000°C for several centuries, or 

at 800°C for tens of thousands of years. Although the results of the 

present study do not permit such quantitative conclusions, there a?;e 

indications of relatively slow cooling. For example, the martensite in 

very heavily reheated chondrites is frequently rimmed by clear kamacite 

probably of secondary origin and reflecting growth while in the two 

phase region of the phase diagram (Wood, 1967)e 

Xroilite in very heavily reheated chondrites, although 

remalted, is monocrys fcailine * Wood (1967) has demonstrated that long 

times at very high temperatures are required to produce monocrysta11ine 

troiiite* 

Secondary karcacite and taenite may also be formed by the 

isothermal decomposition of martensite (Allen and Early, 1950)* 

t 

Curiously, the two chondrites studied in the present work that have 

microstruetures that most resemble decomposed martensite do not contain 

any martensite (Figures 20 and 21)* Perhaps it has all decomposed to 

kamacite and taenite* 

Now we are in a position to compare the me ta1lographic 

reheating classes to the gas retention ages of chondrites. Figure 21 

is a display of the relationship of the U,Th-He ages to the reheating 
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Figure captions for figures 21, 22, and 23. 

Figure 21. U,Th--He age distribution of bronzite and 
hypersthene chondrites for each reheating class. 

Figure 22. K-Ar age' distribution of bronzite and 
hypersthene chondrites for each reheating class. 

Figure 23. Distribution of concordant ages of bronzit 
and hypersthene chondrites for each reheating class. 
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classes. It is seen that only 2 out of 32 chondrites in class I (very 

a 

lightly reheated) have ages below 2 b.y., and only 8 have ages below 3 b.y. 

In class II, there is a proportionately higher nurtiber of chondrites with 

ages below 2 b.y. (4 out of 16) and below 3 b.y. (8). In class III, the 

majority have ages below 2 b.y. (6 out of 9). In classes IV and V, all of 

the chondrites but one have ages below 2 b.y.. Similar distributions are 

obtained when the K-Ar ages are compared to the reheating classes (Figure 22). 

We see that there are no ages below 2 b.y. in both classes I or II, and 

only 2 out of 29 lower than 3 b.y. in reheating class I and 5 out of 17 in 

class II. In reheating class III, 7 of the 10 chondrites have ages below 

2 b.y.. All but 2 of the 12 chondrites in classes IV and V have ages below 

3 b.y., both of these In class IV. Figures 21 and 22 clearly illustrate 

two trends: a) Virtually all chondrites with short ages (< 2 b.y.) are 

reheated; and b) virtually all chondrites with long ages (>3 b.y.) 

are essentially unreheated. A comparison of concordant ages with reheat¬ 

ing class (Figure 23) substantiates these conclusions. All the chondrites 

with short ages are contained in reheating classes III, IV, and V, while 

classes I and II each contain clusters near 4 b.y.. Clearly, the 

chondrites with long concordant ages have suffered little or no reheating 

since they began to retain radiogenic He and Ar some 4.5 b.y. ago. The 

chondrites with the short ages in figure 23 are all black hypersthene 

chondrites, which were reheated during a severe collisional breakup of 

their parent planet (Heymann, 1967). 

There are some exceptions to these trends. Most prominent 

of these are Peetz and light portion of Castalia. Peetz is a heavily 

shocked (shock class D) black hypersthene chondrites. Heymann (1967) 

presented abundant evidence that at least 1/3, perhaps as many as 2/3 

of the hypersthene chondrites were produced by a collision on their 
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parent body ''-'520 ra.y. ago. It is not unreasonable, therefore, to 

conclude that Peetz was also involved in this collision, but, despite 

being shocked and moderately reheated, was not outgassed. One cannot 

rule out the possibility, however, that it was reheated and outgassed 

■'■'■'4.2 b.y. ago. 

Castalia is an unusual chondrite. It has light and dark 

portions, a structure referred to as "xenolithic" by Binns (1968). The 

light portion (the "xenolithic" contains equiaxial polycrystalline 

kamacite and martensite, clearly falling into reheating class IV. The 

dark portion, or "host" (Binns, 1968), on the other hand, has no 

martensite. In fact, the dominent metal phase is monocrystalline kamacite, 

although irregular polycrystalline kamacite and a small amount of 

equiaxial polycrystalline kamacite are also present. Both parts seem to 

have been equally shocked (shock class C). The rare gas contents (Tables 

II and III) are not significantly different, although the dark portion has 

more trapped Ar^. This is perhaps understandable as the dark portion 

is less recrystallized (Binns, 1968). Nor are radiation and gas retention 

ages significantly different. It is of interest to note that Orvinio 

which has lighter and darker portions, also has one part reheated more 

than the other. The lighter portion contains metal globules, while the 

darker one does not. Both are severely reheated, however, so the 

difference is not as extrema as in Castalia. Plainview is xenolithic 

(Binns, 1968). Note that the too specimens studied show unequal reheating: 

USNM 1385 is in class I: USNM 2981 is in class III. Unfortunately, no 

information v?as available as to whether these samples are light or dark, 

nor are any rare gas data available on separate portions. 

