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ABSTRACT 

The Abee enstatite chondrite breccia was studied using two 

methods: measurement of noble gases, and, analyses of the clast size

distribution and the overall texture of Abee. These studies were made 

in order to understand the formation of the Abee breccia and the 

formation of the enstatite chondrites. Noble gases were measured as a 

part of a consortium effort. 

Noble gases were measured in 17 samples from 10 regions wi thin 

Abee. Radiogenic ages are 4.5 aeons. Cosmic ray exposure ages average 

8 Myr. No evidence for pre-irradiation was found except for a chondrule 

which may have been neutron pre-irradiated. Abee has at least 2 iodine 

bearing minerals, both of which are silicate minerals. This suggests 

that iodine had refractory behavior in the E-chondrites. Two trapped 

components were found: one having planetary-type elemental and isotopic 

composition (termed ''Kenna-type''), the second with a high argon to xenon 

ratio (termed "argon-rich") but isotopically similar to the first. Both 

components appear to be carried in silicate phases, probably enstatite. 

The Kenna-type component may be carried by small inclusions within 

silicate minerals. The argon-rich component may have origina ted from 

solar wind implantation before accretion of the E-chondrite parent body 

requiring an inner solar system origin or by noble gas trapping during 

high temperature mineral condensation requiring high nebular pressures. 

x 



xi 

The clast size-distribution of Abee and 2 other meteorites from 

the Antarctic meteorite collection (BTNA 78004, ALHA 78113) were 

measured. The 3 meteorites appear to have formed during single, low 

energy impacts and that Abee was part of an ejecta blanket which mixed 

with surrounding regolith. From the textural study, a formation model 

for the Abee breccia is discussed. The breccia formed during a single 

impact. Clast metal rims were vapor deposited and partially 

metamorphosed during impact-generated heating. Greater heating formed 

dark and metal inclusions. Maximum temperatures were less than 1200 C 

and heating was brief. Later, the material was disturbed but not 

brecciated. Abee did not reside on an asteroidal regolith surface for a 

significant period of time due to the lack of pre-irradiation. This 

model suggests that the E-chondrite groups formed by metamorphic heating 

and metal to silicate fractionation on a single parent body. 
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CHAPTER 1 

INTRODUCTION 

The enstatite chondrites formed under the most chemically 

reducing conditions of any of the chondritic meteorite groups. Normally 

lithophili~ elements, such as magnesium and calcium, display 

chalcophilic behavior. Elemental silicon is dissolved in iron-nickel 

metal. The major silicate mineral, enstatite (MgSi0 3) is almost FeO

free. Some of the enstatite chondrites contain a remarkable nitrogen 

bearing silicate, sinoite (Si 2N20). Yet, despite the unusual chemistry 

of these meteorites, the E-chondrites have terrestrial-like oxygen 

isotope composition; the only other chondritic meteorite group that 

falls on the earth-moon oxygen fractionation line is the Cl chondrites 

(Clayton, Onuma and Mayeda, 1976). 

The enstatite chondrites represent less than 2% of all meteorite 

falls but within this small group of meteorites are two distinct 

compositional types. ,The first group, the type I (Anders, 1964) or E4 

and 5 (Van Schmus and Wood, 1967) are characterized by relatively high 

Fe and S contents and relatively unmetamorphosed textures. The type I 

E-chondrites also have roughly chondritic volatile trace element 

concentrations (Larimer and Anders, 1967; Baedecker and Wasson, 1975). 

The second group, the type II or E6 chondrites, are characterized by 
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markedly lower Fe and S contents, lower volatile trace element 

concentrations and recrystallized textures. 

The two E-chondrite groups represent an iron to silicate 

fractionation sequence. Mason (1966) proposed that the compositional 

and textural trends displayed by the E-chondrites resulted from 

different degrees of metamorphism and fractionation on a parent body and 

that all the E-chondrites formed from the same type of material. 

Larimer and Anders (1967) and Kei1 (1968) observed that it is impossible 

to obtain E6 chondrites from E4 material by simple metamorphic heating 

and proposed that the Fe and S compositional differences reflected 

differences in the primary condensation environments. Since the late 

sixties, a variety of compositional measurements have been performed on 

a number of E-chondrites and researchers have built upon either of the 

above two hypotheses (Ikramuddin, Binz and Lipschutz, 1976; Watters and 

Prinz, 1979; Dodd, 1981; Wasson and Wai, 1970; Baedecker and Wasson 

,1975; Sears, 1980, Sears Kallemeyn and Wasson, 1982a,b). There is 

still no general consensus as to how these meteorites formed, on whether 

or not they formed from solar composition material and on whether or not 

they all formed in the same parent body. 

The Abee E4 chondrite is the largest and the only brecciated 

member of the enstatite chondrites, The texture of Abee is quite 

unusual among brecciated chondritic meteorites as it displays evidence 

for in ~ iron to silicate fractionation. Clast iron metal contents 

range from almost none to virtually pure metal. Visually, Abee appears 

to be polymict, but, mineralogical studies of clasts in Abee indicate 
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that it is monomict (or genomict, Rubin and Keil, 1982). Even though 

the clast mineral compositions are type E4, the clast iron to silicate 

ratios more than span the range of enstatite chondritic iron to silicate 

ratios. 

This dissertation is a study of how the Abee breccia formed and 

and of how this formation process relates to the processes that formed 

the E-chondrites. In order to study Abee, I have chosen two methods of 

analysis: noble gas measurements and a study of the physical texture of 

Abee involving fueasurement of the size-distribution of clasts. 

I measured noble gases in samples from ten different regions in 

Abee. These data can provide information about the physical history of 

meteorites. Processes which affect the mineralogy and petrography of a 

meteorite (e.g. the nature of the environment in which the minerals 

condensed, thermal metamorphism, shock metamorphism) can alter noble gas 

concentrations and compositions, and, affect age dating systems (He

U,Th; K-Ar; I-Xe). These data can place constraints on the time and 

environment in which brecciation occurred. An extensive study such as 

this has never been applied to an E-chondrite and has only been applied 

in speciallized ways to other meteorites (e.g pre-irradiation history of 

Djermaia (H), Lorin and Pellas, 1979; cosmogenic isotope depth

production profiles in St. Severin (LL6), Schultz and Signer, 1976; host 

and xenolith in Plainview (H5), Wilkening and Clayton, 1974; light and 

dark portions of St Mesmin (LL6), Schultz and Signer, 1977). 

Clast-size-distributions were analyzed in three meteorites, 

including Abee; additionally the texture of Abee was studied in detail. 
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These analyses address the mechanical nature of the brecciation 

processes that formed the meteorites. Information about the number and 

sequence of brecciation and metamorphic events and constraints on the 

nature of the brecciation processes are also obtained. Extensive 

textural studies have been made on lunar soils and breccias but only a 

few meteorites have been studied in this fashion (see the first section 

of Chapter 5 for references). The present work is the first intensive 

study of an enstatite chondrite breccia. 

The Abee Consortium 

The noble gas analyses were performed as a part of a consortium 

effort to study Abee. The Abee consortium was formed in the spring of 

1978, under the direction of Dr. Kurt Marti at the University of 

California, San Diego, to study the history and genesis of the Abee 

meteorite breccia. A large slab of Abee (approximately 30cm in 

diameter, 1.5 cm thick and weighing approximately 5 Kg) was made 

available to the consortium by A.A. Levinson (Canadian Geologic Survey). 

A number of analytical techiques were applied to measure well documented 

samples from various clasts and inclusions in Abee. The measurements 

include: noble gases (this work; Wacker and Marti, 1982), mineralogy and 

petrography (Rubin and Keil, 1982), trace elements using neutron 

activation (Sears, Kallemeyn and Wasson, 1982b), rare earths using 

neutron activation (Boynton and Frazier, in preparation), nitrogen 

(Thiemens and Clayton, in preparation), 39Ar_40Ar, U-Pb dating (Bogard, 

Unruh and Tatsumoto, 1982), cosmic-ray track density distributions 

(Goswami, 1982) and remanant magnetism (Sugiura and Strangway, 1982). 
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Many of the samples which I have analyzed for noble gases were part of a 

group of samples which were studied using many of the above techniques. 

Therefore, there exists an extensive body of data, in addition to my own 

measurements, which applies to my samples. I will be making 

considerable use of these data. 

This dissertation is basically divided into 3 parts: noble gas 

studies (chapters 2,3 and 4), textural analyses (chapter 5), and final 

summary chapter (chapter 6). Chapter 2 describes the selection, 

preparation and measurement of the samples in which noble gases were 

analyzed, Chapter 3 presents the results of these measurements and 

Chapter 4 discusses these data. Chapter 5 describes the measurement and 

analysis of the size-frequency distributions of clasts in Abee and two 

other meteorites, the analysis of Abee's texture and discusses the 

interpretation of these data. Chapter 6 then describes the origin of 

trapped noble gases in Abee, discusses a pos~ible scenario for the 

formation of the Abee breccia and, finally, compares Abee to other 

enstatite chondrites. 



CHAPTER 2 

SAMPLES 

The meteoritic samples used in this study fall into two 

catagories: 1) samples for noble gas studies, and 2) samples for clast 

size-dist~ibution analyses. The clast size-distribution samples consist 

of photographs of the sawn surfaces of various meteorites including ~he 

Abee stone. The meteorites, other than Abee, will be described in 

chapter 5. The remainder of this chapter will be devoted to the 

description of the samples used for noble gas measurements all of which 

came from Abee. 

The Abee Meteorite 

The Abee consortium slab was cut from near the center of the 

original, roughly spherical stone (Dawson, Maxwell and Parsons, 1960). 

Figure 1 is a photograph of one of the surfaces of the slab. 

Immediately apparent from this photograph is the angular nature of most 

clasts and the abundance of large, cm-sized clasts. Although the clasts 

are abundant, there are no instances of clasts within clasts. Many 

clasts show metal enriched boundaries which, with few exceptions, 

surround the entire clast. The degree of enrichment varies from almost 

none to a virtually solid metal band surrounding the clast ("banded

rim-clasts"). The origin of the metal enrichment will be discussed in 

chapters 5 and 6. 

6 



Figur 1. Photograph of the Abe slab . -- The light ar as ar m tal, 
the d<J.rk area. are silicat s and sulfides . Th numb r d whit out 
lines ref r to the cuts mad into the slab for consortium sampl s . 
Clasts 1 , 1 and 2 , 2 ar the larg clasts int rsected by cuts 1 and 2 
respectively . Clast 3 , 3 is th larg , squarish dark area with m tal 
swirls in cut 3 . Dark inclusion 5 , 1 is the dark oval- shap d r gion 
near the center of cut 5 . 
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Most clasts have similar textures, but a small group of clasts 

show rather striking textures which appear to have resulted from melting 

(Fig. 1, clast 3,3). These clasts are loosely described as "swirly" 

metal types, having regions of very high and very low metal content as 

opposed to the more uniform metal distributions within the "typical" 

clasts. The "swirly" type clasts often do not display the metal 

enriched boundaries possessed by more typical clasts. 

Some chondrules (less than a few mm in diameter) are visible in 

both the clasts and in the matrix. Chondrules appear strikingly black 

against the surrounding material because of their apparent lack of 

metal. Larger dark inclusions, some as large as 1 or 2 cm in diameter, 

are present only in the matrix. Although visually similar to the 

chondrules, dark inclusions contain 50% sulfides and 45% silicates 

content whereas chondrules contain 15% sulfides and 80% silicates (Rubin 

and Keil, 1982). Small metal inclusions, which are generally less than 

5 mm in diameter, are also present in the matrix. 

The mineralogy and petrography of various clasts and inclusions 

have been examined by Rubin and Keil (1982). Their results show that the 

distribution of major minerals (e.g. enstatite, kamacite, sulfides) 

varies from clast to clast. The compositions of these major minerals, 

however, show little variation amoung the regions sampled. One 

interesting observation is that the textures of typical clast interiors 

and of surrounding matrix are quite similar. 
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Nomenclature 

The Abee samples used in this study are labeled according to the 

system used to describe Abee Consortium samples. The sample label 

consists of 3 numbers, e.g. 1,1,6. The first number refers to a 

particular wedge-shaped cut in the Abee slab. Such "cuts" removed 

portions of the meteorite that contained large, centimeter-sized clasts .. 

A leading number of '9' refers to a special cut, usually of a small, 

millimeter-sized inclusion. The 9,X,X samples, in general, were from 

regions not analyzed by other members of the Consortium. The second 

label number refers to a particular clast or region in the cut. The 

label X,9,X refers to a matrix sample. The final label number refers to 

a sub-sample of the clast or region. Thus sample 1,1,6 identifies the 

6th sub-sample from clast 1 of cut 1, or more conveniently, clast 1,1, 

sub-sample 6. Some samples have a forth digit which refers to a split 

of a subsample. For example, sample 1,1,2 was split into samples 

1,1,2,1 and 1,1,2,2. 

Description of Samples 

Noble gases were analyzed in eleven samples. Figure 2 shows 

Locations of samples on an outline of the Abee slab. Samples, their 

masses and brief descriptions are listed in Table 1. 

Cut 1 samples. Three samples were taken from this cut: 1,1,2,2 and 

1,1,6 from clast 1,1, and 1,9,33 from the matrix adjacent to clast 1,1. 

Clast 1,1 is one of the largest in the slab and is one of a few clasts 

which is clearly visible on both sides of the slab. It was chosen for 

analysis partly because of its large size (to allow all members of the 



Sample 

1,1,6 
1,1,2,2 
1,9,33 
2,2,9 
3,1,1 
3,1,2 
9,41 
9,42 
9,61 
9,62 
9,03,2 

Table 1 

Bulk Abee Samples 

Mass (mg) 

624.0 
502.9 
355.0 

2278.3 
177.0 
195.7 

7.0 
103.3 
86.6 
75.8 

151.0 

Description 

clast 1,1 
clast 1,1 
matrix adjacent to clast 1,1 
clast 2,2 - used for min. sep.s 
clast 3,3 - metal-rich 
clast 3,3 - metal-poor 
chondrule 
clast surrounding 9,41 
metal inclusion 
matrix surrounding 9,61 
'track-rich' clast 

11 
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consortium to obtain samples) and because it is a "typical" clast. 

Sample 1,9,33 was taken from material immediately adjacent to clast 1,1. 

Cut 2 samples. Sample 2,2,9, was the only cut 2 sample analyzed in this 

study. Clast 2,2 is visually similar to clast 1,1 except that it 

contains more chondrules. Sample 2,2,9 was the only sample in this 

study from which mineral separates were prepared. 

Cut 3 samples. Samples 3,1,1 and 3,1,2 were taken from clast 3,3 of cut 

3. Clast 3,3 is one of the "swirly" type clasts. Sample 3,1,1 was 

taken from a metal rich region of clast 3,3, containing approximately 

80% metal, while 3,1,2 was taken from a metal poor region containing 

approximately 10% metal. By comparison, clast 1,1 contains 25% metal 

(Rubin and Keil, 1982). The prefix 3,1 was used for samples 3,1,1 and 

3,1,2 as they sampled distinctive regions of an inhomogeneous clast. 

Samples with a 9-prefix. Sample 9,41 was a chondrule 2 mm in diameter, 

visually estimated to contain 10% to 15% metal. Sample 9,61 was from a 

metal inclusion approximately 3mm by 6 mm, visually estimated to contain 

at least 85% metal. Samples 9,42 and 9,62 were taken from material 

immediately adjacent to samples 9,41 and 9,61 respectively. All of 

these samples came from within a few mm of the fusion crust but none of 

them actually contained fusion crust. Sample 9,03,2 came from a clast 

near the center of the slab where fission track excesses were observed 

in a few enstatite grains (Goswami, 1982). 

Preparation of Bulk Samples 

Major cuts in the slab (i.e. cuts 1,2, and 3) were made on a 

small table saw, using a diamond impregnated circular blade. The 9-
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prefix samples were removed from the slab using a small chisel. 

Subdivision of small pieces was accomplished us:f.ng either the saw or a 

steel-jawed rock splitter. Both the saw blade and the jaws of the 

splitter were cleaned with methanol and acetone after each use. 

Samples 9,41,9,61,3,1,1 and 3,1,2 were cleaned with silicon

carbide paper to remove unwanted material. This was especially crucial 

for 9,41 be~ause of thE: chondrule's small size. These four samples 

along with 1,1,6 were ultrasonically cleaned in acetone before loading 

into the mass spectrometer sample system. The other bulk samples were 

not subjected to any cleaning with solvents. 

Preparation of Separates 

Bulk sample data can provide only a limited amount of 

information concerning the identities of noble gas carriers. Identities 

of noble gas carriers can be characterized by analyzing separated 

minerals or samples in which one or more minerals have been removed. 

Several techniques are available to accomplish this. These include 

hand-picking of individual mineral grains, density separation using 

heavy liquids, magnetic separation, and selective chemical dissolution 

of minerals. 

The first two procedures are difficult to apply to fine-grained 

meteorites such as Abee. Additionally, hand-picking of grains is a 

tedious and excessively time consuming process. Density separations 

using heavy liquids yield reasonably pure mineral separates, but the 

separation is difficult to perform on fine-grained samples due to 
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problems of wetting the grains and the excessive lengths of time 

required to settle the heavy fractions. 

For the present study, I have used magnetic separation and 

selective chemical dissolution of minerals to produce samples with 

various mineral contents. These two methods are easily applied to 

fine-grained samples, are reasonably rapid and can yield useful results. 

I prepared 7 separates from sample 2,2,9. The sample was finely 

crushed in a chrome-plated steel mortar and subsequently divided into 

three aliquots: for bulk analysis (341 mg), for magnetic separation (8~2 

mg), and for chemical dissolutions (990 mg). The bulk aliquot was not 

further treated in any fashion. After the separates were prepared, they 

were thoroughly dried under a heat lamp. The seven separates were then 

weighed and wrapped in aluminum foil to await loading into the mass 

spectrometer. The mineral separate noble gas samples are listed in 

Table 2. 

Magnetic separation 

The separations were performed in an acetone slurry since dry 

Abee powder is quite cohesive. A small hand magnet, which was placed 

inside a small glass test tube in order to isolate it from the 

meteoritic material, was used for the separations. An agate mortar and 

pestle was used for grinding. The mortar and pestle and all other 

equipment (spatulas, etc) were ultrasonically cleaned in acetone after 

each use. The separation procedure, which is outlined in Figure 3, 

yielded 3 portions: magnetic, non-magnetic and partially magnetic. 
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Table 2 

Separates from Sample 2,2,9 

Sample Mass Foil Mass % of Bulk Description 

WR 101.6 27.5 100 whole rock 
NM 76.9 31.7 74 non-magnetic 
ME 113.4 27.7 30 magnetic 
CU 80.2 23.3 60 CuClh·2KCl - etched 
HF 38.7 17 .0 30 +HF etch 
HC 56.2 25.0 42 " + Hel " 
NO 34.0 24.0 41 " + HN03 " 
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Bulk (.882g) 

1\ 
NM M 

Sample 

1\/\ 
NM PM M ] 

iX:MX~ 

JM ! !] 
2,2,9NM·~ /! 

PM M 

+ 

repeat 7 times 

repeat 4 times 

M 

LSample 2,2,9ME 

M - Magnetic portion 
NM - Non-Magnetic portion 
PM - Xartially Magnetic portion 

Figure 3. Preparation of magnetic separates. -- After each separation 
step using the magnet, the residues were ground with an agate mortar and 
pestle and then ultrasonically agitated. The separations were performed 
in acetone to prevent clumping of the material • . . 
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Noble gas samples 2,2,9 ME and 2,2,9 NM were aliquants from the magnetic 

and non-magnetic portions respectively. 

Chemical dissolutions 

The chemical dissolution involved a two step procedure to 

dissolve various minerals selectively. The bulk powder was first 

treated with a 0.3 M solution of CuC12·2KCl. The procedure is outlined 

in Figure 4. The CuC12·2KCl solution selectively dissolves FeNi metal 

(Hughes and Hannaker, 1978). An aliquant, sample 2,2,9 CU, was analyzed 

for noble gases. Three additional aliquants of the CuC12·2KCl residue 

were treated with HN0 3, HCl and HF. The HF treated sample was briefly 

rinsed with 2N HCl. The acid dissolution procedures are outlined in 

Figure 5. Noble gas samples 2,2,9 NO, 2,2,9 HC and 2,2,9 HF were 

aliquots of the HN03' HCl and HF treated residues respectively. 

During the course of the chemical dissolutions, some material 

may have been lost. Very fine-grained material had a tendency to float 

on the surface of the aqueous solutions used for the dissolutions or on 

the acetone used for cleaning the residues. Spinning down and 

ultrasonically agitating the solutions helped to reduce the amount of 

material lost. The CuC12·2KCl solution dissolved FeNi metal and 

precipitated Cu metal. The CuC1 2 also had a tendency to precipitate 

around the lip of the beaker as the solution evaporated. Fine-grained 

material may have adhered to both the copper metal and the CuC1 2 

precipitant; both of which were removed after the chemical dissolution. 