A tentative explanation of the differing metallographic 

properties of Castalia light and dark is that each component evolved in 
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a different enviornment, with the light component experiencing a re¬ 

heating episode (which perhaps can explain the more recrystallixed texture) 

before being mixed together* Clearly, the formation of the polycrystalline 

leamacite and martensite in the light portion, whether by reheating or 

by rapid cooling (as Binns (1968) suggested to explain the occurance of 

martensite in Ghubara), reust have taken place away from the dark portion, 

as one v?ould expect the metal in each, separated by only a few millimeters, 

to be equally affected* Tills supports the view of Wlotzka (1S63) re¬ 

garding the origin of light and dark structured chondrites. 

Let us now consider the mechanisms responsible for the 

observed reheating. As was mentioned in the Introduction, various 

authors have suggested collisional reheating as the prime cause of. low 

ages (K5.rsten, Kranlcowsky, and Zahringer, 1963; Anders, 1964; Wood, 1967; 

Heymann, 1967). If this is a valid hypothesis, we expect a direct 

correlation between shock and reheating. Figure 24 shows a comparison 

between the shock classes and the reheating classes. Mote that there 

are no lightly shocked chondrites in reheating classes IV or V, and 

only one in class III* Moreover, of the essentially unshocked (class A) 

chondrites, 5 of 6 are in reheating class I, while the other one is in 

class II. Also note that in reheating class I, shock class B is 

» 

slightly more abundant than class C, while in reheating class II, shock 

class C clearly predominates. It seems reasonable to conclude, therefore, 

that virtually all of the reheating observed in chondrites is the result 

of high pressure shock. It is also clear that shock events do not 

necessarily cause reheating. 
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V* CONCLUSIONS 

In the Introduction, it was stated that concordant^* ages 

represent real outgassing events, while discordant ages are ambiguous* 

The latter mean either that the U,Th~He age represents an outgassing 

40 
event accompanied by partial loss of Ar , or that the K-Ar age repre¬ 

sents an cutgassing event* followed by continued loss of He^* A third 

interpretation is that neither age is real, owing to partial loss of 

He^ and Ar^ as the result of collisional reheating (Kirsten, et al., 

1963; Anders, 1964; Wood, 1967; Heymann, 1967), storage in a warm 

enviornment: (Goles, et al*, 1960), or solar heating (Urey, 1959)* The 

results of the present investigation contain some valuable clues as to 

which of these alternative hypotheses is more likely* Because each 

class of ordinary chondrites has a different age distribution, they will 

be considered separately* 

A*) Hypers thene Chondrites 

Heymann (1967) studied the so called "black*' hypers thene 

chondrites for evidence of shock and reheating* His selection of samples 

was based on a macroscopic criterion; namaly color* The present study, 

however, has revealed that microscopic criteria (X-ray, metallography) 

are more useful indicators of shock than are the macroscopic ones, 

because heavily shocked chondrites are not always blackened. Moreover, 

blackening alone does not imply that reheating has occurred, as some of 

1. Concordant ages are defined here as those agreeing to within 
£207>o For ages below 1 luy. this requirement is somewhat too rigid, 
hence agreement to within £0*3 b.y. is allowed (Heymann, 1967)* 
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the reheated chondrites are not black. 

Heymann was able to show that the short (< 1 b.y.) gas 

retention' ages of the hypersthene chondrites are due to a collisional 

break up of their parent body ^ 520 m.y. ago. Approximately one-third 

of all the hypersthenes were involved in this collision, and another 

one-third possibly so. The evidence indicated an impact on a cold 

parent object, rather than outgassing in an object that had been held at 

a sufficiently high temperature to permit the complete loss of He^ and Ar^ 

prior to the collision. What speaks in favor of this conclusion is the 

relative lack of discordant short ages among the bronzite and amphoterite 

chondrites, when compared with the abundance of short ages among the 

hypersthene chondrites. The discordant ages of the hypersthenes are 

apparently the result of incomplete gas loss during a collisional re- 

hea ting. 

There are virtually no concordant ages for the hypersthene 

chondrites between 1 and 3 b.y.. Heymann (1967) suggested that this 

indicated that no severe collisions occurred during this time. The 

concordant ages between 3 and 4 b.y. either represent different con¬ 

ditions of cooling on the parent body or bodies or a series of impacts 

between 3 and 4 b.y. ago (Anders, 1964). It is concluded from the re¬ 

sults reported here that the first alternative is more likely. 

Virtually all of the hypersthene chondrites with concordant ages > 3 b.y. 

were found to be unreheated, with the sole exception of Peetz. It is 

possible that this meteorite was shocked and reheated as a result of an 

impact on its parent body some 4.3 b.y. age. It is concluded, however, 

that only a small percentage of the hypersthene chondrites were involved 

in such early collisions. 
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B.) Bronzite Chondrites 

The most salient feature of the age-distribution of the 

bronzite chondrites is that the great majority (~85%) of these meteorites 

have ages greater than 3 b.y., and that these "old" meteorites are 

relatively unshocked and unreheated. To be sure, bronzites with U,Th-He 

ages less than 2 b.y. are known; in fact, some 22 cases are involved, 

half of which show ages <1 b.y.. Nonetheless, these meteorites comprise 

only /N'1/10 of all the bronzite chondrites for which gas-data are known. 