The amount of material lost during the acid dissolutions was probably 

less than during the CuC12 dissolution as the former involved 



Bulk (.990g) 

add 20ml CuC12·2KCl sol'n 

I 
stir, ultrasonically agitate 

grind 
in agate 
mortar 

I I 
settle and centrifuge 

I 
siphon off spent sol'n 

wash with H20 ] I 
cerrifuge 

wash With acetone] 

centrifuge 

! 
dry under heat lamp 

! 

metal 
non- t 

metal..-- remove 
metal 

w/magnet 

repeat lOx 

repeat 4x 

repeat 4x 

CuC12·2KCl etched 

sample 2.2.9CU~ 
residue (.764g) 

L.cid dissolutions 
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Figure 4. Preparation of the CuC12·2KCl treated residue. -- Magnetic 
material was removed from the original beaker using the same magnet set
up used for the magnetic separations. All residues were ground in an 
agate mortar and ultrasonically agitated to faciliate the dissolution 
process. Spent solution was siphoned off using a Pasteur pipette. 



t 
lOO.Omg, in Teflon beaker 

+ 
add r C:::r::~h:A 
evaporate under HL 

~ 
add I~ 2~OH::: UA 

transfer to CT 

t 
WASH + DRY 

HF residue (49.2mg) 

+ sample 2,2,9HF 

CuCI2·2KCI residue 

i 
lOO.lmg in CT 

+ 
add IT ::e:::'gh:

A 

C, siphon to lml 

add IT ~::u:Cl' 
C, siphon to lml 
add I3~ H20, UA 

C, siphon to lml 
add 10m! cone HCL, ! 45 min 

C, siphon to 4ml 
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l-
lOO.Omg in CT 

+ add l2ml 4N HN0 3, UA ! overnight 

C, siphon to 2ml 
UA add ITl H20, UA 

C, siphon to lml 
add lOml £Qg£ HN03, UA ! 45 min 

C, siphon to 3ml 
UA add 9ml H20 (4li), UA ! 2 days 

WASH + DRY 
add 8ml H20 (4li), UA ! 2 days 

WASH + DRY 

~ 
HCL residue (69.8mg) 

f 
sample 2,2,9HC 

HN0 3 residue (68.4mg) , 
sample 2,2,9NO 

Figure 5. Preparation of acid treated CuCI2·2KCI residues. -- The WASH 
+ DRY cycle involved 3 washings with water (wash, ultrasonically 
agitate, centrifuge, siphon liquid) and 2 washings with acetone. The 
residues were then dried under the heat lamp (HL) overnight. symbols: 
C = centrifuge, CT = centrifuge tube, HL = heat lamp, UA = 
ultrasonically agitate. 
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considerably smaller amounts of reagents and all the processing was done 

without the need to transfer the residues from beaker to beaker. 

Purity of the separates 

Qualitative and semi-quantitative analytical techniques were 

used to determine the mineralogy and chemistry of the separates. Full 

quantitative mineral characterization was not possible due to the small 

amount of material used in this study. 

Portions of samples 2,2,9 ME and NM were analyzed using energy 

dispersive electron microprobe analysis, instrumental neutron activation 

analysis (INAA) and atomic absorption (AA) spectroscopy. Sample 2,2,9 

ME contained about 95% metal. Sample 2,2,9 NM contained about 2% metal 

but was otherwise similar in composition to bulk sample 2,2,9 although 

oldhamite (CaS) was probably dissolved by the small amount of water 

usually present in acetone. The amount of oldhamite lost was not known 

due to its low abundance ("'0.1%) in clast 2,2 (Rubin and Keil, 1982). 

Analyses of sample 2,2,9 CU by INAA, energy dispersive 

microprobe analysis and AA spectroscopy showed that it contained < 2% 

FeNi metal. Oldhamite was probably lost during the CuCl2·2KCl treatment 

but again the amount lost is unknown. The residue also contained traces 

of Cu and Cl « 5% by weight) which was due to incomplete removal of the 

CuC12·2KCl solution. 

The acid treated samples were analyzed using only energy 

dispersive microprobe analyses. Samples 2,2,9 NO and HC were largely 

depleted in sulfides as evidenced by the low «2%) Fe abundances (major 

sulfides, except CaS, contain significant amounts of Fe). These two 
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residues contained mainly silicate minerals. The HN03 treated and, to a 

lesser extent, the HCl treated residues contained sulfur (5 to 10 times 

the Fe content) which was apparently not associated with any known 

sulfide. The acid treatment may have produced a sulfate or resulted in 

the precipitation of elemental sulfur. The HN0 3 residue was light 

colored while the HCl residue was black, which is similar to the bulk 

material. This suggests that HN0 3 more effectively removes opaque 

minerals, such as sulfides, than does HCI. Nitric acid also dissolves 

schreibersite «Fe,Co,Ni)P), an opaque mineral which is present in Abee 

in < 1% quantities (Rubin and Keil, 1982). 

Sample 2,2,9 HF was found to contain < 0.5% Si but contained 

significant amounts of Fe, S and Mg. The presence of Mg, which is 

mainly from enstatite, suggests that fluorides were present. The actual 

amount of undissolved material in sample 2,2,9 HF may be much less than 

is indicated by the apparent 30% bulk material remaining after the 

chemical dissolutio,n. The presence of Fe and S indicates that sulfides 

may have survived the HF dissolution. 

Mass Spectrometry 

Noble gases were analyzed in Dr. Kurt Marti's laboratory at the 

University of California, San Diego. Noble gases were measured using a 

metal 6" radius, 600 sector, Reynold's type mass spectrometer. Samples 

were stored under vacuum in a glass sidearm of the extraction system for 

minimum of a few weeks before' analysis. This allowed sufficient time 

to outgas both the samples and the extraction system after exposure to 

air. A heat gun was used to heat the samples and the system during this 
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time.. Maximum temperatures that the samples were exposed to reached 

approximately 100 C for a few minutes. 

Extraction procedures 

General procedures for analyzing the samples are listed in 

Figure 6. The extraction procedure is outlined in Figure 7. Noble 

gases were extracted at temperatures between 600 and 1700 C by heating 

the samples in a molybdenum crucible using RF induction. The crucible 

was heated inside a water-cooled, quartz vessel. Extraction 

temperatures were measured with an optical pyrometer and are accurate to 

+ 80 C. Heating times varied from 73 minutes at 600 C to 25 minutes at 

1700 C. Extractions below 600 C were performed in a metal sidearm of 

the extraction system using a resistance heater. Temperatures were 

measured with a mercury thermometer and are accurate to + 10 c. 

Samples were heated for 60 minutes after the sidearm had reached the 

extraction temperature. Reactive gases generated during sample heating 

were removed by exposure to various Ti and Ti-Pd getters. Helium and 

neon were measured immediately after extraction and reactive gas 

cleanup. Argon, krypton and xenon were then separated by temperature 

selective adsorption onto charcoal (Ar at 17K, Kr at 143K, Xe at 183K) 

and then measured individually. All noble gas data were recorded 

digitally on paper tape and teletype output and reduced off-line. 

Data reduction 

The mass spectrometer (MS) output consists of a series of peak

height values and times for each isotope analyzed. Zero time is defined 



Load samples, pump system to 10-6, 10-7 torr, out gas 
crucible and getters, measure cold, 800 C and 1700 C 
blank levels. 

Run HeNe and Air standards 
Measure 1700 C blank levels 

Run sample 

a) Single 1700 C extraction 
or 

b) Temperature stepwise extractions, 
last T-step at 1700 C 

measure 1700 C re-extraction (usually @ 1700 C 
blank level) 

if needed, measure blanks 

Periodically: 

a) run standards 
b) low T blanks 
c) for samples wIT-steps < 600 C, 

measure sidearm blanks 
d) for foil-wrapped samples, 

measure blank foils 

Figure 6. General mass spectrometer operation procedures. 
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3 weeks 

I 3 days 

2 days to 
2,3 weeks 

1 T-step 
12 hours 
effort 



extract gases 
cleanup reactive gases 

with getters 
adsorb Ar, Kr, Xe 

measure He. Ne 

desorb Ar, Kr, Xe 
second reactive gas cleanup 

(if necessary) 
separate heavy gases 

a) Xe @ 183K 
b) Kr @ 143K 
c) A-c @ 77K 

measure Xe 1.5 to 2.0 hours 

measure Kr 1.5 hours 

measure Ar 1.0 hours 

4 hours 

3 hours 

outgas getters, pump system (usually overnight) 
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Figure 7. Procedures for a single temperature extraction. -- He and Ne 
must be meas"}.red immediately after the extraction and cleanup in order 
to minimize He background. Ar, Kr, Xe are adsorbed onto activated 
charcoal. The heavy gases may be left overnight. 
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as the moment the sample gas was admitted into the MS. One isotope of a 

given element is designated as the reference. All other isotopes of the 

element are then ratioed to the reference. The only exception to this 

was helium which has only two isotopes. A series of FORTRAN programs 

exist in La Jolla to reduce the data. The reduction procedure yields 

for each element, a series of isotope/reference ratios, which are the 

values extrapolated to time zero, and the absolute amount of the 

reference isotope. Blank and interference corrections are then applied 

to the data. Mass discrimination corrections are applied to the ratios 

and sample reference isotope concentrations are calculated. 

Calibration 

Argon, krypton and xenon are calibrated by measuring an air 

standard. Helium and neon are calibrated by measuring a special 

standard which has a 1ae/4He ratio of 0.5 and Ne.of atmospheric isotopic 

composition. Measurement of standards provided mass discriminations and 

sensitivities for reference isotopes. Standards were run periodically 

to monitor long term variations in the instrument sensitivity. Such 

changes were found to·be negligible. 



CHAPTER 3 

NOBLE GAS RESULTS 

Results are presented in Tables 3,4 and 5. Helium, neon and 

argon data are listed in Table 3, krypton data are listed in Table 4 and 

xenon data are listed in Table 5. The dates of the sample, blank and 

standard measurements are listed in Tables 6,7 and 8. The listed 

uncertainties for the isotopic ratios in Tables 3,4 and 5 are 95% 

confidence levels. The standard deviations for the concentrations are 

10% for Xe, Kr, Ar and,3He , 15% for Ne and 20 to 30% for 4He • 

All isotopic ratios have been corrected for mass discrimination. 

The mass discrimination corrections were usually less than 1% per atomic 

mass unit. Blank corrections have been applied to the data when the 

blank level was more than 2% of the reference isotope. Atmospheric 

composition was assumed for the blank isotopic composition. In general, 

blank corrections were not necessary above about 800 C. The 2,2,9 

samples were the only exception. These were the only foil wrapped 

samples; foil blanks tended to be 2 to 3 times higher than normal 

blanks. The 1100 C step for the 2,2,9 samples had the smallest 

correction; the other steps had more significant corrections. 

The mass spectrometer background contains mass peaks which 

interfere with certain isotopes. Table 9 lists these noble gas isotopes 

and the interfering species. The HD background was monitored by 

26 
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Table 3 
Light Element Noble Gas Data 

(concentrations are in units of 10-8 ccSTP/g) 

Sample T(e) 3He 4He 20Ne 
2~ 

21Ne 
22N; 

22Ne 38Ar 40Ar 36Ar 
36Ar 36Ar 

1,1,6 200 .1 3.6 9.5 .078 .045 .1958 393.1 .38 
1.7 .008 .0022 3.8 

800 8.5 580 1.94 .764 .88 .1901 2325 3.5 
.17 .014 .0086 42 

900 .48 23 1.25 .885 .13 .2260 1552 .35 
.70 .022 .0063 20 

1000 1.1 36 1.05 .910 .15 .2686 828.9 .63 
.40 .020 .0065 6.8 

1100 .68 20 1.09 .901 .13 .2240 262.6 1.1 
.40 .020 .0015 2.4 

1300 .62 34 1.122 .900 .61 .1924 43.28 15 
.090 .014 .0013 .38 

1300R .067 1.35 .919 .16 .1880 14.24 4.6 
.28 .030 .0010 .27 

1400 .078 1.33 .899 .15 .1889 10.00 13 
.14 .018 .0014 .14 

1500 2.3 .883 .026 .1902 7.41 1.6 
1.3 .070 .0015 .07 

1500R 5.7 .80 .005 .1882 7.25 .54 
6.2 .34 .0016 .07 

1,1,6 total 11.6 693 1.653 .8321 2.29 .1928 258.0 40.7 
.098 .0074 .0010 3.5 

1,1,2,2 200 .044 13 9.78 .0373 .20 (added to 300 step) 
.15 .0010 

250 .082 11 9.34 .0910 .076 (added to 300 step) 
.23 .0021 

300 .35 41 6.44 .2778 .11 .1886 324.2 7.2 
.16 .0078 .0055 2.4 

350 .45 53 4.05 .453 .074 (added to 400 step) 
.33 .013 

400 .84 96 2.70 .581 .052 .183 828.5 .77 
.32 .017 .011 8.3 

600 1.1 130 1.76 .793 .045 .2033 2944 .16 
.39 .024 .0053 36 

800 3.5 400 .944 .878 .31 .259 '~·770 .48 
.064 .011 .024 220 

1000 2.8 240 .851 .9075 .65 .244 2010 1.3 
.035 .0092 .016 70 

1200 .69 47 1.054 .9001 .69 .1941 117.79 14 
.041 .0075 .0012 .65 
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Table 3 Continued 
Light Element Noble Gas Data 

Sample T (C) ~e 4He 2~e 21Ne 22Ne 38Ar 4 OAr 36Ar 
22Ne 22N; 36Ar 36Ar 

1,1,2,2 1400 .11 1.198 .9020 .51 .1891 15.96 17 
.037 .0059 .0011 .17 

1700 1.27 .890 .061 .1879 6.853 4.7 
.31 .026 .0006 .029 

1,1,2,2 total 10.1 1030 2.209 .7729 2.77 .1927 226.7 45.5 
.074 .0034 .0012 3.1 

1,9,33 100 279 .040 
12 

150 306 .079 
15 

200 .0086 - 10.1 .063 .0054 - 362.1 .18 
3.9 .023 2.0 

250 .11 13.2 7.2 .275 .017 - 571.0 .21 
1.1 .017 3.4 

300 .18 27 2.90 .516 .031 - 1340 .13 
.59 .022 16 

350 .34 41 1.84 .602 .039 .201 2258 .13 
.48 .020 .013 48 

400 .54 65 1.38 .677 .039 .205 4340 .074 
.49 .021 .019 270 

600 .97 110 .29 .925 .027 .200 6770 .055 
.63 .060 .032 170 

800 3.9 490 .746 .893 .21 .274 4050 .27 
.093 .011 .018 170 

900 3.2 340 .838 .9109 .46 .215 1845 .81 
.062 .0076 .010 43 

1000 1.0 52 .882 .915 .34 .2352 487.7 1.4 
.073 .012 .0035 2.8 

1100 .42 21 .97 .914 .20 .2121 278.6 1.7 
.11 .013 .0016 1.2 

1200 .28 .995 .9232 .96 .1897 59.51 19 
.021 .0062 .0005 .30 

1400 .057 1.164 .9091 .41 .1891 5.162 13 
.045 .0083 .0006 .036 

1550 .008 1.21 .896 .046 .1879 3.924 3.8 
.36 .033 .0006 .020 

1700 .1868 12.62 .10 
.0028 .25 

1,9,33 total 11.0 1160 1.051 .8967 2.77 .1930 153.6 41.4 
.026 .0035 .0004 1.5 

3,1,1 1000 11 1600 1.98 .730 .82 .2156 866 5.3 
.58 .010 .0061 12 
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Table 3 Continued 
Light Element Noble Gas Data 

Sample T (C) ~e 4He 20Ne 21Ne 22Ne 38Ar 40Ar 36Ar 
22Ne 22Ne 36Ar 36Ar 

3,1,1 1400 4.4 390 1.03 .915 1.0 .2139 145.80 14 
.26 .013 .0015 .84 

1700 26 2.2 .86 .053 .1890 1l.29 1.6 
1.8 012 .0005 .07 

3,1,1 total 15.4 2020 1.47 .8333 1.89 .2124 318.1 20.9 
.29 .0089 .0018 3.1 

3,1,2 1000 19 1700 1.15 .806 1.3 .2288 1232 5.0 
.28 .010 .0046 12 

1400 26 1.08 .998 1.1 .1926 191.9 17 
.28 .061 .0038 4.5 

1700 .6 .916 .11 .1892 10.05 4.9 
1.1 .063 .0008 .08 

3,1,2 TOTAL 19 1730 1.10 .893 2.52 .1987 352.1 26.9 
.20 .027 .0026 3.6 

9,03,2 250 .14 16 8.1 .290 .021 
2.4 .056 

350 .94 130 3.60 .494 .14 
.42 .021 

600 2.1 320 .99 .815 .11 .229 4760 .23 
.55 .052 .0.23 160 

1000 8.1 970 .881 .904· 1.1 .260 1405 3.0 
.049 .018 .013 22 

1200 .36 1.026 .934 1.0 .1910 81.06 24 
.071 .015 .0006 .39 

1700 1.25 .922 .40 .1873 6.06 20 
.11 .016 .0005 .03 

9,03,2 total 11.6 1440 1.178 .8904 2.83 .1940 156.8 46.8 
.050 .0046 .0009 1.6 

9,41 20 600 2.02 .760 2.8 .1895 161.08 77 
.81 .051 .0012 .88 

9,42 10 960 1.745 .807 2.5 .1953 294.6 42 
.034 .018 .0036 1.4 

9,61 1000 10 490 2.69 .690 .68 .211 1568 3.0 
.36 .027 .011 56 

1700 8 140 4.42 .512 1.4 ~2072 139.0 22 
.38 .013 .0007 1.1 

9,61 total 18 630 3.84 .572 2.03 .2077 310.5 25 
.28 .013 .0015 6.8 
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Table 3 Continued 
Light Element Noble Gas Data 

Sample T(C) ~e 4He 2~e 21Ne 22Ne 38Ar 40Ar 36Ar 
2ZN; 2ZN; 36Ar 36Ar 

9,62 12 970 1.457 .8365 2.5 .1997 247.8 35 
.043 .0086 .0032 1.2 

2,2,9WR 200 .10 5.1 .69 .010 - .43 
4.8 .33 

400 1.9 220 1.36 .741 .19 .199 6650 .39 
.28 .026 .019 350 

800 6.4 660 .96 .871 .51 .202 4350 .86 
.16 .017 .012 210 

1100 1.8 120 .922 .897 1.1 .1973 162.81 10 
.074 .011 .0013 .86 

1700 .18 1.10 .900 .63 .1885 9.303 21 
.10 .012 .0006 .075 

2,2,9WR total 10.4 995 1.029 .8791 2.41 .1917 260.0 33.1 
.062 .0073 .0007 7.3 

2,2,9ME 400 .28 77 2.9 .61 .022 .1923 417.6 .87 
2.5 .18 .0040 2.5 

800 2.8 180 1.26 .865 .14 .3763 78.1 .80 
.50 .047 .0031 1.1 

1100 3.8 220 2.02 .795 .16 .2542 6.25 3.8 
.34 .038 .0012 .11 

1700 1.4 64 2.53 .781 .059 .2188 2.98 3.9 
.93 .088 .0011 .29 

2,2,9ME total 8.2 549 1.88 .807 .38 .2441 49.22 9.4 
.31 .029 .0008 .28 

2,2,9NM 400 3.3 380 .91 .809 .39 .2457 6890 1.1 
.27 .020 .0092 140 

800 6.8 780 1.61 .839 .71 .223 4070 1.4 
.15 .013 .013 160 

1100 .26 98 .94 .903 1.1 .1935 219.8 6.0 
.12 .013 .0034 1.0 

1700 1.03 .899 .64 .1885 5.452 22 
.12 .014 .0006 .074 

2,2,9NM total 10.3 1250 1.123 .8735 2.87 .1931 485.7 30.2 
.075 .0073 .0010 8.9 

2,2,9CU 400 3.4 390 2.37 .789 .37 6980 .64 
.34 .025 350 

800 5.5 560 1.64 .826 .49 .1882 3900 1.3 
.20 .017 .0030 310 
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Table 3 Continued 
Light Element Noble Gas Data 

Sample T (C) ~e 4He 2~e 21Ne 22Ne 38Ar 40Ar 36Ar 
22Ne 22N; 36Ar 36Ar 

2,2,9CU 1100 .20 70 .912 .8941 1.1 .1846 285.5 4.3 
.077 .0094 .0030 1.6 

1700 1.10 .883 .72 .1880 4.319 24 
.12 .013 .0016 .071 

2,2,9CU total 9.1 1020 1.292 .8645 2.72 .1875 359 30.2 
.074 .0070 .0014 15 

2,2,9NO 400 3.1 310 2.24 .651 .30 8930 .79 
.36 .048 450 

800 7.5 750 .89 .888 .39 .136 4500 1.4 
.92 .057 .023 210 

1100 .62 130 1.13 .881 1.8 .1833 232.8 7.5 
.15 .020 .0018 1.0 

1700 1.12 .889 .88 .1868 4.24 31 
.18 .024 .0005 .13 

2,2,9NO total 11.2 1190 1.20 .864 3.34 .1844 374 40.3 
.15 .015 .0010 11 

2,2,9HF 400 1.5 230 7.88 .2317 1.1 240 11 
.27 .0056 10 

800 .57 150 7.39 .252 .54 208 10 
.44 .013 22 

1100 11.7 .044 0.063 .1889 15.49 5.5 
4.3 .025 .0015 .19 

1700 .1852 .73 5.9 
.0028 .57 

2,2,9HF total 2.04 384 7.86 .2314 1.65 .1870 148.4 32.4 
.28 .0056 .0020 7.6 

2,2,9HC 400 2.9 340 1.69 .657 .29 8120 .79 
.59 .033 410 

800 7.7 750 .80 .906 .53 .118 3810 1.8 
.33 .027 .019 180 

1100 .25 70 .97 .893 1.5 .1824 225.1 6.3 
.12 .013 .0019 1.5 

1700 .88 .912 .90 .1881 4.090 33 
.16 .016 .0010 .074 

2,2,9HC total 10.9 1160 .98 .8794 3.22 .1842 354 41.7 
.10 .0092 .0012 11 
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Table 4 
Krypton Data 

86Kr = (concentrations are in units of 10-12 ccSTP Ig, 100) 

Sample T(C) 78Kr 80Kr 82Kr 83Kr 84Kr 86Kr 84Kr 
86Kr 86Kr 86Kr 86Kr 86Kr 

1,1,6 200 1.70 13.61 66.19 66.11 327.1 42 140 
.16 .20 .67 .52 3.2 

800 1.85 19.54 69.95 66.93 331.5 160 530 
.20 .49 .86 .76 4.1 

900 82.7 92.9 69.49 330.1 2.0 6.6 
2.1 2.7 .82 4.7 

1000 43.30 79.5 69.1 327.9 4.9 16 
.85 3.0 1.1 5.5 

1100 23.88 69.2 65.6 321 20 64 
.82 2.3 2.0 10 

1300 1.90 19.31 67.77 65.24 323.3 200 650 
.05 .15 .33 .26 1.3 

1300REEX 1.73 17.62 67.36 65.49 322.4 44 140 
.41 .28 .44 .35 2.1 

1400 1.88 16.31 66.80 65.36 323.7 230 750 
.04 .22 .33 .29 1.6 

1500 1.71 16.94 66.75 64.79 325.9 25 82 
.12 .28 .51 .35 3.5 

1500REEX 1.81 17.39 66.97 64.81 320.6 11 35 
.43 .42 .86 .67 3.9 

1,1,6 total 1.85 17.87 67.96 65.73 325.4 740 2400 
.06 .15 .25 .21 1.1 

1,1,2,2 200 (with 300 C step) 

250 (with 300 C step) 

300 13.21 67.25 66.25 328.4 430 1400 
.15 .45 .18 1.0 

350 (with 400 C step) 

400 13.66 66.75 65.80 328.5 50 170 
.21 .41 .58 1.0 

600 14.64 67.6 66.34 328.9 6.6 22 
.62 1.4 .63 1.5 

800 19.67 69.3 66.64 327.6 15 49 
.21 1.1 .43 2.0 

1000 64.31 85.66 67.65 326.8 13 42 
.57 .73 .31 1.6 
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Table 4 Continued 
Krypton Data 

Sample T (C) 78Kr 80Kr 82Kr 83Kr 84Kr 86Kr 84Kr 
86Kr 86Kr 86Kr 86Kr 86Kr 

1,1,2,2 1200 21.42 68.68 65.31 322.8 180 590 
.19 .56 .26 1.3 

1400 16.60 66.43 65.15 322.4 270 880 
.09 .44 .28 .9 

1700 16.82 66.64 65.15 321.8 60 190 
.24 .61 .55 1.2 

1,1,2,2 total 16.53 67.49 65.73 325.4 1030 3350 
.08 .25 .12 .5 

1,9,33 100 2.8 9.3 

150 7.8 26 

200 13.54 12 41 
.22 

250 13.60 13 44 
.22 

300 14.37 8.8 29 
.24 

350 14.06 8.5 28 
.88 

400 16.51 66.0 4.5 15 
, .47 1.3 

600 16.93 68.0 65.8 319 2.5 8.0 
.90 3.0 4.3 10 

800 1.54 21.84 69.7 67.99 326.3 13 41 
.61 .55 1.9 .55 3.2 

900 2.15 36.79 74.55 66.95 327.3 13 43 
.54 .30 .91 .80 1.8 

1000 2.03 19.73 67.97 65.19 321.4 23 75 
.36 .27 .72 .68 2.8 

1100 1.82 18.00 66.7 65.19 321.4 27 85 
.19 .66 1.2 .81 2.8 

1200 1.83 29.47 68.25 65.35 322.2 210 690 
.07 .20 .21 .31 1.0 

1400 1.84 15.75 66.57 65.18 322.9 130 410 
.08 .69 .35 .31 1.3 

1550 1.72 15.84 66.87 65.34 323.0 26 83 
.28 .16 .61 .37 .9 

1700 16.2 69.7 66.9 327 1.0 3.3 
2.4 4.6 4.5 21 
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Table 4 Continued 
Krypton Data 

Sample T (C) 78Kr 80Kr 82Kr 83Kr 84Kr 86Kr 84Kr 
86Kr 86Kr 86Kr 86Kr 86Kr 

1,9,33 total 1.85 18.68 67.11 65.47 323.1 502 1630 
.05 .20 .16 .17 .6 

3,1,1 1000 2.07 14.03 67.19 66.00 327.9 360 1200 
.13 .23 .65 .37 2.4 

1400 2.04 23.35 69.56 65.77 322.9 200 650 
.07 .33 .46 .34 2.2 

1700 1.41 19.11 69.87 67.66 328.8 15 49 
.54 .52 .99 .87 5.6 

3,1,1 total 2.04 17.40 68.08 65.96 326.2 575 1880 
.09 .18 .44 .26 1.7 

3,1,2 1000 1.61 16.81 67.94 66.17 325.7 330 1100 
.40 .26 .26 .79 3.9 

1400 1.90 21.85 69.18 65.81 323.0 270 870 
.14 .19 .29 .19 1.8 

1700 2.03 17.00 67.06 65.23 321.4 67 220 
.20 .24 .48 .40 2.5 

3,1,2 total 1.77 18.87 68.35 65.93 324.2 667 2160 
.21 .15 .44 .40 2.1 

9,03,2 250 

350 

600 16.56 68.2 66.3 329.4 9.3 31 
.55 1.5 1.3 2.6 

1000 26.94 71.3 66.49 324.4 59 190 
.41 1.2 .58 2.3 

1200 20.28 68.01 65.00 326.0 260 850 
.26 .90 .30 1.4 

1700 16.35 67.98 65.87 323.2 140 450 
.17 .36 .28 .9 

9,03,2 total 19.877 68.42 65.47 325.0 470 1530 
.16 .54 .20 .9 

9,41 1.85 18.33 67.90 65.73 325.8 850 2800 
.01 .31 .51 .42 3.4 
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Table 4 Continued 
Krypton Data 

Sample T (C) 78Kr 80Kr 82Kr 83Kr 84Kr 86Kr 84Kr 
86Kr 86Kr 86Kr 86Kr 86Kr 

9,42 16.98 67.22 65.61 324.9 260 790 
.21 .20 .20 1.2 

9,61 1000 2.25 16.40 67.98 66.45 328.5 130 430 
.23 .31 .47 .38 2.2 

1700 2.31 19.34 69.45 66.84 328.0 360 1200 
.13 .36 .47 .34 2.3 

9,61 total 2.29 18.56 69.06 66.74 328.1 490 1600 
.11 .28 .37 .30 1.8 

9,62 18.20 67.99 65.80 325.9 590 1900 
.16 .43 .32 1.2 

2,2,9WR 200 13.46 140 470 
.97 

400 15.65 324.5 33 110 
.39 2.9 

800 1.88 23.35 72.17 67.56 329.7 41 140 
.43 .54 .83 .86 1.8 

1100 2.17 21.84 68.98 66.11 324.3 140 450 
.11 .36 .71 .38 1.8 

1700 1.94 17013 66.92 65.48 322.1 220 720 
.24 .15 .43 .46 1.6 

2,2,9WR total 2.01 17.72 67.57 65.94 324.6 580 1880 
.14 .26 .29 .26 1.1 

2,2,9ME 400 13.31 328.3 320 1100 
.06 1.1 

800 3.04 13.41 66.04 66.2 328.4 18 58 
.70 .82 .94 1.0 2.4 

1100 1.77 13.64 65.93 65.5 322.9 32 100 
.48 .64 .72 1.0 4.4 

2,2,9ME 1700 3.05 13.40 66.70 65.40 325.5 31 100 
.23 .43 .51 .52 2.0 

2,2,9ME total 2.54 13.33 66.25 65.61 327.3 402 1310 
.26 .10 .40 .50 1.0 
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Table 4 Continued 
Krypton Data 

Sample T (C) 78Kr 80Kr 82Kr 83Kr 84Kr 86Kr 84Kr 
86Kr 86Kr 86Kr 86Kr 86Kr 

2,2,9NM 400 

800 1.7 31.00 72.33 67.6 326.3 46 150 
3.1 .74 .54 1.0 3.4 

1100 2.48 21.10 68.39 66.01 324.6 110 350 
.35 .24 .39 .37 1.3 

1700 2.20 16.34 67.16 65.14 324.2 260 830 
.13 .20 .69 .43 1.2 

2,2,9NM total 2.22 19.24 68.03 65.61 324.4 410 1330 
.37 .16 .45 .31 1.0 

2,2,9CU 400 

800 4.6 40.7 77.4 68.07 330.2 22 72 
1.2 1.1 1.6 .94 3.1 

1100 2.15 25.01 69.98 65.90 323.3 76 250 
.45 .59 .69 .23 1.3 

1700 1.98 16.62 67.05 65.17 324.1 280 910 
.10 .30 .60 .57 .7 

2,2,9CU total 2.16 19.66 68.14 65.40 323.9 379 1230 
.10 .47 .47 .43 .6 

2,2,9NO 400 

800 54.7 81.8 68.1 329.8 21 70 
2.6 4.6 2.2 7.0 

1100 2.24 25.77 70.74 66.19 327.6 110 370 
.75 .51 .69 .54 1.3 

1700 1.81 16.63 66.60 65.84 322.3 350 1100 
.21 .14 .59 .58 1.7 

2,2,9NO total 1.92 20.33 68.27 66.06 324.0 490 1600 
.24 .16 .50 .45 1.3 

2,2,9HF 400 

800 2.67 14.02 67.81 66.93 327.6 150 480 
.40 .47 .87 .46 3.7 

1100 1.67 13.10 66.38 66.00 327.0 98 320 
.48 .28 .51 .68 1.3 
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Table 4 Continued 
Krypton Data 

Sample T (C) 7~r 80Kr 82Kr 83Kr 84Kr 86Kr 84Kr 
86Kr 86Kr 86Kr 86Kr 86Kr 

2,2,9HF 1700 1.35 13.19 67.13 65.62 324.4 62 200 
.57 .14 .69 .52 1.7 

2,2,9HF total 2.09 13.57 67.26 66.42 327.0 305 997 
.27 .24 .47 .37 1.9 

2,2,9HC 400 

800 3.3 72.7 88.8 69.4 328.2 20 66 
1.7 1.4 1.3 1.3 3.8 

1100 2.39 24.06 71.41 65.55 323.5 110 340 
.38 .72 .65 .48 2.8 

1700 2.11 16.19 66.08 64.85 320.2 360 1200 
.11 .19 .19 .55 2.4 

2,2,9HC total 2.22 20.21 68.17 65.20 321.3 489 1580 
.14 .22 .21 .43 1.9 
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Table 5 

Xenon Data 
(concentrations in units of 10-12 ccSTP /g, 132Xe = 100) 

Sample T(C) 124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 134Xe 136Xe 132Xe 
132Xe 132Xe 132Xe 132Xe 132"Xe" 132Xe 132Xe 132Xe 

1,1,6 200 .35 .37 7.13 182.8 15.52 80.42 38.64 32.51 7.7 
.10 .049 .25 1.6 .42 .46 .57 .57 

800 .438 .393 8.52 804.1 15.96 80.89 37.97 31.85 49 
.033 .051 .19 9.8 .23 .42 .19 .25 

900 .608 .425 10.28 2036 15.44 81.59 37.92 32.22 2.6 
.086 .086 .30 34 .32 .13 .66 .42 

1000 .38 .372 9.22 1269 16.80 82.81 38.08 32.21 7.·0 
.12 .094 .41 19 .30 .97 .39 .61 

1100 .459 .429 8.73 714.7 15.96 82.01 38.39 31.66 26 
.038 .037 .22 3.4 .29 .54 .84 .34 

1300 .479 .430 8.71 706.2 16.46 81.75 38.06 32.14 340 
.015 .014 .11 6.4 .13 .27 .39 .37 

1300R .466 .403 8.45 618.3 15.93 82.33 37.68 31.70 69 
.021 .023 .27 5.2 .22 .37 .20 .22 

1400 .461 .412 8.52 550.0 16.36 81.93 38.29 32.06 330 
.013 .012 .08 6.2 .09 .24 .27 .21 

1500 .470 .405 8.57 716.5 16.44 82.01 37.63 31.98 44 
.044 .038 .22 5.4 .24 .53 .25 .27 

1500R .415 .433 8.83 822.5 16.35 81.89 37.77 31.48 16 
.058 .028 .29 5.4 .18 .72 .31 .35 

1,1,6 total .465 .417 8.60 653.6 16.33 81.83 38.10 32.03 891 
.008 .008 .06 3.4 .07 .15 .18 .16 

1,1,2,2 200 (with 300C step) 

250 (with 300C step) 

300 .376 .356 7.43 178~4 15.42 79.37 38.58 32.82 50 
.021 .022 .08 1.1 .13 .28 .31 .53 

350 (with 400C step) 

400 .405 .381 7.65 319.5 15.40 80.84 38.58 31.67 9.0 
.059 .066 .42 4.5 .26 .73 .44 .50 

600 .507 .398 8.45 517.0 16.07 80.9 38.6 32.34 2.4 
.090 .082 .70 8.2 .69 1.7 1.1 .95 

800 .422 .443 8.67 701.7 16.08 81.76 37.83 32.23 7.9 
.039 .• 080 .16 8.0 .31 .77 .52 .30 

1000 .483 .466 9.42 1836.6 15.75 81.77 38.23 31.70 19 
.057 .046 .27 9.6 .34 .26 .29 .42 
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Table 5 Continued 

Xenon Data 

Sample T (C) 124Xe 126Xe 128Xe 
13ZK,; 132X; 132X; 

129Xe 130Xe 131Xe 134Xe 136Xe 
132X; 132X; 13zxe 132X; 132X; 

132Xe 

1,1,2,2 1200 .470 .419 8.75 809.6 15.99 81.88 37.81 31.78 350 
.012 .014 .08 4.1 .06 .30 .16 .21 

1400 .460 .412 8.54 564.6 16.18 82.05 37.99 31.92 490 
.010 .008 .07 1.9 .09 .09 .11 .12 

1700 .467 .409 8.70 662.8 16.31 82.27 38.08 31.86 94 
.016 .018 .13 2.5 .14 .32 .19 .32 

1,1,2,2 total .460 .412 8.58 631.1 16.07 81.86 37.97 31.91 1020 
.007 .006 .05 1.7 .05 .12 .08 .10 

1,9,33 100 192 .41 
13 

150 146 2.1 
10 

200 7.23 162.0 3.0 
.42 3.0 

250 8.34 242.3 15.71 1.5 
.52 2.6 .89 

300 8.61 320.7 15.26 2.1 
.29 3.9 .58 

350 8.35 376.4 15.74 3.7 
.11 2.2 .35 

400 8.55 374.1 15.45 3.0 
.34 5.4 .47 

600 .53 .57 8.72 441.2 15.2 82.0 37.91 31.1 1.9 
.12 .16 .71 6.5 1.3 3.2 .77 1.1 

800 .468 .457 8.71 480.1 15.85 80.69 37.25 31.13 5.2 
.049 .074 .24 4.9 .40 .72 .43 .39 

900 .395 .416 8.84 632.0 16.04 82.57 38.35 31.69 28 
.078 .057 .09 2.7 .22 .78 .82 .27 

1000 .467 .429 8.41 364.7 16.38 82.09 38.20 31.93 85 
.022 .017 .15 2.0 .17 .35 .37 .27 

1100 .469 .423 8.46 345.4 16.24 82.04 37.98 32.00 110 
.022 .020 .17 2.2 .14 .32 .39 .34 

1200 .462 .410 8.65 731.2 16.10 81.99 38.16 31.88 440 
.016 .012 .10 3.2 .07 .17 .15 .19 

1400 .467 .413 8.59 585.7 16.27 82.09 38.14 32.01 190 
.017 .018 .07 1.8 .10 .25 .12 .18 

1550 .492 .450 8.74 568.6 15.76 82.16 38.52 32.08 25 
.023 .039 .12 4.4 .44 .61 .61 .56 
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Table 5 Continued 

Xenon Data 

Sample T(C) 124Xe 126Xe 128Xe 
132X; 132X; 132X; 

129Xe 130Xe 131Xe 134Xe 136Xe 
132X; 132X; 132X; 132X; 132X; 

132Xe 

1,9,33 1700 .480 .413 8.77 560.1 15.68 81.98 38.23 32.41 25 
.026 .032 .14 4.8 .28 .62 .40 .64 

1,9,33 total .462 .415 8.59 601.0 16.15 81.99 38.16 31.95 925 
.009 .008 .06 1.6 .05 .11 .10 .11 

3,1,1 1000 .356 .373 7.58 429.8 15.69 79.81 38.28 32.39 97 
.034 .028 .13 3.1 .11 .54 .29 .37 

1400 .495 .443 9.05 1081.6 16.24 81.85 37.84 31.77 340 
.021 .024 .12 5.1 .12 .15 .22 .25 

1700 .481 .510 8.97 852 16.44 82.5 37.70 31.97 9.5 
.055 .048 .48 22 .25 1.2 .29 .67 

3,1,1 total .465 .429 8.73 935.1 16.13 81.42 37.93 31.91 447 
.018 .019 .10 4.0 .10 .17 .18 .21 

3,1,2 1000 .431 .374 8.46 729.1 16.26 81.05 37.86 31.24 160 
.026 .027 .14 5.9 .13 .42 .26 .38 

1400 .458 .440 8.86 885.1 16.13 81.78 37.64 31.62 490 
.019 .012 .20 4.6 .14 .36 .17 .23 

1700 .521 .434 8.66 838.7 16.12 81.88 37.90 31.90 70 
.025 .035 .27 6.5 .29 .62 .29 .32 

3,1,2 total .458 .425 8.75 845.9 16.16 81.63 37.71 31.56 720 
.014 .011 .14 3.5 .10 .27 .13 .18 

9,03,2 250 

350 

600 .41 .49 8.40 403 15.88 82.8 38.7 31.28 5.3 
.10 .16 .73 15 .45 2.1 1.7 .41 

1000 .435 .427 8.61 562.8 16.23 81.45 37.64 31.55 140 
.041 .028 .19 5.6 .12 .16 .27 .17 

1200 .459 .436 8.82 848.2 16.16 81.98 38.07 32.04 480 
.026 .012 .17 5.2 .18 .32 .27 .28 

1700 .484 .434 8.63 660.9 16.28 81.96 38.16 31.73 230 
.012 .019 .19 3.8 .13 .24 .37 .34 

9,03,2 total .461 .434 8.73 750.8 16.20 81.89 38.03 31.87 850 
.016 .010 .11 3.2 .11 .19 .19 .18 
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Table 5 Continued 

Xenon Data 

Sample T(C) 124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 134Xe 136Xe 132Xe 
132Xe 132Xe 132X; 132Xe 132Xe 13Z:K; 132Xe 132X; 

9,41 .516 .480 9.18 616.1 15.41 82.11 37.52 32.01 770 
.036 .040 .30 6.7 .55 .67 .51 .47 

9,42 .475 .426 8.61 585.8 16.24 81.93 37.92 31.68 960 
.016 .016 .11 2.9 .09 .15 .16 .16 

9,61 1000 .519 .48 8.32 828 15.44 79.96 38.30 32.70 24 
.054 .10 .73 17 .24 .90 .83 .70 

1700 .447 .455 9.36 1403 16.06 80.0 37.90 31.87 280 
.036 .021 .18 10 .26 1.4 .30 .28 

9,61 total .453 .457 9.28 1358.0 15.23 78.0 37.93 31.94 304 
.033 .021 .18 9.3 .25 1.3 .28 .26 

9,62 .461 .4~9 8.67 715.8 16.15 81.94 37.67 31.82 750 
.022 .013 .12 4.8 .14 .38 .13 .25 

2,2,9WR 200 7.33 109.6 15.6 170 
.72 3.3 1.4 

400 7.46 150.7 15.21 49 
.12 1.0 .18 

800 .365 .332 7.45 182.7 15.08 79.36 38.66 32.84 100 
.060 .048 .21 3.0 .26 .74 .46 .46 

1100 .459 .398 8.49 715.5 16.13 81.60 38.21 31.84 280 
.024 .019 .18 3.5 .12 .30 .32 .24 

1700 .462 .402 8.61 635.1 16.30 82.00 38.27 32.06 370 
.028 .027 .29 3.0 .09 .32 .29 .38 

2,2,9WR total .427 .378 8.17 495.0 15.95 80.89 38.41 32.29 961 
.108 .017 .18 1.7 .25 .20 .19 .20 

2,2,9ME 400 7.17 99.0 15.21 600 
.06 .4 .08 

800 .377 .334 7.33 132.6 15.22 79.56 39.38 33.32 34 
.050 .056 .14 1.8 .26 .59 .64 .48 

1100 .432 .389 8.12 219.4 15.95 81.35 38.54 32.07 41 
.067 .088 .33 2.4 .24 .65 .60 .53 

1700 .427 .340 8.15 193.4 15.77 81.41 37.94 32.15 45 
.049 .062 .37 2.0 .16 .66 .18 .37 

2,2,9ME total .416 .355 7.30 113.4 15.30 80.87 38.69 32.45 716 
.033 .041 .06 .4 .07 .37 .28 .27 
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Table 5 Continued 

Xenon Data 

Sample T (e) 124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 134Xe 136Xe 132Xe 
13Z:K; 13Z:K; 13ZX; 13ZX; 13ZXe 13ZX; 13Z:K; 13Z:K; 

2,2,9NM 400 7.61 140.5 15.62 150 
.10 4.0 .21 

800 .397 .373 7.79 275.6 15.57 81.3 37.87 31.87 80 
.067 .049 .37 .9 .27 1.2 .44 .21 

1100 .439 .416 8.60 737.4 16.09 81.12 38.03 31.67 270 
.037 .043 .21 7.2 .13 .76 .14 .28 

1700 .465 .407 8.62 580.2 16.05 81.92 37.89 32.00 450 
.023 .021 .09 5.4 .17 .38 .26 .28 

2,2,9NM total .449 .407 8.39 528.7 15.95 81.60 37.94 31.88 944 
.019 .019 .08 3.3 .10 .35 .16 .19 

2,2,geU 400 

800 .41 .402 8.00 377.5 16.12 81.18 38.31 32.03 42 
.12 .050 .22 3.9 .48 .80 .60 .49 

1100 .440 .427 8.61 864.2 16.04 81.81 37.96 31.86 87 
.052 .035 .17 4.4 .09 .27 .29 .20 

1700 .460 .398 8.57 617.8 16.24 81.83 38.01 31.86 470 
.020 .021 .20 2.1 .10 .29 .24 .24 