Among the bronzites with short U-He ages one, Rose City, 

has been described in the literature (Prior and Hey, 1953) as a black 

chondrite, and according to ray classification (Table V ) is definitely 

heavily shocked and very strongly reheated. The interesting result of 

this work is that Rose City is not the only case; certainly Kimble 

County, which is not known as a black chondrite, is microscopically 

similar to Rose City in many respects. Among the remaining, "young" 

bronzites, we have seen that all the ones studied here are markedly 

shocked and reheated. 

The question before us is, can we assign a date or several, 

dates at which these meteorites were shocked and reheated, such a3 was 

possible in the case of the hypersthenes? Unfortunately there are three 

factors which make firm conclusions difficult at this time: 1) the 

statistics are still rather limited (only 22 cases of U-He age below 

2 b.y.); 2) no concordant ages below 2 b.y. are known at present; 

and 3) since the bronzite chondrites contain more pyroxene than the 

hypersthene chondrites, these are more liable to diffusion losses during 

the exposure era (Hintenberger, 1966). The age-distribution, in this case, 

may be considerably "smaared-out". 

-27- 



Anders (1965) and Heymann (1967) have suggested that 

the 520 m.y. event seen among the hypersthenes might be related to the 

fragmentation of a meteorite parent-object and the formation of an 

asteroid family. In view of the present data, such a history is much 

less likely for the bronzite chondrites. The evidence indicates 

collisions on the bronzite object in the last 2 b.y., sufficient to 

produce the shocked and reheated members of this class, but does not 

lend itself to'the interpretation given for the hypersthenes. This 

would imply that the bronzites and hypersthenes originated on different 

parent objects, a conclusion that has been reached by other investigators 

on different grounds. 

C.) Amphoterites 

The age-distributions of the amphoterites are known 

(Ileymann, 1965) to be similar to those of the bronzites, i.e. a 

preponderance of ages greater than 3 b.y.. Only two have ages less than 

1 b.y. (Obcrlin and Bandong) and of these Oberlin is composiLionally so 

close to the hypersthanes that its assignment to the amphoterites is 

debatable. As before, I conclude that the parent object of the 

amphoterites was apparently not disrupted. 

A remarkable property of amphoterites is that many of 

these are brecciated, and thus, according to Anders (1964) are good 

candidates for showing evidence of shock. Actually, the brecciated 

amphoterites studied here display a variety of shock indications, ranging 

from virtually unshocked (shock class A) to very heavily shocked (class D). 

Since none was studied by matailographic techniques, I do not know their 
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D) Gas-"Rich Chondrites 

A number of bronzite and amphoterite chondrites are 

known to contain large amounts of primordial He and He, These chondrites 

are called "gas-rich" and have a characteristic light-dark structure, 

with the dark portion containing the primordial gas. It is puzzling that, 

of the more than twenty gas-rich chondrites known, none are hypersthenes. 

Suess, Wanke, and Wlotzka(lS64) have proposed trapped solar 

wind as the source of the primordial inert gases in the gas-rich chondrites 

They suggest that a dust layer on the surface of a parent object became 

impregnated with solar wind particles, among which are He and He. These 

authors estimate that a substantial dust layer (meters thick) thus impreg- 

nated would be formed in times on the order of 10 yrs. Various mechanisms 

have been advanced for producing the gas-rich meteorites from this dust 

and the underlying strata. One involves the compacting of mixed layers 

of gas-rich and gas-poor dust (Suess, et al„, 1964). Another, advanced 

by Anders (1964) involves impact-shock. 

’Since the hypersthene parent body was fragmented 

8 
^5 x 10 yrs ago, it would seem that there was sufficient time avail¬ 

able to produce gas-rich hyperstliene chondrites, yet none have been found. 

In the light of Suess et al.'s estimate, this could mean that the build 

up of a substantial layer of gas-rich chondrites from the dust takes con¬ 

siderably longer than 500 m.y., although the impregnated dust layer 

itself is available relatively shortly after the formation, of the 

hypersthene fragment. 

Another, and more likely explanation is that: the fragments 

of the hypersthene asteroid were too small (a few tens of km or less) 

to allow the accumulation of a sizeable layer of dust. In fact, most 



investigators of the gas-rich chondrites have emphasized that too small 

a parent object could not be accepted, because its low escape velocity 

would prohibit the retention of a dust layer* The bronzite and 

amphoterite chondrites have not been subjected to such a fragmentation* 

Their parent objects, instead, have remained large throughout their 

histories and, therefore, were able to retain an adequate dust layer 

from which to produce gas-rich meteorites* 
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