2,2,geU total .453 .402 8.53 636.6 16.20 81.75 38.01 31.86 602 
.019 .018 .16 1.9 .10 .24 .20 .19 

2,2,9NO 400 

800 .345 .296 6.94 127.8 15.00 78.73 39.86 34.43 380 
.032 .037 .08 .9 .20 .31 .68 .56 

1100 .456 .449 8.75 915.3 16.24 81.67 38.43 31.63 210 
.063 .073 .23 6.2 .26 .49 .56 .33 

1700 .476 .406 8.70 648.3 16.31 81.97 37.88 31.88 610 
.046 .054 .14 2.2 .09 .62 .17 .31 

2,2,9NO total .431 .378 8.15 527.9 15.89 80.95 38.64 32.68 1200 
.028 .032 .09 1.6 .09 .34 .25 .25 

2,2,9HF 400 

800 .458 .44 7.29 157.3 15.49 80.73 37.99 31.45 52 
.051 .10 .50 1.4 .30 .78 .69 .39 

1100 .435 .402 8.05 123.3 16.17 82.18 37.98 32.08 190 
.035 .056 .10 1.2 .12 .74 .96 .45 
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Table 5 Continued -,----
Xenon pata I 

Sample T (C) 124Xe 126Xe 128Xe 
132X; 132Xe 13Z:X; 

129Xe 130Xe 131Xe 134Xe 136Xe 
132X; 132~ 132X; 13Z:X; 13Z:X; 

132Xe 

2,2,9HF 1700 .439 .408 7.95 115.2 16,,08 81.03 38.38 32.62 150 
.038 .030 .26 1.5 ,,44 .56 .33 .32 

2,2,9HF total .439 .409 7.90 124.7 16,,03 81.47 38.09 32.16 390 
.023 .033 .13 .8 .. 19 .43 .50 .26 

2,2,9HC 400 -, 
800 .448 .379 8.32 590.2 15 .. 66 81.41 37.73 32.27 44 

.071 .089 .65 4.6 .. 39 .89 .92 .56 
1100 .456 .400 8.93 941.7 15 .. 92 82.32 37.78 31.79 190 

.072 .062 .24 6.8 .. 20 .24 .36 .35 
1700 .454 .410 8.61 620.8 16 .. 16 81.80 37.75 32.01 690 

.020 .014 .16 3.5 .. 22 .15 .13 .21 
2,2,9HC total .454 .406 8.66 686.3 16 .. 09 81.89 37.76 31.98 930 

.021 .017 .13 3.0 .. 17 .13 .13 .17 
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Table 6 

Chronologies of Sample Measurements 

SAMPLE T DATE SAMPLE T DATE 

9,61 1000 6/21/79 1,1,2,2 1200 12/12/80 
" 1700 6/24/79 " 1400 12/13/80 

" 1700 12/14/80 
9,41 1700 7/05/79 

1,9,33 SIDE 100 12/16/80 
3,1,1 1000 7/16/79 " SIDE 150 12/17/80 

" 1400 7/18/79 " SIDE 200 12/18/80 
" 1700 7/21/79 " SIDE 250 1/23/81 

" SIDE 300 1/24/81 
3,1,2 1000 7/24/79 " SIDE 350 1/26/81 

" 1400 7/25/79 " SIDE 400 1/27/81 
" 1700 7/26/79 " 600 1/29/81 

" 800 1/29/81 
1,1,6 SIDE 200 9/24/79 " 900 1/30/81 

" 800 9/26/79 " 1000 2/02/81 
" 900 9/27/79 " 1100 2/03/81 
" 1000 9/29/79 " 1200 2/04/81 
" 1100 10/02/79 " 1400 2/05/81 
" 1300 10/03/79 " 1550 2/06/81 
" REEX 1300 10/04/79 " 1700 2/07/81 
" 1400 10/06/79 
" 1500 10/08/79 2,2,9WR SIDE 200 3/03/81 
" REEX 1500 10/09/79 " SIDE 400 3/06/81 

" 800 3/07/81 
9,62 1700 11/04/80 " 1100 3/09/81 

" 1700 3/10/81 
9,42 1700 11/06/80 

2,2,9ME SIDE 400 3/28/81 
9,03,2 SIDE 150 11/11/80 " 800 3/29/81 

" SIDE 250 11/12/80 " 1100 3/30/81 
" SIDE 350 11 /12/80 " 1700 3/31/81 
" 600 11/13/80 
" 1000 11/17/80 2,2,9NM SIDE 400 4/02/81 
" 1200 11 /18/80 " 800 4/03/81 
" 1700 11/20/80 " 1100 4/04/81 

" 1700 4/06/81 
1,1,2,2 SIDE 200 12/05/80 

" SIDE 250 12/05/80 2,2,9CU SIDE 400 4/15/81 
" SIDE 300 12/05/80 " 800 4/16/81 
" SIDE 350 12/06/80 " 1100 4/18/81 
" SIDE 400 12/07/80 " 1700 4/19/81 
" 600 12/08/80 
" 800 12/09/80 2,2,9NO SIDE 400 4/21/81 
" 1000 12/11/80 " 800 4/21/81 
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Table 6 Continued 

SAMPLE T DATE SAMPLE T DATE 

2,2,9NO 1100 4/22/81 2,2,9HF 1700 4/30/81 
II 1700 4/24/81 

2,2,9HC SIDE 400 5/04/81 
2,2,9HF SIDE 400 4/27/81 II 800 5/04/81 

II 800 4/28/81 II 1100 5/05/81 
II 1100 4/30/81 " 1700 5/07/81 

note: SIDE indicates sidearm rather than Mo crucible extraction. 
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Table 7 

Chronologies of Blank Measurements 

BLANK T DATE BLANK T DATE 

1700 6/04/79 1,9,33 REEX 1700 2/09/81 
1700 6/06/79 800 2/09/81 
1700 6/12/79 1700 2/11/81 
1700 6/12/79 FOIL, SIDE 400 2/11/81 
1700 6/15/79 1700 2/18/81 
1700 6/18/79 COLD 2/19/81 
1700 6/19/79 COLD 2/20/81 
1700 6/19/79 COLD 2/23/81 
1700 6/20/79 1700 2/23/81 
1700 6/26/79 FOIL, SIDE 400 2/24/81 
1700 6/27/79 FOIL, SIDE 400 2/24/81 
1700 7/02/79 SIDE 400 2/25/81 
1700 7/04/79 FOIL, SIDE 400 2/25/81 

9,41 REEX 1700 7/06/79 FOIL, SIDE 400 2/26/81 
COLD 7/16/79 FOIL 800 2/26/81 

3,1,1 REEX 1700 7/23/79 FOIL 1700 2/26/81 
FOIL 1700 2/27/81 

1700 9/17/79 1700 3/02/81 
1700 9/18/79 FOIL 1700 3/06/81 
1700 9/19/79 1700 3/27/81 
1700 9/20/79 2,2,9ME REEX 1700 4/01/81 
1700 9/21/79 2,2,9NM REEX 1700 4/07/81 
1700 9/23/79 FOIL, SIDE 400 4/07/81 
800 9/24/79 SIDE 400 4/08/81 

1,1,6 1700 10/11/79 FOIL 800 4/09/81 
1,1,6 1700 10/12/79 FOIL 1100 4/12/81 
1,1,6 REEX 1700 10/14/79 FOIL 1700 4/13/81 

2,2,9CU REEX 1700 4/20/81 
COLD 10/28/80 2,2,9NO REEX 1700 4/24/81 
1700 10/28/80 FOIL, SIDE 400 4/25/81 

9,62 REEX 1700 11/06/80 FOIL 800 4/25/81 
9,42 REEX 1700 11/08/80 FOIL 1100 4/25/81 

SIDE 150 11/10/80 FOIL 1700 4/25/81 
SIDE 250 11/11/80 2,2,9HF REEX 1700 5/01/81 

9,03,2 REEX 1700 11/21/80 2,2,9HC REEX 1700 5/07/81 
1700 12/04/80 FOIL, SIDE 400 5/08/81 

1,1,2,2 REEX 1700 12/15/80 FOIL 800 5/08/81 
SIDE 400 12/16/80 FOIL 1100 5/08/81 

1700 1/22/81 FOIL 1700 5/08/81 
SIDE 400 1/23/81 FOIL REEX 1700 5/08/81 

note: SIDE refers to a sidearm not a Mo crucible blank 
FOIL refers to a foil blank 
REEX refers to a sample r~-extraction 
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Table 8 

Chronologies of Standard Measurements 

AIR: 

II DATE II DATE 

271 6/26/79 282 11/09/80 
272 7/07/79 283 11/23/80 
273 7/09/79 284 1/21/81 
274 7/27/79 285 2/10/81 
275 8/20/79 286 3/26/81 
276 9/10/79 287 4/14/81 
277 10/15/79 288 4/26/81 

289 5/09/81 
281 10/30/80 

NEON: 

II DATE II DATE 

250 6/11/79 260 10/29/80 
251 6/27/79 262 2/21/81 
252 7/12/79 263 5/09/81 
253 10/15/79 



ISOTOPE 

3ae 

36Ar 

38Ar 

78Kr 

80Kr 

Table 9 

Interferences 

INTERFERENCE 

HD+ 

H2180+, 40Ar++ 

CO 2++ 

H35Cl+ 

H37Cl+ 
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measuring The contribution to 3He was quite small and was 

included in the blank correction. Likewise, the contribution to 80Kr 

due to 40Ar2 + was insignificant. The interferences on 36Ar and 38Ar 

due to HCl were periodically calibrated and were found to be relatively 

constant. The correction to the Ar data was usually less than 1%. The 

corrections to 78Kr and the neon data were the most significant and are 

discussed below. 

Interference on Kr 

Benzene (C6H6, m=78) is stable in the mass spectrometer and is 

not easily pyrolyzed on hot Ti or Ti-Pd getters. The benzene peak is 

offset slightly from the 78Kr peak but these two peaks cannot be 

completely resolved by the mass spectrometer. Recovery of the 78Kr data 

was accomplished by measuring benzene and 78Kr mass peaks both during 

the krypton measurement and after the sample gas was pumped out. The 

relative positions of the two peaks were previously calibrated and the 

benzene background is always present even with the system open to the 

pump. The 78Kr was calculated by using 

= 

where f = C6H6/78Kr with no Kr present. In many cases the level of 

benzene was sufficiently high such that the 78Kr data could not be 

recovered. 
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Neon Interferences 

Small amounts of 40Ar , CO 2 and H20 are always present in the 

mass spectrometer. To reduce these backgrounds during Ne measurement, 

the mass spectrometer volume was exposed to a liquid N2 cooled charcoal 

trap. Even with this trap, the interference levels were significant. 

To correct for this problem, the 40Ar , H2
160 and CO 2 peaks were measured 

before and after the measurement of neon. The ratios of 40Ar*/40Ar+ 

and CO 2*/C0 2+ were previously calibrated and the H21S0/H2160 was 

calculated from terrestrial oxygen isotopic composition. The neon data 

were recovered as follows: 

22Ne = 22Ne - CO+ sample measured 
CO* 

x- 22 
- Neblank 

then: 

20Ne 

22Ne 

21Ne 

22Ne 

sample 

sample 

CO+ 

ISO 
x- -

160 

20N _ H
2

160 emeas • 
40Ar* 20 

x ---- - Neblank 
4 OAr 

= --------------------------------------------------------22 
Nesample 

21 21 
Nemeasured Neblank 

= 
22 

Nesample 

Extractions 

The large mass samples, 1,1,6, 1,1,2,2 and 1,9,33, were measured 

using comprehensive stepwise temperature release schedules. A stepwise 

temperature release schedule is a series of extractions where the sample 

is heated to progressively higher temperatures until it is melted or 

out gassed. This type of analysis can separate noble gas components on 
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the basis of different diffusion rates. Other samples were measured as 

single melt extractions (at 1700 C) or with limited numbers of 

temperature steps. 

I measured the 2,2,9 samples last; in part because I expected 

them to contain large amounts of hydrocarbons and adsorbed air. 

Because of this, these samples were analyzed with a 4-temperature step 

procedure with extractions at 400, 800, 1100 and 1700 C. These 

temperatures were chosen, based on the results of samples 1,1,2,2 and 

1,9,33, to reduce the amounts of adsorbed air and interfering species 

released at high temperatures. 



CHAPTER 4 

DISCUSSION OF NOBLE GAS RESULTS 

The interpretation of noble gas data is generally made by 

relating particular elemental or isotopic features to various known (or 

unknown) sources or components. These components can be divided into 

the following catagories: solar, terretrial, trapped, radiogenic and 

cosmogenic. Each of these components, except solar, will be discussed 

separately. A solar component was not directly observed in Abee and 

therefore the discussion of solar-type gas will be included in the 

discussion of trapped components. 

Cosmogenic Components 

Cosmic ray interactions with meteoritic target elements produce 

a variety of isotopic features which are collectively referred to as 

cosmogenic components. The compositions of these components are a 

function of the target composition and the cosmic ray energy spectrum. 

Although there are two sources of cosmic ray, solar and galactic, the 

more energetic galactic cosmic rays are the major producers of 

cosmogenic noble gases in meteorites such as Abee. 

Two types of reactions occur. Spallation products are produced 

by primary cosmic ray-target reactions. A spectrum of isotopes is 

generated by spallation reactions. The other type of reaction is caused 

by secondary neutrons which are produced as a by-product of spallation. 

52 
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The secondary neutrons are thermalized within moderately sized 

meteorites and cause (n,Y) reactions which produce limited numbers of 

isotopic anomalies. The two reaction types will be discussed 

separately_ 

Spallation 

Abee contains significant amounts of spallogenic He, Ne and Ar. 

Both Ne and 3He are dominated by spallation whereas 36Ar and 38Ar are a 

mixture of spallation, trapped, and neutron produced components. 

Spallation Kr and Xe are not evident in any of the data. Table 10 lists 

the concentrations of spallogenic 3He , 2I Ne , and 38Ar for various 

samples along with the calculated cosmic ray exposure ages. The 

production rates have been calculated according to the procedure of 

Nishiizumi, Regnier and Marti (1980). The chemical compositions used 

for these calculations are available (Rubin and Keil, 1982) for all 

samples except 9,03,2, for which sample 1,9,33 composition was used. 

Production rates for 21Ne are listed in Table 10. The 3He production 

rate was 1.4 x 10-14 ccSTP/g/yr. Resolving ·the Ar spallogenic component 

was complicated by the presence of unknown quantities of 36Ar produced 

by (n, y) reactions on 35C1• The only exception was sample 2,2,9ME, the 

metal separate of clast 2,2. The 38Ar exposure age for this sample was 

based on a production rate of 7.5 x 10-16 ccSTP/g/yr and agrees with an 

average exposure age of 8.0 My. 

The 3He ages tend to be lower than the 21Ne ages. Diffusive 

loss of 3He could easily account for this discrepancy. The 21Ne ages 

for the various clasts and the 38Ar age for 2,2,9ME agree within the 
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Table 10 

Concentrations of Spallogenic Components and Exposure Ages 

Concentrations Exposure Ages 

x10-8 ccSTP/g x106 years 

Sample ~e 21Ne 38Ar 
22Ne 

21Ne 
P21 

3He 21Ne 38Ar 

1,1,6 11.6 1.91 0.29 1.100 0.26 8.4 7.3 
1,1,2,2 10.1 2.14 0.25 1.113 0.26 7.1 8.1 
1,9,33 11.0 2.48 0.23 1.102 0.28 7.9 8.9 
9,03,2 11.6 2.52 0.34 1.090 0.30 8.3 8.3 
2,2,9WR 10.4 2.11 1.122 0.24 7.4 8.9 
2,2,9ME 8.2 0.31 0.60 1.10 0.038 7.1 8.2 8.0 

average 7.7 8.3 8.0 

P21 is the production rate of 21Ne in ccSTP/g/Myr 
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10 to 20% uncertainties for production rates and gas concentrations. 

These results indicate a simple irradiation history for Abee with no 

pre-irradiation effects detectable. This finding is corroborated by the 

cosmic ray track density measurements of Goswami (1982) which show a 

simple depth dependence, consistent with a recent exposure in space of 

the preatmospheric stone. 

The isotopic composition of neon is also an indicator of the 

presence of pre-irradiation and implanted solar-wind gases, which are 

often observed together. Ne data are plotted in Figure 8. The low 

temperature ~ 400 C) data plot along a mixing line between atmospheric 

composition and a spallation component with a 21Net22Ne ratio of about 

0.7. This low 21/22 spallagenic component is typical of that produced 

in Na-rich feldspars (Smith et a1.,1977; Abee feldspar is 93 mole % 

albite, Rubin and Kei1, 1982). Neon released at higher temperatures had 

20/22 and 21/22 ratios of 0.9 to 1.0 which is consistent with the 

composition of Ne produced in enstatite. Solar wind and solar flare Ne 

are not evident in these data. Furthermore, the bulk 22/21 spa110genic 

ratios correlate with the cosmic ray track density profile observed by 

Goswami (1982). 

Neutron produced anomalies 

The target nuclides which produce noble gas neutron anomalies 

are listed in Table 11 along with the noble gas products. The amount of 

a given isotope produced depends on the abundance and neutron reaction 

cross-section of the target isotope and the flux and energy spectrum of 

neutrons. The characteristics of the secondary neutrons are dependent 
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Figure 8. Neon in selected Abee clasts. -- Individual temperature 
step neon fractions are shown for the samples which were analyzed at low 
temperatures. Numbers next to the points are temperatures xlOO C. 
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Table 11 

Targets and Products for (n, y) Reactions 

Target Product Abundance (~mole/g) 

35CI 36Ar 8.6 
37CI 38Ar 2.8 

79Br 80Kr .019 
81Br 82Kr .019 
82Se 83Kr 

1271 128Xe .0024 
l30Te l31Xe .0072 

Abundances from Reed and Allen (1965) 
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on the cosmic ray flux, the size of the pre-atmospheric stone and the 

radial position within the meteorite. 

Neutron reactions involving the halogens ,rovide the most 

significant anomalies. Excesses of 80,82Kr and 128Xe are readily 

apparent in the temperature step data from samples 1,1,6, 1,1,2,2, and 

1,9,33. Less apparent are the excesses of 38Kr and 131Xe which are due 

to 82Se and 130Te respectively. No other neutron produced anomalies are 

evident in the bulk data. In samples 2,2,9 CU, NO, and HC, excess 

amounts of 36Ar are present which are due to 35Cl• The production of 

excess 36Ar was masked in the bulk samples by the presence of spallation 

Ar from FeNi metal and Ca-bearing minerals. The 83 Ar /36 Ar ratios for 

various components are 0.9 for spallation, 1.9 for trapped and neutron 

produced from chlorine is < 0.1. 

The relative amounts of excess 36Ar , 80,82Kr , and 128Xe depend 

on the relative amounts of the target isotopes and their neutron cross

sections. Thermal neutrons large amounts of 36Ar• Higher energy(epi

thermal) neutrons produce smaller amounts of 36 Ar. This problem has 

been studied in Abee by Marti, Eberhardt and Geiss (1966) who concluded, 

based on an absence of excess 36Ar , that the anomalies in Abee were 

produced by epi-thermal neutrons. Table 12 lists the amounts of excess 

36Ar , 80,82Kr , and 128Xe along with the abundances and neutron cross

sections of 35Cl , 79,81Br , and 1271• The data in Table 12 show that 

the anomalies were produced by a combination of thermal and epithermal 

neutrons, given the relative amount of excess 36Ar• The pre-atmospheric 



Table 12 

Predicted and Observed Neutron Anomaly Abundances 

Isotope Excess (x10-12 ccSTP/g) 

36Ar 

80Kr 

82Kr 

128Xe 

3300 

82 

19 

4.0 

* production ratios 
Thermal Epi-thermal Actual 

1900 2.5 42 

1 1 1 

.26 .40 .25 

.08 .16 .05 
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* Abundances from Reed and Allen (1965), neutron cross-sections from 
Marti et al. (1966). 
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radius of Abee is estimated to have been 30 cm (Goswami, 1982) which is 

not large enough for complete therma1ization of neutrons to occur. 

The above data can be used to identify or partially describe the 

host minerals for the target elements. The location of halogens in 

enstatite chondrites is still an unresolved question. The discussion of 

the significance of these data will be deferred to the section on 

Radiogenic Components since the interpretation of these results is 

closely linked to the interpretation of I-Xe systematics. 

Radiogenic Components 

The concentrations of the radiogenic isotopes 4He , 40Ar and 

129Xe are listed in Table 13. The 129Xe concentrations were calculated 

assuming that the trapped 129Xe /132Xe ratio is 1.1. Low temperature 

40Ar data were corrected assuming that all 36Ar is of terrestrial 

atmospheric origin and that 40Ar /36Ar = 295. The 4He concentrations 

were corrected for a cosmogenic component assuming a 4He /3He ratio of 4. 

Helium and Argon 

Th,U-He gas retention ages for clasts 1,1, 2,2, and 3,3 are 

about 4.4 ± 0.5 aeons (U, Th concentrations from Bogard et a1., 1982; 

decay constants from Steiger and Jager, 1977). These ages indicate that 

Abee has not suffered significant heating or disturbance since the 

closure of this system 4.5 aeons ago. The variability of the 4He 

concentrations suggests that the distributions of U and Th are not 

uniform, in agreement with the results of Bogard et a1. (1982). There 

was also a rough correlation between the concentration of 4He and 
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Table 13 

Radiogenic Isotope Concentrations 

Sample 4He 40Ar 129Xe 

1,1,6 70 80 49 
1,1,2,2 10 80 55 
1,9,33 12 80 46 
3,1,1 67 37 
3,1,2 95 54 
9,03,2 14 73 56 
9,41 44 
9,42 9.6 47 
9,61 38 
9,62 9.7 46 
2,2,9WR 10 81 38 

4He and 40Ar concentrations xlO-6 ccSTP/g, 129Xe x10- 1O ccSTP/g 
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oldhamite. Clast 3,1 had the highest 4He concentration and contains 

1.5% CaS whereas clasts 1,1 and 2,2 contain..5 0.4% CaS (Rubin and Keil, 

1982) and contained only about half as much 4He• The correlation 

between oldhamite abundance and radiogenic ~e concentration supports 

the finding that oldhamite is a major U-Th carrier in the E-chondrites 

(Murrell and Burnett, 1981; Stapanian, Burnett and Furst, 1980). 

Potassium-argon ages for clasts 1,1, 2,2 and 3,1 are all 

calculated to be 4.5 + 0.3 aeons using the compositional data from 

Rubin and Keil (1982) and Sears et al. (1982b). These ages agree with 

the Ar-Ar ages of Bogard et al. (1982). The clast 3,1 age was 

calculated using the average 40Ar concentration of samples 3,1,1 and 

3,1,2. Radiogenic 40Ar release systematics were studied in detail in 

sample 1,9,33 (Fig. 9) and indicate the presence of at least two or 

three K-bearing minerals. The major phase K-bearing phase, plagioclase 

(Rubin and Keil, 1982), released most of the 40Ar at about 900 C while 

another phase, possibly enstatite or silica, released 40Ar around 1200 

C. A small amount of radiogenic 40Ar was released around 400 C and this 

could be due to a third phase or to leakage from the plagioclase. 

Iodine-Xenon systematics 

The radiogenic 129Xe stepped release data provide information 

concerning the carrier phases of extinct 1291 • The 129Xe /132Xe vs 

temperature data for the two clast 1,1 samples and the adjacent matrix 

sample are plotted in Figure 10. All three samples released Xe with 

elevated 129/132 ratios at about 900-1000 C. At this temperature only 

about 4% of the total 132Xe was released. Apparently two I-bearing 
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Figure 10. 129Xe /132Xe versus temperature for clast 1.1 and adj acent 
matrix samples. -- All release curve~ show a peak between 900 
and 1000 c. Only about 4% of the total l29Xe is released at these 
temperatures, most of it is released above 1200 C. The low peak for 
1,9.33 could be due to an outgassing event whicll heated this sample to 
about 900 C. For comparison, the combined 1100 and 1700 C step 139/132 
ratios for samples 2,2,9ME and HF were 2.1 and 1.2 respectively. 
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phases are present, one which releases a small amount of radiogenic 

129Xe at about 900C, the other releasing most of the 129Xe above 1200C. 

The 900 C 129Xe release for sample 1,9,33 was relatively much smaller 

than the higher temperature release when compared to the clast 1,1 

samples. This could be due to either non-uniform distribution of 1-

bearing minerals or to outgassing of the 900 C 129Xe bearing phase in 

sample 1,9,33. The 129Xe could have been outgassed during brecciation. 

Srinivasan, Lewis and Anders (1978) noted that Abee contains 

multiple iodine bearing minerals from their re-analysis of the data of 

Hohenberg and Reynolds (1969). They suggested djerfisherite 

(K3 (Na,Cu)(Fe,Ni) 12S 14) as a candidate phase for the 800 C release peak 

seen in the Berkeley data, troilite (FeS) as a candidate phase for the 

intermediate temperature release and a silicate mineral as the high 

temperature carrier phase. Goles and Anders (1962) also suggested that 

sulfides carry iodine. Schaeffer, Stoenner and Fireman (1965) measured 

noble gases in mineral separates from Indarch (E-4) and observed the 

highest 129Xe /132Xe ratio in the enstatite fraction. They did not find 

129xer strongly enriched or depleted in any of their separates and 

observed no correlation between the 129/132 ratio and the sulfide 

content. 

The data from the 2,2,9 separates provide better information 

concerning the identity of the iodine bearing phases. Xenon released 

from sample 2,2,9ME had 129Xe /132Xe ratios ~ 2 for all steps. Samples 

2,2,9-CU, NO, and HC displayed rather normal release characteristics, 

similar to that observed in bulk sample 2,2,9WR. By contrast, the 
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129/132 ratios in the 1100 and 1700 C fractions of sample 2,2,9HF were 

about 1.2, as compared to 6.4 for the 2,2,9WR 1700 C step. These 

results suggest that a silicate phase, possibly enstatite, is the high 

temperature 1291 carrier phase. The 900-1000 C carrier may be 

plagioclase since the lower temperature 129Xe release vaguely correlated 

with the release of radiogenic 40Ar• It is very unlikely that sulfides 

carry iodine since their removal did not affect the concentration of 

radiogenic 129Xe • These results indicate the iodine is lithophilic 

rather than chalcophilic in Abee. 

In the section describing the neutron produced anomalies, I 

stated that these anomalies can yield information about the carrier 

phases of the target elements. The release of excess amounts of 80,82Kr 

and 128Xe correlate with each other and with the release of radiogenic 

129Xe• This is shown in Figure 11 in which 129Xe /132Xe vs 128Xe /132Xe 

ratios and 80Kr /86Kr vs 128Xe /132Xe ratios are·plotted for both clast 

1,1 samples. In Figure 11 the correlations are evident. In addition, 

the data from sample 2,2,9HF show almost no excess 80,82Kr and 128Xe as 

well as only small amounts of radiogenic 129Xe• These results strongly 

suggest that both bromine and iodine are in the same mineral phase, both 

for the 900-1000 C and >1200 C releases. Chlorine may also be in the 

900-1000 C phase as excess 36Ar is released along with the other halogen 

related excesses as seen in the 800 C fractions from samples 2,2,9 NO 

and HC. The geochemical behavior of Cl is somewhat different from 

either Br or I given the differences in the ionic radii. I would 

therefore expect that most of the Cl in Abee does not reside in Br and I 
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carrier phases. Ganapathy and Larimer (1980) found a C1-rich trace phase 

in Abee which may be a relatively low temperature phase. Given that the 

halogen related components are released at high temperatures, this trace 

phase probably does not contain significant amounts of Br or I. 

The l-Xe systematics provide another check on the irradiation of 

pre-atmospheric Abee. Figure 12 is a plot of 128xen/129xer versus 

radial position in the pre-atmospheric stone based on the results of 

Goswami (1982). The 128Xen is the neutron produced excess and the 

129Xe is from extinct 1291 decay; the ratio of these excesses is r 

independent of the I content (assuming a constant initial 1291/1271 for 

all samples) and is therefore an indicator of the relative amount of 

irradiation. For a simple irradiation of a spherical stone the size of 

Abee (30cm preatmospheric radius), Eberhardt, Geiss and Lutz (1963) 

determined that the production of neutron species will be maximum at the 

preatmospheric center of the meteorite and progressively lower towards 

the periphery. The Abee samples show a relatively flat trend, however, 

sample 9,41 has a much larger ratio of the excesses than other samples 

even though 9,41 is close to the pre-atmospheric periphery of Abee. 

There are a number of possible explanations. First, sample 9,41 may 

have been neutron pre-irradiated. Second, this sample may have lost 

radiogenic 129Xe before the production of 128Xe• Finally, uncorre1ated 

iodine could have been introduced in 9,41 after the decay of 1291• For 

the first possibility, a neutron pre-irradiation is necessary in order 

to produce excess 128Xe and to avoid producing excess amounts of 

spa11agenic He, Ne and Ar. This requires that the irradiation occur at 
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a shielding depth great enough to attenuate the primary spallation 

reactions but to allow a sufficient flux of neutrons for the production 

of 128Xe• Such an irradiation would necessarily occur before compaction 

of Abee since 9,41 is the only sample to show this effect. The second 

possibility is unlikely since 9,41 has bulk 129Xe /132Xe ratio and a 

132Xe concentration which are similar to other samples. The absence 

of large excess amounts of 80,82Kr in 9,41 tends to favor the third 

suggestion although the Br/I ratio could be smaller in this sample than 

in other samples. 

Fission 

The fissioning of transuranic elements produces both Xe and Kr 

isotopes. Xe is produced in larger quantities and, since trapped Kr is 

more abundant than trapped Xe, the discussion of fissiogenic components 

is generally confined to interpreting Xe data. I.n Abee, the bulk sample 

temperature step 134Xe /132Xe and 136Xe /132Xe ratios do not show 

significant variations with temperature (other than variations due to 

the presence of air). In contrast, other chondritic meteorites often 

show marked variations in the fission isotopes (c.f. Pepin and Phinney, 

1982). 

The bulk sample Xe data show no evidence of fission except that 

the 136Xe /132Xe ratios are larger than suspected fission-free trapped Xe 

compositions, such as Kenna (Wilkening and. Marti, 1976). A typical Abee 

high temperature 136/132 ratio is 31.95 (from 1,9,33; 132 = 100) whereas 

Kenna is 31.23. Using the 132Xe concentration and the values for 244pu 

fission yield and half-lives (Alexander, 1971), the amount of 244Pu is 
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about 1 ppb in 1,9,33 and in 1,1,2,2. The 244Pu/ 238U atom ratio is 

approximately 0.1. This value is considerably larger than Pu/U ratios 

for other meteorites (Hudson, Hohenberg and Kennedy, 1982). The 

composition of trapped Xe in Abge may have a 136Xe /132Xe ratio somewhat 

higher than in the Kenna ureilite. 

Sample 2,2,9NO released Xe at 800 C that appears to a mixture of 

244pu fission and air. The calculated 2,2,9WR 244pu abundance, based on 

this result, is about 0.1 ppb yielding a 244Pu/238U ratio of about 0.01 

(U abundances for all samples from Bogard et al., 1982). Uranium can be 

eliminated as a parent since the calculated amounts of U (@ 4.5 aeons) 

is about 250 ppb compared to about 15 ppb (@ 4.5 aeons). Plutonium is a 

likely parent as it has a sufficiently large fission yield, it has been 

identified in other meteorite groups and the fission spectrum computed 

from the 800 C step of sample 2,2,9NO is consistent with the 244pu 

spectrum measured by Alexander (1971). 

Sulfides such as CaS and (Mg,Fe)S have been identified as 

carrier phases of U and Th, and most likely Pu, in enstatite chondrites 

(Murrell and Burnett, 1981). Both of these minerals are easily 

dissolved by H20 and certainly should have dissolved in HN0 3• Why, 

then, is fission gas present in the 800 C step of sample 2,2,9NO? The 

oldhamite grains in Abee are very small, on the order of 10 microns in 

diameter. The recoil distance of fission fragments is on the order of 

several tens of microns which is larger than the grain diameters. The 

244pu fission xenon measured in 2,2,9 NO was, most likely, recoiled into 

acid resistant phases, which for this sample was probably enstatite. 
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Likewise, radiogenic 4He should also reside in non-U,Th bearing 

minerals. 

Hudson et a1. (1982) report that the 244Pu/ 238U ratio in LL 

chondrites is 0.005 while Marti, Lugmair and Scheinin (1977) have 

reported that the Pu/U ratio shows large variations among various 

meteorite groups. Apparently U and Pu can be geochemica11y 

fractionated. Marti et a1. (1977) go on to suggest that a more 

cosmoch~mica11y useful ratio is Pu/Nd since these two elements are 

geochemica11y more similar than Pu and U. The 244Pu/Nd ratio for Abee 

is 3 + 2 (Nd concentration from Boynton and Frazier, in preparation) 

compared to values of 1.5 for other meteorites (Marti et a1., 1977). 

The Abee value is not significantly different than the values for other 

meteorites suggesting that the Pu/Nd ratio is more cosmochemica11y 

meaningfu11 than the Pu/U ratio. 

Atmospheric Components 

A somewhat unexpected but interesting result was obtained from 

the lowest temperature release data; trapped or absorbed air was present 

in all samples whether bulk or powdered. The prese~ce of air was 

clearly evident by its isotopic signature in xenon. In sample 1,1,2,2, 

terrestrial atmospheric elemental compositions were observed in the 

individual temperature steps. 

Substantial amounts of gas were released in the combined 200 + 

250 + 300 Z'steps of 1,1,2,2 (30% of the total Kr was released in these 

steps). The elemental ratios 20Ne /36Ar , 36Ar /132Xe , and 84Kr /132Xe were 

0.5, 1400, and 28 respectively and the ratios 20Ne/22Ne and 21Ne/22Ne in 
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the 200 C step were 9.78 + 0.03 and 0.0373 + 0.0005. These values 

are, to within uncertainty (except the 21Ne/22Ne ratio), identical to 

terrestrial atmospheric values. Sample 1,9,33 also released gas of 

similar composition although in much smaller quantities. The 

atmospheric neon component appears to account for most of the trapped Ne 

in the Abee samples and for the correlation observed in Figure 8. 

Fractionated air ~as also observed in the finely crushed 

separates from sample 2,2,9. The gas released at 200 and 400 C by 

sample 2,2,9WR had 30Ar /132Xe and 84Kr /132Xe ratios of 24 and 2.8, and 

82 and 2.2 respectively,but with air-like xenon isotopic composition. 

This sample released 20% of its xenon in these two steps. Extraction 

blanks at these temperatures for both chips and AI-wrapped powdered 

samples were negligible. 

Air-like components have been previously observed in Abee 

(Jeffery and Reynolds, 1961, Clarke and Thode, 1964, Harti, Eberhardt 

and Geiss, 1966) and in other meteorites (Funk, Podosek and Rowe, 1967), 

but these components were strongly fractionated air. Trapped air was 

also observed in lunar samples (Niemeyer and Leich, 1976, Lugmair et 

al., 1976), but the trapping mechanisms were not understood (Niemeyer 

and Leich, 1976). Both bulk and powdered lunar samples contained 

fractionated air. In contrast, bulk samples 1,1,2,2 and 1,9,33 

contained unfractionated air while the powdered 2,2,9 samples contained 

fractionated air. 

Chemical weathering of reduced phases may trap unfractionated 

air. Sample 1,9,33 was removed from the interior of the Abee slab and 
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contained much less unfractionated air than the clast 1,1 samples. 

Although I cannot identify the specific phases, it is possible that 

microbubbles of air may be trapped during the oxidation of FeNi metal, 

since rust was observed on the original Abee slab surface. The slab 

surface was cleaned before the samples were removed, but some oxidized 

phases may have either been incompletely removed or formed after sample 

preparation but before loading into the mass spectrometer vacuum 

extraction system. Okada, Keil and Taylor (1981) noted in their study 

of the Norton County enstatite achondrite that oldhamite forms a variety 

of weathering products. In Abee, oldhamite and other easily oxidized 

sulfides, such as niningerite, could also trap air as they oxidize. 

Fission Xe and radiogenic 4He are not affected by this process as 

explained in the previous section. 

Terrestrial contamination accounted for less than 5% of the 

xenon in the bulk samples but the contributions 'to Ar and especially Kr 

are significant. I have either corrected my data for the presence of 

air or have excluded those data which contained large amounts of air 

from my analyses. Correction for air contamination may also be 

necessary for previously published data. This is especially important 

for mineral separates, which have large surface to volume ratios and for 

samples which are analyzed with single, melt extractions. A solution to 

this problem is to measure all samples using temperature step analysis. 

Heating the sample to 800 C will generally outgas terrestrial noble gas 

contaminants (personal observation) although air has been observed to be 

retained in some lunar samples up to 1100 C (Niemeyer and Leich, 1976). 
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Trapped Gases 

Most of the argon, krypton and xenon in meteorites are 

catagorized as trapped gases. There is considerable debate as to the 

nature, origin and mineralogical siting of trapped components but they 

are presumably not formed by in situ processes. Pioneering work on 

noble gases focussed on the differences between terrestrial atmospheric 

composition and typical meteoritical composition which was termed 

'p1anetary'(e.g. Reynolds, 1960; Zahringer, 1962; Signer and Suess, 

1963; Anders, 1964). Gas-rich meteorites were found to contain a third 

component which has since been identified as implanted solar-wind ions 

(Suess, Wanke and W10tzke, 1964; Wanke, 1965). Recent work has focussed 

on the mineralogical siting of the planetary component as well as 

continuing the identification of the composition of this component(e.g. 

Lewis, Srinivasan and Anders, 1975; Moniot, 1980; Srinivasan, Gros and 

Anders, 1977; Reynolds et a1., 1978). What has come out of much of this 

work is that there is more than one compositional type. Various 

researchers have tried to link these components, both normal and 

anomalous (e.g. Pepin and Phinney, 1982; Manual and Sabu, and Lewis, 

Srinivasan and Anders, 1977), to mass-fractionation or nuc1eosynthetic 

mechanisms. It is clear, however, which is that the so-called planetary 

components do not resemble noble gas compositions in any known planetary 

atmospheres (Wetherill, 1981). 

Two distinct trapped components 

The elemental compositions of noble gases in Abee samples are 

different from those of other chondritic groups (Marti, 1967). This is 
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seen in Figure 13 where 36Ar and 84Kr concentrations are plotted versus 

132Xe concentration for bulk Abee samples. The 132Xe concentrations are 

similar to the ordinary chondrites but the 36Ar and 84Kr concentrations 

are significantly higher. The composition of the noble gases in the 

Kenna ureilite (1 will use Kenna as a base planetary composition, 

Wilkening and Marti, 1976) is similar to the composition of noble gases 

in ordinary chondrites. From Figure 13, the noble gases in Abee could 

be represented by a mixture of Kenna-type gas and a second component 

with higher 36Ar and 84Kr ratios. Further evidence for two trapped 

components comes from temperature step data. Figure 14 is a plot of the 

elemental ratios 36Ar /132Xe vs 84Kr /132Xe for samples 1,1,6, 1,1,2,2 and 

1,9,33. The low temperature data plot near atmospheric composition as 

discussed earlier while the >800 C data define a line that parallels the 

Kenna-solar tie-line. One end-member resembles Kenna-type composition 

while the other is argon-rich and quite distinct from atmospheric 

composition. 

The mineral separations partially resolved the two components. 

Sample 2,2,9ME released gas enriched in the argon-rich component whereas 

sample 2,2, 9HF released gas which was enriched in the Kenna-type 

component. The 2,2,9 sample data will be discussed in greater detail in 

a later section. 

Crabb and Anders (1981) discovered an argon-rich-type component 

in other enstatite chondrites and have labelled it as 'sub-solar' gas. 

1 prefer to use the designation 'argon-rich' for the present discussion 

since 'sub-solar' implies the existance of large amounts of neon and 
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Figure 14. 36Ar /132Xe versus 84Kr /132Xe for clast 1,1 and adjacent 
matrix samples. -- The high temperature (T > 800 C) data plot parallel 
to the Kenna-solar tie-line. The low temperature (T < 800 C) plot along 
and below the Kenna-air tie-line. Points below this line indicate the 
presence of fractionated air. Points near the Air point indicate the 
presence of un-fractionated air. 
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helium, which are not present in Abee. My present upper limit for the 

2~e/36Ar ratio for the argon-rich component is 0.1 (sample 2,2,9 ME). 

Trapped neon in Abee 

Two of the clast 2,2 separates released neon that was not of 

terrestrial atmospheric or cosmogenic origin. This component was 

released at temperatures that were too high for an atmospheric 

component and had a composition was not compatible with that of known 

cosmogenic components. The neon released by sample 2,2, 9ME at 

temperatures above 800 C had small amounts of excess 20Ne• The isotopic 

composition of the inferred trapped component could not be resolved. 

Neon from the 1100 C step of sample 2,2,9HF had 20Ne /22Ne and 21Ne/22Ne 

ratios of 11.7 + 2.2 and 0.044 + 0.013 respectively. This composition 

is not atmospheric but appears to be solar-like. The amount of trapped 

20Ne was about 0.2 x 10-8 ccSTP/g (bulk mass), an order of magnitude 

less than the 2.5 x 10-8 ccSTP/g of spallogenic 20Ne present in the bulk 

sample. The spallogenic Ne bearing minerals have been removed from both 

2,2,9ME and HF, which allowed the detection of trapped neon. Srinivasan 

et ale (1977) observed a small quantity of planetary-type Ne (20Ne P2Ne 

about 8) in an HF-HCI treated residue of Abee and Crabb and Anders 

(1981) have reported trapped neon in other enstatite chondrites. 

Trapped neon may be present in sample 9,61 since the neon released in 

1700 C step of this sample had a significantly elevated 20Ne /22Ne ratio. 

The overall indication is that Abee apparently contains trapped neon but 

that it represents less than 10% of the 2~e inventory. 
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Carrier phase identities from the 2,2,9 samples 

Sample 2,2,9NM, the non-magnetic fraction of sample 2,2,9, 

contained most of the noble gases whereas the magnetic fraction, sample 

2,2,9ME contained <4% of the total gas (Fig. 15). The gas insamp1e 

2,2,9ME was not due to contamination by bulk material since the various 

noble gas components have been differentially removed. Both potassium 

and iodine bearing phases were romoved as the 40Ar/36Ar and 129Xe /132Xe 

ratios for 2,2,9ME were lower than in bulk sample 2,2,9WR. 

'Furthermore, the argon-rich component was enriched in 2,2, 9ME as the 

36Ar /132Xe and 84Kr /132Xe ratios for the combined 1100 and 1700 steps 

were 900 and 2.4 (2,2,9WR and NM values for these two ratios were 490 

and 1.8 and 390 and 1.7 respectively). The two trapped components are 

separately sited. Sample 2,2,9ME may not contain a pure argon-rich 

comp~nent since Crabb and Anders (1981) have found 36Ar /132Xe ratios as 

high as 2700 in other enstatite chondrites. 

Data from sample 2,2, 9CU show that the first step of the 

chemical processing, disso1u t ion by CuC1 2• 2KC1, resu1 ted in no 

significant differential removal of the trapped components. 

36Ar /132Xe and 84Kr /132Xe ratios for 2,2,9CU 1100 and 1700 C steps 

The 

were 

440 and 1.8 respectively, which are similar to the whole rock values. 

Metal is not an important carrier of the argon-rich component since it 

was removed from this sample. Some gas was lost from this sample (Fig. 

15), but, the loss of xenon from the 1100 C step could be the result of 

etching of the gas-bearing phases instead of the loss of a specific gas

bearing phase. 



0:: 
3: 
o -
Q) 1.0 
.~ -o 
~ 
c: 0.8 
o 

; 
e -~ 0.6 u 
c: 
o 
(.) 

Q) 

C\J>< 0.4 
", 

0.2 

WR WR r--<1f:,:::---------------IJ;!.!.!..----1.0 
\ CHEMICAL SEPARATES 

\ , , 
\ 
\ 
\ , 
~WR " 
\' ., 

~~---.HC 

eND 

\

' NM' CU , o~::::: __ 
\ ..... ::::-~--oNO 
, ...... --oHC , .......... 

\ CNM ,\OHF 

ANM 0.8 

0.6 

0.4 

0.2 

\ MAGNETIC eHF 
\ SEPARATES ____ ......;.A..;;.;M;.;.;.;;E~ ..... 0 

\ 
\ 

\ 
o 0 11000 fraction 
• 1117000 fraction 

.A TOTAL Xe 

liME 
O--------~------------------------~ 

81 

l!~ure 15. Effect of the separation proced~§~s on the 2,2,9 sample 
Xe concentrations. -- The 1100 and 1700 C Xe fractione have been 

normalized to per gr'~20f bulk sample 2,2,9WR and then renormalized to 
the 1100 and 1700 C Xe concentrations of 2,2,9WR respectively. This 
normalization procedure reveals the relative concentrations and release 
patterns. Normalized totals (1100 + 1700 C fractions) are plotted in 
the right hand side of the upper panel. In the upper panel, increasing 
degree of treatment is plotted towards the right. 
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The data from samples 2,2,9NO and HC show that the HN03 and HCl 

dissolutions did not additionally remove any significant amounts of 

trapped gases. This is clearly evident in Fig. 15. The argon-rich and 

Kenna-type components are apparently not separable using either HN0 3 or 

HCl but can be partially resolved magnetically. This differs from the 

results of Crabb and Anders (1981) who note that the 'planetary-like' 

component was depleted in a HN0 3 treated, magnetic separate of 

Indarch, an E-4 chondrite. 

In contrast to the HN0 3 or HCl dissolutions, the HF treated 

residue contained xenon which was preferrentially depleted in the argon

rich component. Only 15% of the bulk xenon remained in this sample 

(Fig.1S). The combined 1100 and 1700 C steps from 2,2,9HF had 36Ar p32Xe 

and 84Kr /132 Xe ratios of 340 and 1.5 compared to whole rock values of 

490 and 1.8 respectively. Similar behavior was noted by Srinivasan et 

al. (1978) for an HF /Rel treated sample of Abee which conta.ined about 

3% of the total xenon and had 36Ar /132Xe and 84Kr /132Xe ratios of 200 

and 1.4. 

From these data it is evident that silicate minerals carry both 

the Kenna-type and Ar-rich components. The bulk and mineral separate 

data indicate, though, that the two components are separately sited. 

No correlation was observed between the release of the argon

rich component and radiogenic 40Ar • Likewise, no correlation was 

observed between the 36Ar/132~e ratios and the Si02 contents for samples 

1,1,2,2, 1,9,33 and 2,2,9WR (silica abundances from Rubin and Keil, 

1982). Neither plagioclase nor silica can be major carriers of the Ar-
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rich component. Crabb and Anders (1981) suggested that c1inoenstatite 

(a minor silicate in Abee) might be a carrier of their 'sub-solar' 

component. The data from 2,2,9ME suggests that a minor silicate maybe 

the argon-rich component carrier phase although the high temperature 

release of the Ar-rich component, along with the above observations, 

points to enstatite as a likely candidate Ar-rich carrier phase. 

Enstatite is also a likely choice for the carrier phase of the 

Kenna-type component. Nevertheless, it is possible that inclusions 

within silicate minerals carry the Kenna-type component. Sample 2,2,9HF 

did cont·ain 15% of the original xenon although there were no silicates 

in this sample. If small inclusions carry the Kenna-type component, 

they would have to be in hermetically sealed in silicates only in order 

to explain the high temperature release of the Kenna-type component. 

Crabb and Anders (1981) have suggested that phase Q carries the 

'planetary-type' component. By definition, phase Q is insoluble in 

HF/HC1 but is soluble in HN0 3 (Lewis et a1., 1975; Gros and Anders, 

1977)which conflicts with my findings for Abee. My results, as well as 

those of Srinivasan et a1. (1977), show that a large fraction of the 

Kenna-type component is carried in HF soluble minerals. 

Isotopic composition of the trapped gases 

The analysis of the isotopic composition of trapped Ar, Kr and 

Xe is complicated by the presence of other components. For instance, 

xenon contains contributions from radiogenic and neutron-produced 

components which affect isotopes 128, 129, 131, 132, 134 and 136. The 

presence of air in the low temperature data further complicates the 
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analysis. Fortunately, the temperature step analysis allows for partial 

resolution of the trapped components. Measurement of mineral separates 

also yields information concerning the isotopic composition of the 

trapped gases. 

The isotopic composition of Ar, Kr and Xe in bulk Abee samples 

show little variation from sample to sample. There are differences in 

the radiogenic and cosmogenic components, but, in general the other 

isotopes are remarkably uniform in the various Abee samples. This 

uniformity extends to the mineral separates as well. Samples 2,2,9 HF 

and ME are relatively enriched in the Kenna-type and argon-rich 

components respectively but the Xe and Kr isotopic compositions for the 

1100 and 1700 C steps are similar. Given this result, do the Ar-rich 

and Kenna-type components have different isotopic as well as elemental 

compositions? To test this, I have plotted the 84Kr /86Kr and 

130Xe /132Xe versus 36Ar /132Xe ratios in Figure 16. Trapped argon 

isotopic compositon is not discussed here as there are only two isotopes 

of Ar that can be usefully discussed, 36Ar and 38Ar , and the trapped 

38Ar /36Ar ratio does not show much variation among the various known 

trapped compositional types. 

The samples in Figure 16 span a range of relative amounts of the 

Ar-rich and Kenna-type components as indicated by the 36Ar /132Xe ratios. 

The 130Xe /132 Xe ratio is relatively insensitive to the presence of 

fission Xe, which is present only in small amounts in Abee. The 

84Kr /86Kr is also relatively unaffected by other components. The 

36Ar /132Xe ratio is a measure of the relative amounts of the two trapped 
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components. The data in Figure 16 show no significant correlation 

between either the 84/86 or 130/132 ratio suggesting that the Ar-rich 

and Kenna-type components are isotopically similar. 

To investigate this more closely I have plotted 0Kenn~alues for 

Xe and Kr in Figure 17. Samples 2,2,9HF and ME have been plotted as 

'extreme' Kenna-type and Ar-rich compositional types. Bulk sample 

1,9,33 and South Oman (Crabb and Anders, 1981) have also been plotted. 

The data in Figure 17 show that, except for a small enrichment 

in the heavy isotopes, the Xe isotopic composition in Abee is similar to 

xenon in Kenna. The heavy Xe isotope excess could easily be due to the 

presence of a minor amounts of fission xenon. The presence of this 

component in sample 2,2,9ME is probably due to the recoil of fission 

fragments into the metal. The presence of fission gas in sample 

2, 2, 9HF, however, poses a problem. One possibility is that is that the 

two trapped components in Abee are enriched in heavy Xe relative to 

Kenna and that the excesses are not related to a in situ fission 

component. Another possibility is that there has been some 

redistribution of the trapped and fission gases due to thermal 

metamorphism. Rubin and Keil (1982) report that Abee displays evidence 

for pre-compaction thermal metamorphism. Xenon from the South Oman 

enstatite chondrite, a meteorite which is greatly enriched in the Ar

rich component and contains ten times more Xe than Abee (Crabb and 

Anders, 1981), plots close to Kenna-type composition except for a small 

depletion of heavy Xe. Crabb and Anders (1981,1982) have found excesses 

of 136Xe in the Indarch E-4 chondrite which they attribute to CCFXe 
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(£arbonaceous £hondrite Fission Xe, see Pepin and Phinney, 1982 an.d 

references therein) a fission-·like component of controversial origin. 

CCFXe is often accompanied by excess amounts of light xenon (Manuel, 

Hennecke and Sabu, 1972) as discovered in a mineral separate of Indarch 

(Crabb and Anders, 1982), a feature that I have not observed in Abee. 

The above results and data from the Chicage group tend to suggest that 

the differences in Abee heavy xenon are due to the presence of a fission 

component which, at this time, appears to be due to the fission of 

extinct 244pu in Abee. 

The Kr data in Figure 17 show large excesses in the 80,82Kr 

isotopes, which are due to (n,Y) reactions on bromine, and 83,84Kr 

compositions which are similar to Kenna values. Samples 2,2,9 HF and ME 

probably contain residual amounts of halogen bearing minerals which 

would explain the excesses of 80,82Kr in these samples. The argon-rich 

and Kenna-type krypton isotopic compositions appear to be similar. 

The isotopic compositions of the two trapped components are not 

resolvable in the present data but it is possible that they may have 

different compositions. Table 10 lists the Xe and Kr isotopic abundances 

for some noble gas components. Although variations in the Xe isotopic 

composition for the components in Table 14 exist, they are quite small. 

If the argon-rich component 36Ar /132Xe ratio is quite large, much larger 

than that measured in any of the Abee samples, the variation in the Xe 

isotopic composition due to t~e presence of an Ar-rich component would 

not be detectable. Crabb and Anders (1981) measured noble gases in the 

South Oman E-chondrite and found it to have a bulk 36Ar /132Xe ratio of 
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Table 14 

Xenon and Krypton Isotopic Compositions for Various Components 

Xe compositions (132Xe :: 100) 

Component 124Xe 
132Xe 

126Xe 
132X; 

128Xe 
132X; 

129Xe 
132JC; 

130Xe 
132X; 

131Xe 
132X; 

134Xe 
132X; 

136Xe 
132X; 

Air .357 .333 7.14 98.3 15.17 78.8 38.8 33.0 

Kenna .471 .414 8.28 103.6 16.30 81.92 37.70 31.23 

AVCC .459 .410 8.20 102.0 16.08 81.70 38.21 32.10 

Pesyanoe .495 .526 8.14 103.5 16.3 81.6 37.4 30.6 

Solar .478 .427 8.31 104.8 16.50 82.28 36.94 29.99 

South Oman .490 .432 8.43 136.5 16.49 83.01 37.65 30.95 

Kr compositions (86Kr :: 100) 

Component 78Kr 
86Kr" 

80Kr 
86Kr 

82Kr 
86Kr 

83Kr 
86Kr 

84Kr 
86Kr 

Air 1.995 12.96 66.17 66.00 327.3 

Kenna 1.943 12.80 65.52 65.36 323.2 

AVCC 1.927 12.65 65.04 65.11 322.8 

Solar 1.945 12.74 65.73 65.86 327.9 

South Oman 2.06 13.18 66.55 65.96 325.4 

References: Air: Nier (1950); Kenna ureilite: Wilkening and Marti 
(1976); AVCC ~erage ,9.arbonaceous ,9.hondritic): Eugster, 

Eberhardt and Geiss (1967); Pesyanoe (an aubrite containing trapped 
solar wind): Marti (1969); Solar (trapped solar wind in lunar sample 
12001): Eberhardt et al. (1972); South Oman E4 chondrite: Crabb and 
Anders (1981). 
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2700. In contrast, the highest ~ 36Ar /132Xe ratio I measured in Abee 

was 1000 (sample 9,41). The 130Xe /132Xe and 84Kr /86Kr ratios for South 

Oman are quite similar to Abee compositions (Fig. 16) which supports the 

conclusion that the Ar-rich and Kenna-type components have similar 

isotopic composition and that that composition is similar to Kenna. 

Summary 

In this chapter I have discussed the results of noble gas 

measurements performed on 11 bulk samples and 6 separates. Most of the 

discussion has centered on the descriptions of the various noble gas 

components. The results have shown that, despite the highly brecciated 

texture of Abee and its striking appearance (Fig. 1), the noble gas 

compositions and concentrations are fairly uniform throughout the stone. 

The main points of this chapter are listed below. 

1. Cosmogenic: 3He, 2INe and 38Ar exposure ages average 8 myr. 

There is no evidence for pre-irradiation except that sample 9,41 

may have been neutron pre~irradiated. 

2. Radiogenic: ~e-U,Th and K-40Ar ages for various clasts are 4.5 

aeons. S~nce closure of the above systems, Abee has not been 

degassed to any measureable extent. 4He data indicate that 

oldhamite carries part of the U,Th inventory. 244pu was present 

in Abee; the 244pu/ Nd ratio was 3 + 2. 

~ Iodine-xenon: There are at least 2 iodine bearing phases in 

Abee. The high temperature phase ( > 1200 C) is probably 

enstatite and carries most of the radiogenic 129Xe• The low 
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temperature phase (about 900 C) may be plagioclase. Bromine 

and iodine are present in the same phases. 

4. Atmospheric: There are 2 types of atmospheric contamination 

components in Abee. One is highly fractionated, adsorbed air, 

the other is unfractionated air which may have been trapped 

during chemical weathering of easily oxidized phases in Abee. 

5. Trapped: Abee contains two distinct trapped components. One 

component resembles gas contained in the Kenna ureilite 

(Wilkening and Marti, 1976) both elementally and isotopically 

and has been termed "Kenna-type'. The other component contains 

large amounts of Ar relative to Xe and has been termed 'Argon

rich'. The lower bound for the Argon-rich 36Ar /132Xe ratio is 

1000 (from bulk sample 9,41); the isotopic composition of the 

Argon-rich component is currently not resolvable from the Kenna

type component. Carrier phases for both of these components 

appear to be silicates: enstatite for the Argon-rich component, 

and either enstatite or inclusions within silicates for the 

Kenna-type component. Trapped neon is present in Abee and is 

found with both trapped components. 

The origins of the trapped noble gases and the question of 

iodine in silicate minerals will be discussed in chapter 6. 



Chapter 5 

STRUCTURE OF THE ABEE BRECCIA 

In the previous three chapters I have described the results of 

noble gas analyses of various samples of Abee. In this chapter I will 

turn to the second part of my study of Abee, namely the description of 

its physical structure. This study represents an attempt to identify 

the processes that formed the Abee breccia. To do this, I have employed 

two approaches: first, I have analyzed the size-distribution of Abee 

clasts and have compared this distribution to those from other meteorite 

types; second, I have compared, in a qualitative way, the macroscopic 

texture of Abee to textures of other brecciated meteorites. Both of 

these approaches are discussed below. 

The Clast Size Distribution in Meteorites 

The fragments in brecciated rock, and in the soils and sediments 

that are precursors to breccias, can be described by size-frequency 

analyses. This type of analysis can provide information about the 

fragment comminution, sorting, and transport mechanisms. Size

distribution analysis is used for studying riverbed sediments, glacial 

tills (Folk, 1968), volcanic ash falls and flows (Sheridan, 1971), and 

terrestrial impact craters (Stoffler, 1982). Data from breccias and 

conglomerates can be compared to the known types listed above and the 

92 
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environments in which the original sediments formed can be deduced 

(Folk, 1968). 

The size-distribution of fragments in lunar breccias and soils 

have also been studied (e.g. Lindsay, 1972a; King, Butler and Carmen, 

1971, 1972; Butler and King, 1974; McKay, Fru1and and Heiken, 1974; 

Shoemaker and Morris, 1968). The fragmenting and sorting mechnisms are 

dominated by impact and impact related processes; mechanisms which are 

not important in terrestrial environments. The size-distribution of 

lunar soils is a measure of the degree of reworking or gardening of the 

lunar regolith by micrometeorite impact and the amount of material 

injected from larger, distant impacts (McKay, Fru1and and Heiken, 1974). 

From these measurements it has been possible to model the textural 

evolution of the lunar regolith (Lindsay, 1974; McKay, Fru1and and 

Heiken, 1974). 

Few studies have been made of the size-distribution of fragments 

in brecciated meteorites. Bhattacharya et a1. (1975) studied the size

distribution of grains in thin-sections of both gas- and non-gas-rich 

meteorites and in lunar breccias. Comparisons between the meteoritic 

and lunar data suggested that gas-rich meteorites formed in a lunar-like 

environment. Bunch and Stoff1er (1974) measured the size-distribution 

of clasts in the Kelly LL-4 chondrite and noted that the Kelly 

distribution was similar to lunar surface metabreccias (a metabreccia 

has a texture which indicates formation by repeated mixing and 

accumulation of fragments, followed by partial thermal metamorphism; 

this process being repeated a number of times). Studies of meteoritic 
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size-distributions are complicated in that we lack the knowledge 

concerning both the environment in which the fragments were produced and 

the nature of the material before comminution. Nevertheless, it should 

be possible to identify, by size-frequency distribution analysis, 

environmental types and modes of formation for various meteoritic 

breccias. 

Functional form of size-frequency distributions 

Sedimentary and comminutive size-frequency distributions have 

been empirically found to closely follow a log-normal frequency 

dis tribution curve (Krumbein, 1936, 1938). Kolmogoroff (1941) and 

Epstein (1947) later analytically deriv~d the log-normal distribution 

from breakage theory. The log-normal distribution has the incremental 

form (Aitchison and Brown, 1957): 

-(In(x) - ll)2 
LN(x) a exp a 2 (1) 

The log-normal distribution applies both to weight-frequency and number-

frequency distributions (Hatch, 1933). The two forms are directly 

related to one-another although the coefficients II and a have different 

values for each type of distribution. 

Another distribution function that is used for many planetary 

applications is the power-law distribution function. This function has 

the general form (Hartmann, 1969): 

F(x) a K x-b (2 ) 

The power-law function will approximate segments of a log-normal 
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distribution and is useful because of its simple form. Hartmann (1969) 

attempted to relate the exponent, b, to the comminution energy. Greater 

comminution energies led to values of b which approached 1. Fujiwara, 

Kamimoto and Tsukamoto (1977) :f.nvestigated the size-distribution of 

fragments of basalt spheres that were shattered by high velocity 

projectiles. They did not find any significant correlation between the 

exponent, b, and the projectile energy. 

Aside from being more physically accurate than the power-law 

function, the log-normal distribution is useful because the mean of the 

distribution (1l in eqn. 1) is related to the comminution energy (Gaudin 

amd Meloy, 1962a,b). Although this relationship is not simple, the 

general trend is that higher energies produce smaller mean-sizes 

(Charles, 1956, 1957). For the analyses presented in this chapter, the 

log-normal form will be used. 

Measurement of size distributions 

Size-distribution can be measured in two ways. The first way is 

to sieve a disaggregated sample using a set of successively smaller 

screens and then to weigh the amount of material collected on each 

screen. The size-distribution is the weight percentage of the total 

sample as a func tion of sieve size. This method is straightforward 

and is easily applied to the measuring of soils and sediments or of very 

friable rocks (Krumbein and Pettijohn, 1938). To measure well indurated 

rocks, which cannot be dis aggregated, the size-distribution can be 

determined from measurements of apparent fragment sizes on sawn or 

polished, flat surfaces or in thin-sections. This method yields a 
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size-distribution which is the number of clasts in a given size range. 

For both methods, the data are usually divided into size classes using 

the phi (~) system of Krumbein (1938) where: 

<P = - 10g2 [Diameter (mm)] 

The choice of geometric size classes gives a reasonable number of size 

divisions so that several orders of magnitude in size can be easily 

analyzed. 

The two methods yield fundementally different results; the 

sieving method giving a weight distribution, the sectional method giving 

a number distribution. In particular, the sectional method does not 

give the real number-size-distribution but instead gives the size

distribution of random sections through the clasts. The apparent 

measured sizes are smaller than the actual sizes. In order to recreate 

the actual distribution, the measured distribution must be corrected for 

this effect. This problem has been investigated analytically for 

randomly intersecting planes through triaxial ellipsoids (DeHoff, 1962; 

DeHoff and Bousquet 1970; Ferguson, 1979) and spheres (Krumbein, 1935; 

Hennig and ~lias, 1970) and has also been investigated by comparing 

sieve and thin-section (sectional) data from samples of the same 

specimens (Friedman, 1958, 1962). 

In order to check this problem, I developed an algorithm, based 

on the results of Hennig and Elias (1970), which converts a computed 

log-normal number distribution of spheres to the equivalent distribution 

of circles that would be measured on a random intersecting surface. The 

two distributions are shown in Figure 18. The distribution of sectional 
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Figure 18. Comparison of log-normal and area-corrected log-normal 
distributions. -- The differences between the two distributions is not 
large. The corrected distribution is slightly broader and skewed 
towards smaller sizes (larger <t> values). 
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circles also follows the log-normal form with the mean of the circle 

distribution about 1 or 2% smaller than the mean of the sphere 

distribution. A Kolmogoro££-Smirnov test shows no significant 

difference between the two distributions at the 95% confidence level. 

For the actual measurements, that were made on meteorites which 

contained angular, non-spherical fragments, the difference between the 

sectional and volume distributions may be larger than indicated by the 

above test. It is reasonable to assume, however, that comparisons 

between the various meteorites in this study are valid, given that the 

general appearance of the clasts in the meteorites are similar to one 

another. 

Sectional data can be converted into equivalent sieve-size data. 

The input data for this conversion is the volume distribution of clasts 

as measured in section. The volume distribution is directly related to 

the distibution of clast intersection areas on the measured section by 

the Rosiwal principal (Ros:1wal, 1898). This principal states: 

area of clasts in a given size volume of clasts in same size 

--------------------------------- = --------------------------------
total sectioned area total volume of sample 

The percentage areas are equivalent to the percentage volumes or weights 

(if the densities of the clasts are known or if the density is constant) 

and therefore these data can be directly converted to equivalent sieve

size data using the graphical method of Friedmann (1958). This method 

also corrects for the sectioning problem mentioned above. 
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Characterization of the data 

A measured size-frequency distribution can be characterized by 4 

parameters: mean size, standard deviation, skewness and kurtosis. The 

mean size and standard deviation are the coefficients II and a in eqn. 1. 

Skewness is a measure of the degree of symmetry of the distribution and 

is also related to the multimodalness of the system. Kurtosis is 

related to the peakedness of the distribution. A log-normal 

distribution has a skewness of 0 and a kurtosis of 1. These parameters 

can be analytically derived by calculating various moments of the 

distribution (Carver, 1970) or they can be determined graphically from a 

plot of cumulative percent frequency versus phi (Folk and Ward, 1957). 

A third method is to fit a log-normal distribution to the data (Woronow, 

1975). This technique yields only the mean and standard deviation of the 

distribution but has the advantage that it can be used on a data set 

which samples only a portion of the entire range of clast sizes. The 

measured clasts must represent a complete sample of the measured size 

range. The other two methods require a virtually complete sampling of 

the total size-range of clasts or at least a complete sampling of one 

end of the distribution, usually the large-size end. 

Methods and samples 

For the present study, I have measured the clast-size

distribution of for the three meteorites listed in Table 15. The data 

set consists of a set of high quality photographs of sawn and ground 

surfaces of these meteorites (Figures 19, 20 and 21). Clast perimeters 

and areas were measured with a digital planimeter capable of 0.01 inch 
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Table 15 

Meteorites Used for Clast Size-distribution Study 

Name 

Abee 

BTNA 78004 
(Bates Nunatak) 
Antarctic Meteorite 
Collection 

AUIA 78113 
(Allan Hills) 
Antarctic Meteorite 
Collection 

Type 

E-4 
(Fall) 

LL-6 
(Find) 

Aubrite 

Recovered 
Mass 

107 Kg 

1079 g 

299 g 

Measured 
Area (cm2) 

830.4 

14.60 

11.33 

# Clasts % Area 

1441 44.0 

396 67.6 

146 63.6 
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Figure 19. Side 2 of Abee. -- Clast sizes were measured an this side of 
Abee. 



Figure 20. BTNA 78004. 
NASA (II S 80-35202). 

102 

The cube is 1 em high. Photo courtesy of 
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Figure 21. ALHA 78113. -- Photo courtesy of NASA (# S79-33097). 
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linear resolution. Each clast was measured five times, a tracing was 

made of the clast on a sheet of frosted acetate and the clast numbered 

for future reference. In this way, a complete record of all individual 

clast measurements was kept. The clast diameters were taken to be the 

average perimeter divided by 7T. The diameters were then divided into 

phi (CP ) size classes. One-half phi sizes were used as this provided 

good diameter resolution (the ratio of adj acent sizes is 12) and is a 

commonly used division of size (Carver, 1970; Lindsay, 1972a; Greenberg 

et al., 1978a). The data can be presented as either incremental or 

cumulative percentage number per size or as cumulative percentage area 

(equivalent to percent volume) per size. 

The cumulative number distributions were analyzed by applying a 

log-normal fit to the data. The routine that I used was adopted from 

Woronow (1975; personal communication, 1982) and can fit a log-normal 

function to any portion of the data. The fit gives the mean, standard 

deviation and the uncertainties for these coefficients. In addition, the 

area or volume distributions were converted into equivalent sieve size 

distributions(Friedmann, 1958) and analyzed using the graphical method 

discussed earlier. This conversion enabled comparisons to be made 

between my data and data in the literature. 

Results and discussion 

The results of the planimeter measurements are listed in Table 

16 for the 3 meteorites analyzed in this study. The data are presented 

as absolute numbers per size, incremental number distributions, and as 
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Table 16 

Clast Size-distribution Data 

Abee BTNA 78004 ALHA 78113 
il. II/area % area il. II/area % Area /I II/area % Area 

-5.5 4 .0048 7.8 

-5 2 .0024 1.7 

-5.5 10 .012 5.5 

-4 15 .018 4.1 1 .068 16 1 .088 26 

-3.5 45 .054 5.89 1 .068 8.5 

-3 72 .087 4.47 2 .14 6.5 2 .18 8.58 

-2.5 142 .171 4.55 2 .14 3.1 2 .18 4.0 

-2 293 .353 4.81 8 .41 7.3 7 .62 7.1 

-1.5 425 .512 3.87 17 1.2 7.8 11 .97 5.8 

-1 355 .428 1.78 25 1.71 6.07 14 1.3 3.7 

-0.5 77 .093 .23 40 2.74 4.59 25 2.21 3.58 

0 1 .0012 .001 63 4.32 3.87 42 3.71 3.50 

0.5 84 5.41 2.59 28 2.47 1.21 

1 890 6.03 ·1.53 12 1.1 .30 

1.5 51 3.22 .48 2 .18 .025 

2 12 .69 .07 
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incremental volume (area/total area) distributions. The incremental and 

cumulative number distributions are plotted in Figure 22. 

Inspection of the data in Figure 22 shows that all three of the 

me teori tes have dis t inc t peaks in their incre men tal nu mber 

distributions: Abee at </> =-1.5, ALHA 78113 at </> =0, and BTNA 78004 

at </>=1.0. These peaks may have been shifted to larger sizes because 

of incomplete sampling of the small sizes, but, it is possible that the 

peaks are real. Analysis of the log-normal fits to these data have 

provided some insight into this question. 

Log-normal fits were applied to various segments of the data for 

each meteorite. The results of these fits are listed in Table 17. 

Stable fits were obtained for Abee and for BTNA 78004 but not for ALHA 

78113. Stability of the fit is defined by the ability of the fitting 

routine to converge on single values of mean-size and the standard 

deviation whereas .the values of the coefficients·diverge for an unstable 

fit. The inability of the routine to fit a log-normal distribution to 

the ALHA 78113 is undoubtedly due to the small size of the sample (146 

clasts). 

Fitting a log-normal distribution to the full Abee data set and 

with the smallest size excluded give a m,ean size of 0.3 cm. When the 

smallest 2 sizes are excluded, the mean size drops to 0.06 cm and when 

the smallest 3 or more sizes are excluded, no stable fits were obtained. 

Excluding the largest sizes does not significantly affect the results of 

the fits. Figure 23 is a plot of the incremental number distribution 

for Abee along with the 2 log-normal fits discussed above. The 
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Figure 22. Clast number size-distribution data. -- The cumulative 
distributions are plotted in the upper panel along with the Surveyor 
lunar of Shoemaker and Morris (1967). The incremental distributions are 
plotted :in the lower panel. The data are discussed :in the text. 



108 

Table 17 

Log-normal Fits to Cumulative Size-distribution Data 

Meteorite -upper -lower em em 

Abee * -5.5 -0.5 .372 -1.90 .97 
±.017 ±.07 +.12 

-5.0 -0.5 .372 -1.90 .96 
+.018 ±.07 +.12 

-5.5 -1.0 .325 -1.70 .96 
±.009 ±.04 +.05 

-5.0 -1.0 .326 -1.70 .95 
+.010 ±.04 +.05 

-5.0 -1.5 .060 .74 1.74 
+.003 ±.07 +.02 

-4.5 -1.5 .059 .76 1.75 
+.003 ±.07 +.02 

BTNA 78004 * -3.0 2.0 .081 .30 1.18 
+.003 ±.05 +.11 

-3.0 0 .041 1.29 1.29 
+.001 ±.04 +.01 

-2.0 2.0 .080 .32 1.19 
+.004 ±.07 ±.17 

-2.0 1.0 .040 1.32 1.55 
+.001 ±.04 +.01 

-2.0 0 .024 2.06 1.79 
+.001 ±.06 +.02 

* Full data set, no truncation 
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Figure 23. Abee clast number size-distribution data. -- The incremental 
Abee'data are plotted along with log-normal distributions for cP -1.58 
and cP -0.99 • The cp-0.99 distribution yields the better fit 
indicating that the measured Abee distribution was undersampled. 
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calculated 0.06 mean size distribution fits the Abee data quite well 

except for phi sizes -0.5 and -1.0. The 0.3 cm distribution under

represents the largest sizes and hence does not fit the data as well as 

the 0.06 cm distribution. This suggests that the smallest two sizes were 

incompletely measured in Abee. Examination of the Abee photograph and 

acetate tracing from which the data were taken confirms confirms this 

result. 

Results for a variety of data truncations on BTNA 78004 give 

similar mean sizes. The mean size for this meteorite is about 0.04 cm. 

The BTNA 78004 clast size-distribution has been adequately represented 

by the planimeter measurements. Although no stable fit was obtained for 

the ALHA 78113, data graphical comparison of its data to BTNA 78004 

(Fig. 22) suggests that these two meteorites have similar distributions, 

hence similar mean sizes. 

The results of the log-normal fits to the three meteorites in 

this study indicate that the fragments in each meteorite were produced 

in similar environments. This conclusion assumes that the material 

strengths of the original (primitive) materials were similar. The 

modern, present day strengths of individual fragments in BTNA 78004 and 

ALHA 78113 are probably similar (personal observation). It is 

reasonable to assume from their textures that strengths at the time of 

breccia were similar to their present-day strengths as neither of these 

meteorites appear to have been significantly metamorphosed or altered. 

If the primitive strength of Abee was less than its modern, present day 

strength this would require that Abee formed in a lower energy 
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environment, relative to the other two meteorites, than is suggested by 

a qualitative comparison of modern strengths. 

Comparisons between Abee and the Surveyor lunar data in Figure 

22 show that the lunar surface fragments have a smaller mean size than 

Abee clasts. This conclusion is further supported by comparing my 

data to the data from the Kelly LL-4 chondrite and lunar metabreccia 

14006 (Bunch and Stoffler, 1974) and from mature lunar soil 14259 

(Lindsay, 1972b). The cumulative volume distributions for all of the 

above specimens are plotted in Figure 24. The Kelly and 14006 data are 

quite similar and, together with lunar sample 14259, have much lower 

mean sizes than the meteorites that I have analyzed. Abee, BTNA 78004 

and ALHA 78113 appear to have formed in environments which subjected 

them to only a few impacts. Kelly, on the other hand, formed in and 

environment similar to that found on the lunar surface. 

From the above discussion, it is apparent that the higher 

energies were required to produce lunar soils than were required to 

produce the brecciated meteorites of this study. Higher energy can be 

manifested either as a higher energy single impact or as many lower 

energy impacts. The lunar surface regolith has been found to be heavily 

reworked by meteoroid impact, hence comparison between meteorite 

breccias formed by single or limited numbers of impacts and the heavily 

reworked lunar surface are of limited value. That the meteorites in 

this study are the result of single impacts is a conclusion which is 

based on textural analyses of Abee and the similarities between Abee 
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Figure 24. Meteoritic cumulative volume size-distributions. -- The 
volume distributions for Abee, BTNA 78004 and ALHA 78113 have been 
corrected using Friedman (1958). The Apollo and Kelly data references 
are listed in the text. The open triangles represent the ALHA 78113 
distribution with the largest size excluded. 
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and the other two meteorites. The observations of Abee will be 

discussed later in this chapter. 

In order to make a better comparison between my data and lunar 

data, it is necessary to find collections of lunar fragments that were 

produced by single comminution events. Such samples do exist: Apollo 

sample 14141,30 is relatively fresh ejecta, probably from Cone crater 

(McKay et ale 1974). Apollo sample 12028,70 is a coarse soil sample from 

the Apollo 12 double drive tube (Lindsay, 1972b) and appears to have 

been derived from comminuted bedrock by an impact event which penetrated 

the surface regolith (Lindsay, 1974). Incremental volume percent data 

from 14141,30, Abee and BTNA 78004 are plotted in Figure 25 along with 

data from the the Ries impact crater (von Engelhardt, 1971). 

The data in Figure 25 show the lunar and terrestrial 

distributions are poorly sorted as is evidenced by the very broad 

distribution peaks, while Abee and BTNA 78004 have much narrower 

distributions. The apparent centers of all the distributions in Figure 

25 suggest that the meteoritic clasts have a larger mean size than 

either the lunar or terrestrial impact samples. Since all of these 

samples are presumably due to single impact events (there is certainly 

no question about this for the Ries crater), the indication is that the 

meteorite clasts were formed by lower energy comminution events. This 

conclusion agrees with current hypotheses which state that meteorites 

come from the asteroid belt (e.g. Anders, 1978) and that meteoritic 

breccias were formed in a lower velocity (hence lower energy single 

impact for a given impacting projectile mass) environment than is found 
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Figure 25. Incremental volume size-distributions for various samples. 
-- The meteoritic data were corrected using Friedman (1958) and 
normalized to volume % per size class in order to compare these data 
to the other data sets. References for the other data sets are listed 
in the text. Abee and BTNA 78004 roughly match the lunar and 
terrestrial distributions between phi sizes -3 to 0 but deficient in 
particle masses smaller than phi size 1. 
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on the lunar surface (Auders, 1975, 1978; Bhattacharya et al., 1975; 

Housen and Wilkening, 1982). 

The lunar and terrestrial distributions plotted in Figure 25 

contain almost 90% of the total volume of fragments whereas only 68% of 

the BTNA 78004 and 44% of the Abee fragments have been sampled. From 

the photographs of these meteorites (Fig.s 20 and 19 respectively), it 

is apparent that both of these meteorites contain fine-grained matrix. 

Apparently the mechanisms that formed Abee and BTNA 78004 (and by 

comparison, ALHA 78113 which has 67% of its distribution sampled) 

produced or added more fine-grained matrix than the impact mechanisms 

that formed either samples 14141,30 or the Ries crated suevite. It 

appears that Abee is composed of two fractions: a fine-grained matrix 

and a set of fragments whose size distribution is similar to lunar and 

terrestrial impact crater ejecta fragments but from lower energy events. 

The meteorites BTNA 78004 and ALHA 78113 also appear to be composed of 

ejecta fragments and matrix although the matrix in both these meteorites 

is much less abundant than in Abee. 

The Bunte Breccia, which surrounds the Ries impact crater, is 

ejecta from the crater and contains rock fragments from the 600 meter 

layer that was penetrated during formation of the crater. The Bunte 

breccia contains sand and debris which were apparently swept up from the 

surrounding area as the ejecta blanket travelled outward from the crater 

(von Engelhardt, 1971). The Bunte breccia has a clast-size distribution 

wi th two peaks; one centered at about 1 cm, the other broadly centered 

about 50 microns (Fig. 2, von Englehardt, 1971). 
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The Abee clast size number distribution has a peak at about 0.06 

cm which translates to a peak in the volume distribution at a few 

millimeters (Fig. 25). As mentioned earlier, only 44% of the Abee 

volume distribution has been measured and by visual inspection of the 

meteorite the other 56% of the volume distribution is composed mainly of 

fine-grained matrix. The Abee breccia is qualitatively similar to the 

Bunte breccia and may have formed in a similar fashion, i.e. Abee is 

part of an ejecta blanket which was mixed with fine-grained material 

which surrounded the impact site. 

The meteorites BTNA 78004 and ALHA 78113 also appear to be 

samples of crater ejecta but the amount of fine-grained material added 

to either of these meteorites was far less than in the case of Abee. 

It is possible that these two meteorites could sample indurated basement 

material that was fragmented and ejected during the crater formation but 

later fell back into the crater and was 'reassembled'. Breccias formed 

by such a process are found in terrestrial impact craters (e.g. von 

Engelhardt, 1971). It is unlikely, though, that BTNA 78004 or ALHA 

78113 represent rock that was fractured in place as neither of these 

meteorites show shattered-type textures that would be expected for such 

an event. 

Comments on size-distribution analysis methods 

The log-normal fitting routine method that I have employed in 

this work appears to be a valid and useful method of analysis. For the 

present study, I chose to fit log-normal distributions to number 

distributions. This is partly because I borrowed the fitting algorithm 
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from crater counting analysis (Woronow, 1975). My routine can easily be 

adapted to working with sieve-size data whereby the data from the Kelly 

meteorite and the lunar samples could also be analyzed. One reason for 

analyzing number distributions is that the sectioning affects the number 

distribution less than it affects the volume distribution. 

It is imperative that the measured size-range of clasts be 

completely sampled otherwise incorrect results are obtained. The number 

of clasts measured is also important in obtaining good results. For 

example, no stable fits were obtained on the ALBA 78113 data set, which 

contained 146 clasts, but reasonably good fits were obtained on the BTNA 

78004 data set, which contained 396 clasts. Both of these sets of data 

covered similar size ranges, and, by inspection of the meteorite 

photographs (Fig.s 20 and 21), the clast size ranges were reasonably 

well sampled. Therefore, in order to obtain useful results with the 

log-normal fitting method, at least 300 or 400 clasts should be measured 

and that the size-range should span at least 1 to 2 orders of magnitude. 

The log-normal fitting method is probably better suited to 

analyzing meteoritic samples than the conventional sedimentary 

petrological techniques employed by other researchers (e.g. Bunch and 

Stoff ler, 1974). The sieve-size or equivalent sieve-size cumulative 

distributional analysis technique requires knowledge of the full range 

of clast sizes. If the clast size range is not fully sampled then the 

mean sizes and standard deviations of the distributions (either 

graphically or analytically determined) may not be meaningful. For 

terrestrial and lunar samples there is sufficient 'ground-truth' data to 
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determine whether or not a given rock or soil sample is complete. This 

knowledge does not exist for meteoritic samples, therefore the analysis 

of a given sample has to be done very carefully. As an example, when 

the largest clast is excluded from the ALHA 78113 distribution, the 

weight-size distribution curve is profoundly affected (Fig. 25). The 

calculated graphical mean-sizes for these two ALHA 78113 data sets would 

be quite different, using conventional methods. Comparisons between 

meteoritic cumulative sieve-size distributions can be made but the 

comparisons must be between distributions covering the same size ranges, 

otherwise the comparisons must be made between incremental 

distributions. 

The Physical Texture of the Abee Meteorite 

In this section I will describe my observations of the texture 

of Abee as obtained from looking at photographs, thin-sections, the 

original Abee slab and pieces of this slab (see description in Chap. 2). 

Before discussing these observations, I will briefly discuss the types 

of textures found among meteorites and the classification of these 

textures. 

Classification of brecciated meteorites 

Wahl (1952) initially classified brecciated meteorites as either 

monomict or polymict. Monomict breccias contain material derived from a 

common source. Polymict breccias contain materials derived from 

multiple, chemically distinct sources. Wasson (1974) introduced a third 

class, the genomict breccia. This type of breccia contains materials 
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derived from a common source but has fragments which experienced 

different metamorphic histories. These classifications are all based on 

mineralogical or chemical differences instead of textural differences. 

Keil (1982) and Taylor (1982) have begun to classify meteoritic 

breccias according to their textures. The various types are listed in 

Table 18. The breccia classification scheme is adopted from lunar and 

terrestrial analogues (Stoffler et al., 1979, 1980) with the exception 

of the primitive type meteoritic breccia for which no lunar or 

terrestrial analogue exists. 

The different breccia types listed in Table 18 are due to 

differences in shock, mixing and whether or not the impact processing 

occured in a surficial regolith. However, two processes are available 

for meteorite breccia formation which do not apply to lunar or 

terrestrial breccia formation. It is possible to catastrophically 

disrupt and reassemble small asteriods or planetesimals (Greenberg et 

al., 1978a); this process will produce a mega-regolith (Davis et al., 

1979) from which brecciated meteorites are formed. Burial inside a 

planetesimal or small asteriod by this process could have provided the 

pressures necessary to compact regolith or primitive material. 

Likewise, this process could have produced fragmental breccias (Keil, 

1982). There is evidence from metallogragphic cooling rates that this 

may have occurred for the Dimmit H-chondrite, a regolith breccia (Rubin 

et al., 1982). The second process is accretion during the formation of 

planetesimals. This process involves very gentle impact processes which 

are required to allow accretion to occur (Greenberg et al., 1978a,b). 
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Table 18 

Meteorite Breccia Types 

formed from unconsolidated surficial regolith 
material; includes the gas-rich meteorites 

contains 
melted, 
regolith 
includes 

clastic material, which is 
that has not resided in a 
for any appreciable length 

Abee 

sometimes 
surficial 
of time; 

have igneous matrices that contain unmelted 
clasts and debris; this type of breccia is rare 
among the meteorites; may include some meso
siderites 

heavily metamorphosed fragmental breccias; 
includes equilibrated LL chondrites, some meso
siderites 

generally found as crushed igneous mineral 
assemblages; examples include enstatite 
achondrites and some of the eucrites 

Primitive composed of primitive components, e.g. 
chondrules, fine-grained (Huss) matrix (Huss, 
Keil and Taylor, 1981); includes type-3 
chondritic meteorites 

References: Keil (1982); Taylor (1982); Stoffler (1982); Stoffler, 
Knoll and Maerz (1979); Stoffler et ale (1980). 
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Accretion could have produced some type of fine-grained breccias, 

particu1ari1y the type-3 chondritic breccias. Nevertheless, no breccia 

has been conclusively identified as accretionary. 

Classification of Abee 

Abee is a genomict breccia (Rubin, personal communication). 

This conclusion is based on the clastic textural heterogeneity apparent 

in Abee's macro-structure and the overall uniformity of the mineral 

compositions of clasts and matrix in Abee (Rubin and Keil, 1982). Abee 

is also, based on its highly clastic nature, its lack of solar 

corpuscular radiation effects (Wacker and Marti, 1982; Goswami, 1982; 

this work) and evidence of pre-compaction metamorphism (Rubin and Keil, 

1982), a fragmental breccia (Keil, 1982). 

The texture of Abee 

I have 11sted,in Table 19, a number of attributes pertaining to 

the Abee breccia. Using these features, a number of points can be made. 

First, Abee was not heavily shocked during its formation. 

Meteorites which have been subjected to high shock pressures tend to be 

veined, fractured and contain glass (Wasson, 1974 and references 

therein). Abee does not show any of these features. By comparison, the 

heavily shocked Rose City H-chondrite displays (Fig. 26) the shock 

features listed above and has a texture that is quite different than 

that of Abee. 

Second, the textures of typical clas t interiors and of typical 

matrix are visually very similar (Fig. 19). These textures suggest that 
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Table 19 

Features of the Abee Breccia 

1) No veins or fractures, the stone is well indurated 

2) Typical 
similar 

clast interior textures and matrix texture are 

3) There are no clasts within 
inclusions within any clasts; 
most clasts 

clasts; no metal or dark 
chondrules are present within 

4) Most clasts have metal-enriched peripheries (referred to as 
clast rims) 

5) Abee has been subjected to pre-compaction metamorphism, 
most likely before brecciation (Rubin and Keil, 1982) 

6) There is a small group of clasts Which appear to have been 
highly metamorphosed ("swirly"-type clasts) 

7) Abee is not gas-rich 

8) Abee does not contain any E-5,6,7 material 
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Figure 26. The Rose City H chondrite. -- This meteorite has been 
heavily shock melted and displays a texture distinct from that of Abee. 
The light gray areas are metal veins. Scale bar is in centimeters. 
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the matrix was not formed from comminuted clasts but instead the clasts 

and matrix in Abee were formed from the same type of fine-grained 

material. The textures of clasts and matrix in the meteorites BTNA 78004 

and ALHA 78113 (Fig.s 20 and 21) are distinctly different, suggesting 

that the matrix in these meteorites is ground clast material. 

Third, many Abee clasts have metal enriched rims. These rims 

manifest themselves by a gradual increase in the percentage number of 

metal grains, starting a few millimeters from the clast boundaries, and, 

for the most part, completely surrounding the clasts. There are a few 

clasts which appear to have solid metal rims but such clasts are rare. 

Finally, the formation of the clasts either predates or is 

contemporaneous with the formation of metal and large dark inclusions 

because of the absense of these inclusions within the clasts. 

Chondrules, however, do predate c~ast formation as they are present 

within most clasts as well as in the matrix. 

The Abee breccia was apparently formed as the result of a single 

comminution event. F.urthermore, the absense of shock features in Abee 

suggests that the impact processing was fairly gentle both during 

comminution and during any subsequent mixing of the clasts and fine

grained matrix material. The residence time of Abee matrix or clasts 

was not long enough to expose these materials to direct solar radiation 

A single chondrule (sample 9,41; chapter 4) may have been neutron pre

irradiated before assembly of the breccia in its final form but there is 

no other evidence of pre-irradiation in the measured Abee samples. 
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Formation of clast rims 

Clues to the formation of Abee rims come from analysis of their 

textures and comparing them to clast rims found in other meteorites. 

Rose City (Fig. 26) also has metal rims surrounding portions of some of 

its clasts but these rims are not continuous and are, without exception, 

solid bands of metal. The Rose City rims are most likely due to shock 

melting of portions of the meteorite (Bogard, 1979). In contrast, the 

rims surrounding Abee clasts do not appear to be due to shock. The 

appearance and texture of the Abee rims is more suggestive of metal 

diffusing into the clasts from some external source. The rims around 

Abee clasts must have formed before the assembly and compaction of the 

present structure because the clast/matrix bounda~ies are sharp and well 

defined. The rims were, none-the-less, formed after the brecciation 

event since most clasts have continuous rims. 

Electrical conductivity measurements made on the Abee slab have 

yielded further clues about the formation of the clast rims. These 

measurements show that the clast rims are very conductive (0.2 ohms/cm) 

whereas the clast intet"iors are 3 to 4 orders of magnitude less 

conductive than the rims. The matrix is also conductive but the 

resistance of the matrix is about 10 to 20 ohms, a value which is 

intermediate between the clast rims and the clast interiors. In 

comparison to these regions, the dark inclusions are much less 

conductive than the clast interiors while the metal inclusions have 

conductivities similar to the clast rims. 
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Rubin and Keil (1982) have suggested that the Abee' metal rims 

were formed by metal vapor deposition as a result of heating during 

impact processing on the Abee parent body. This would account for the 

low electrical resistance of the rims but not the rim textures. Vapor 

deposition of metal onto the clasts should have produced distinct metal 

bands instead of the metal gradients actually observed in the rims. The 

completeness of the rims around the clasts requires that the deposition 

was reasonably isotropic. This implies that the rims were formed 

immediately after brecciation, while the ejecta was still in motion 

either in ballistic trajectory or as part of a cloud moving out from the 

crater. 

The metal gradientJ observed in the clast rims may be the result 

of metal diffusing into the clasts. The environment that produced the 

metal vapor may have also heated the clasts. The temperatures required 

would have to have been less than the melting p'oint of enstatite (1400 

C) in order to avoid melting of chondrules which are present in the rims 

of some clasts. Melting of Fe-FeS could occur beginning as low as 988 C 

(at the Fe-FeS eutectic), therefore it is possible to partially melt the 

metal without melting the silicates. The heating of the clasts must 

have been brief as metallographic (Herndon and Rudee, 1978) cooling 

rates indicate that Abee cooled from 800 C to 200 C in a few hours. The 

variety of metal textures observed in Abee clasts could be due to 

different heating times: clasts which display highly metamorphosed 

textures (such as the "swirly" type clasts; chapter 2) were heated 
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longer than other clasts. Most of the clasts, however, were heated to 

about the same degree. 

The above mechanism suffers from one crucial problem namely that 

an impact event powerful enough to produce the metal vapor and partially 

melt the clasts should produce other shock effects. Perhaps impact 

partial melting would not strongly shock the meteorite or that the 

heating annealed the shock damage. 



CHAPTER 6 

FORMATION OF THE ABEE METEORITE 

In the previous two chapters I discussed the results of two 

different sets of analyses performed on Abee. The clast size 

distribution results and the textural analysis provide information about 

the most recent events which affected and modified the entire structure 

of Abee (needless to say, this does not include ejection from the Abee 

parent body or events thereafter). The noble gas data, on the other 

hand, provide information on three facets of Abee's history. First, the 

uptake of the trapped gases is related to the formation of the minerals 

in Abee. Second, the noble gas data provide gas retention ages and 

place limits on any subsequent heating of Abee. Finally, the spallation 

produced noble gases tell of the recent exposure history of the stone in 

space. 

In this chapter, I will use the results of chapters 5 and 6 

along with the results from other members of the Abee consortium and the 

noble gas data of Crabb and Anders (1981, 1982), to describe the origin 

of the trapped noble gases and to construct a history of the formation 

of Abee. 

128 
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Origin of Trapped Noble Gases 

Abee contains two trapped noble gas components of distinctly 

different elemental compositions. The Kenna-type component is 

elementally fractionated compared to solar type gas and resembles 

trapped noble gases found in other meteorites. The argon-rich component 

is less fractionated than the Kenna-type component and is found in other 

enstatite chondrites (Crabb and Anders, 1981, 1982). Noble gas 

components which resemble the argon-rich component are also found in 

some C3 chondrites (Crabb and Anders, 1981 and references therein) and 

in some ureilites (Gobel, Ott and Begemann, 1978). It is likely that 

the Kenna-type and argon-rich components originated from the same 

reservoir since the isotopic compositions of the two components appear 

to be similar (Wacker and Marti, 1981; Crabb and Anders, 1981, 1982; 

present work). The two components, however, were probably trapped via 

different mechanisms. 

Origin of the Kenna-type component 

Wilkening and Marti (1976) have reviewed the various trapping 

and fractionating mechanisms thought to produce the fractiona~ed noble 

gas component in the Kenna ureilite. It is possible that the Kenna-type 

component observed in Abee originated in a similar fashion to the noble 

gases in Kenna. The strongest indication for this is the similarity 

between the components observed both in Abee and in Kenna. The 

similarities between fractionated noble gases in meteorites and in the 

planetary atmospheres, which have been sampled by spacecraft, suggests 
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that there were common mechanisms responsible for trapping and 

fractionating noble gases (Yang, Lewis and Anders, 1982). 

It should be kept in mind that the noble gas carrier phases for 

Abee and for the urei1ites are different. A carbonaceous phase carries 

the noble gases in the urei1ites (Weber, Hintenberger and Begemann, 

1971; Weber, Begemann and Hintenberger, 1975; Gobel et a1., 1978) 

whereas either enstatite or inclusions within enstatite carries the 

Kenna-type component in Abee. Nevertheless, results from experimental 

studies on the sorption of noble gases onto various solids (including 

carbon, magnetite and sulfides, Yang et a1., 1982; Yang and Anders, 

1982a,b) indicate that the uptake of xenon is relatively insensitive to 

the chemistry of the sorbing solid (sorption is a generic term including 

adsorption and most forms of trapping, Yang et a1., 1982) 

Origin of the Argon-rich component 

The uptake of the argon-rich component must have involved a more 

non-selective process than that required for the Kenna-type component. 

For instance adsorption has been shown to enrich heavy noble gases 

during trapping (Fanale and Cannon, 1972, 1974) and is therefore capable 

of producing Kenna-type components. Mechanisms which produce less 

fractionated components include occlusion and trapping during mineral 

formation and ion implantation. 

Occlusion of noble gases in voids during the formation of 

minerals by nebular condensation was proposed by Arrehnius, De and 

Alfven (1974) as a way of producing the large amounts of noble gases 

observed in meteorites. Subsequent thermal metamorphism was invoked to 
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fractionate the trapped gases. This mechanism is very non-selective. 

The quantity of noble gases occluded is a function of the nebular gas 

composition and pressure and the percentage volume of voids in the 

original condensate. 

To test the feasibility of occluding the argon-rich component in 

Abee, I have calculated the volume of nebular gas that must be occluded 

in order to account for the observed concentration of the argon-rich 

component 132Xe. To do this, I have used the data from sample 1,9,33 

as it was not significantly contaminated by air. The bulk 1,9,33 132Xe 

concentration and 36Ar /132Xe ratio are 9.3 x 10- 10 ccSTP/g and 450 

respectively. The 36Ar /132Xe ratios for the Kenna-type and argon-I'ich 

components are 280 (Wilkening and Marti, 1976) and an assumed value of 

2700 (from the South Oman E-4 chondrite; Crabb and Anders, 1981). I 

used a 132Xe/H2 ratio of 0.9 x 10-10 (Cameron, 1973) and assumed a 

nebular pressure of 1 atm (Sears, 1980). Given these numbers, the 

computed amount of argon-rich 132Xe in sample 1,9,33 is 0.7 x 10 -10 

ccSTP/g which corresponds to 0.7 ccSTP/g of occluded nebular gas. Since 

the density of Abee is about 4 g/cc, the amount of occluded gas is at 

minimum 70% of the volume of the condensate. Lowering the pressure or 

raising the temperature from STP values will only increase the required 

occluded volume. An occluded 70% volume already seems at least an order 

of magnitude too large. The required occluded percentage volume of 

occluded nebular gas is considerably larger for the South Oman E4 

chondrite which, by the above analysis, has an assumed argon-rich 132Xe 

concentration of 30 x 10-10 ccSTP/g. These results suggest that the 
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occlusion of nebular gas was apparently not an important mechanism for 

trapping noble gases in Abee or in the enstatite chondrites. 

Trapping of noble gases during condensation of minerals is 

another mechanism that may have produced the argon-rich component. Gas 

is trapped or adsorbed on a mineral surface and is buried during 

subsequent growth of the mineral grains. Honda et al., (1979) and more 

recently Yang et a1. (1982) and Yang and Anders (1982a,b) have 

investigated this problem for a variety of minerals. Using the 

distribution coefficient of Honda et a1. (1979) for the trapping of 

argon in magnetite, the amount of 36Ar predicted to be trapped at 1 atm 

pressure (Sears, 1980) is 2 to 3 orders of magnitude lower than is 

actually observed for the argon-rich component in Abee enstatite. The 

foregoing assumes that the argon distribution coefficients for enstatite 

and magnetite are similar. Using lower nebular pressures (Larimer and 

Bartholomay, 1979; Grossman and Larimer, 1974) results in even lower 

calculated amounts of argon. 

One problem with the above calculations is that the experimental 

results of Honda et a1. (1979), Yang et a1. (1982) and Yang and Anders 

(l982a,b) may not accurately model the environment in which the 

meteoritic noble gases were trapped. First, the methods used in the 

laboratory experiments condensed and cooled the minerals in times on the 

order of seconds. The minerals in Abee most likely formed orders of 

magnitude more slowly due to the length of time required for the nebula 

to cool (Cameron, 1978). Increasing the experimental mineral 

condensation times could lead to increased amounts of gas trapped. 
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Second, the minerals In these experiments were Mg, Zn, CdTe and Fe304 

(Honda et a1., 1979) or FeCr2S4' FeS, C or Fe3C (Yang et a1., 1982; Yang 

and Anders p 1982a, b) while the proposed argon-rich carrier mineral in 

Abee is enstatite. Although it was pointed out earlier that the 

sorption of noble gases appears to be insensitive to mineral chemistry 

(and the above process involves a sorption process to initially trap the 

noble gases onto growing mineral grain surfaces), enstatite could trap 

noble gases differently than the above minerals. Performing 

condensation trapping experiments using enstatite and more equilibrating 

conditions could lead to larger measured distribution coeffecients for 

the trapping of noble gases. 

The third mechanism involves solar wind implantation to produce 

the observed argon-rich component in Abee. Wetherill (1981) proposed 

that the observed large amount of 36Ar in the Venerian atmosphere 

(Hoffman, Oyama and von Zahn, 1980; Donahue, Hoffman and Hodges, 1981) 

was due to solar wind ion implantation of the material that formed 

Venus. Wetherill invoked a T-Tauri type solar wind to implant large 

quantities of gases in the primitive material. Wacker and Marti (1982) 

suggested that a similar mechanism may have produced the argon-rich 

component in Abee. This is based in part on suggestions that the 

enstatite chondrites may have formed in the inner part of the solar 

nebula (Sears, 1980; Herndon and Suess, 1976). 

One problem with the ion implantation mechanism is that the 

penetration range of solar wind ions in meteoritic material is only 10-6 

cm. The presence of any appreciable amount of dust and gas would 
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severely limit the penetration of solar wind ions into the zones where 

either Abee or Venus formed (Housen and Wilkening, 1981). It is 

possible that the material at the inner edge of the nebula was 

irradiated by an intense solar wind or that the irradiation occurred 

when the particles were on the order of centimeters in size and after 

the finer particles and gas had been dispersed (Wether.ill, 1981). 

Interpretation of observations of protostellar objects (Herbig, 1977; 

Welin, 1978; Imhoff, 1978) indicate that an intense proto-stellar wind 

may produce a cleared zone within the surrounding nebula. Mixing of the 

nebula due to turbulence (Morfill, 1982; Cameron, 1978) could have 

resulted in the irradiation of a much larger amount of material • 

. The above three mechanisms require that the trapped gases be 

processed in order to disperse the trapped He and Ne and to slightly 

fractionate the remaining gases. Thermal metamorphism could accomplish 

this. He and Ne diffuse more readily, due to their smaller atomic radii 

than Ar, Kr or Xe~ The condensation trapping mechanism initially 

requires a sorption process which may result in a substantial 

fractionation of the gases. For the solar wind ion implantation 

mechanism, solar heating of the material may have resulted in 

diffusional loss of He and Ne. Yaniv and Marti (1981) observed that 

rocks that resided on the lunar surface for 2 Myr lost 97% and 50% of 

the solar flare He and Ne respectively. If Abee material was heated to 

higher tempertures as proposed for various formation models listed 

earlier, the diffusional losses of He and Ne may have been larger and 

more rapid than on the lunar surface. 
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The condensation-trapping and solar wind ion implantation models 

offer ways to trap the argon .. rich component. Each model has problems. 

The measured distribution coefficients for the condensation trapping 

mechanism are too low whereas the presence of the nebula poses serious 

problems for the ion implantation model. The large differences in the 

amounts of the argon-rich component observed in other enstatite 

chondrites (Crabb and Anders, 1981, 1982) tends to favor the ion 

implantation model since these differences could have resulted from 

different exposure times to the solar wind for the minerals in each 

meteorite. However, the exposure to the solar wind must have occurred 

very early in during the formation sequence of the enstatite chondrites 

since none of these meteorites is gas-rich. Subsequent metamorphism 

could have annealed radiation damage (e.g. particle tracks) and 

fractionated the trapped gas to the observed argon-rich composition (and 

for that matter, resulted in depletion of He and Ne). The metamorphic 

temperature needs to be high enough to redistribute the noble gas 

(>800 C) into the enstatite or out gas the other minerals in Abee but low 

enough to avoid outgassing the enstatite or melt the mineral assemblage 

«1200 C). Rubin and Keil (1982) have suggested that Abee was 

metamorphosed at about 800 to 900 C. 

Iodine in Abee 

Interpretation of radiogenic 129Xe data indicates that iodine 

has a lithophilic behavior in Abee and that enstatite is the probable 

carrier of most of the iodine. These results strongly indicate that 

iodine condensed at high temperatures in the formation zone of the 
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enstatite chondrites. Iodine is considered to be a volatile element 

which condenses as 12 from the solar nebula below 200 K (Larimer, 1967). 

Above 200 K iodine is in the form of HI. Fegley and Lewis (1980) have 

studied the condensation behavior of various volatiles including bromine 

but not iodine. Their calculations show that for a solar composition 

nebula, bromine condenses below 500 K. Since iodine is chemically 

similar to bromine, it probably condenses at a similar temperature. 

Perhaps the highly reducing conditions under which the enstatite 

chondrites formed enabled iodine to react and condense with enstatite at 

high temperatures. Comparison of iodine-xenon data between ordinary and 

enstatite chondrites gives an indication that iodine may be sensitive to 

oxidation state. Hohenberg and Reynolds (1969) compared the amount of 

iodine determined from the 129Xe concentrations to the amount of iodine 

measu red direc t lye They found that the 129Xe-based iod ine 

concentrations for ordinary chondrites accounted for less than half of 

the total iodine whereas for Abee and other E-chondrites, the two 

methods yielded similar amounts. The 129Xe /128Xe correlation (upon 

which the I-Xe ages and the I concentrations is based) occurs at high 

temperatures (Hohenberg and Reynolds, 1969; Podosek, 1970). Apparently, 

enstatite chondrites, which formed under more reducing conditions than 

ordinary chondrites, have most of their iodine in high temperature 

phases. 

It is possible that iodine was metastable in enstatite at high 

temperatures under reducing conditions. Sears (1980) and Baedecker and 

Wasson (1975) have suggested that the high temperature minerals in the 



137 

enstatite chondrites ,::eased to equilibrate with the nebula below about 

1200 to 1600 C. If this was true, perhaps the iodine in enstatite would 

have become unstable if the mineral assemblage was allowed to continue 

to equilibrate with the nebula at lower temperatures. 

Studies of the condensation behavior of iodine are hampered by a 

lack of thermochemical data. A solution to the problem of getting iodine 

into high temperature silicates must await for better thermodynamic data 

and noble gas measurements. E~periments that investigate the 

condensation of iodine with silicate minerals would also be useful. 

Formation of the Abee Breccia 

The history of Abee can be broken down into the following steps: 

1) condensation of minerals, 2) accretion of the Abee (enstatite 

chondrite) parent body, 3) pre-brecciation metamorphism, 4) brecciation, 

5) post-brecciation metamorphism, and 6) election into space and 

delivery to earth. The formation of the brecciated structure and the 

overall texture of Abee includes items 3,4 and 5. 

The primary texture of Abee, that is, of the typical clast 

interiors, appears to have established before brecciation. As implied 

in Chapter 5, Abee is not a primitive breccia. Instead, Abee was 

metamorphosed after accretion but before brecciation. This metamorphism 

produced, among other effects, the numerous euhedral enstatite crystals, 

which are generally associated with kamacite, and recrystallized 

chondrules (Rubin and Keil, 1982). The metamorphic event probably 

welded the pre-brecciated components into a fairly cohesive material. 

The large quantities of noble gases present in Abee and the distinct 
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siting of the two trapped components indicates that the maximum 

temperature during heating was insufficient to either homogenize or 

outgas the noble gases. This places a probable upper limit of about 

1100 to 1200 C on the metamorphic temperature, lower if the metamorphism 

was prolonged. This metamorphic event may have outgassed the 900 to 

1000 C radiogenic 129Xe bearing phase (see Chapter 4). 

The breccIation event probably involved a single impact as 

discussed in Chapter 5. The size-distribution of the clasts and the 

presence of large quantities of relatively fine-grained matrix suggests 

that Abee was part of a crater ejecta blanket. Vapor deposition of 

metal and heating during the impact produced the clast rims. Greater 

localized heating produced metal and dark inclusions and the larger 

"swirly-metal" and "banded-meta1-rimmed" clasts. Determinations of 

cooling rates (Herndon and Rudee, 1978; Skinner and Luce, 1971) along 

with the fact that most of the clasts were not significantly altered by 

the heating, indicates that the heating was brief and that the 

insulating layer over the brecciated material was thin. The presence of 

martensite (a metastable Fe-C alloy, produced by very rapid cooling or 

quenching; Van V1ack, 1964) in dark inclusions (Rubin and Keil, 1982) 

shows that they cooled very rapidly. This tends to argue against a 

nebular origin for these inclusions as proposed by Sears et a1. (1982b). 

The heating that produced the clast rims was sufficient to mobilize the 

metal but insufficient to melt and degas the enstatite or destroy 

chondru1es. This limits the temperature range to between about 1000 to 

1200 C. 
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Sugiura and Strangway (1982) have measured the remanant magnetic 

fields in various Abee clasts and matrix and have found that Abee was 

once exposed to a fairly intense magnetic field (6 oersteds). The 

carrier of the remanant magnetism is cohenite (Fe 3C), the Curie 

temperature of which is 215 C. From the above discussion, it is 

necessary to establish the remanant fields after brecciation and rim 

formation. The directions of the various clast magnetic fields are 

random suggesting that the clasts were subsequently disturbed but not 

brecciated. Burial by another ejecta blanket could accomplish this. 

Sugiura and Srangway (1982) also found that one of the more 

metamorphosed clasts had been remagnetized after the other clasts as the 

pa1eofie1d was only 1 OE, supporting my hypothesis. The second burial 

could also add more matrix to the system and shut off any exposure to 

solar corpuscular radiation. The model of Housen et a1. (1979) 

indicates that for moderate-sized asteroids, burial by ejecta is more 

prevalent than gardening by impacts, as is the case on the moon's 

surface. 

After this last event, the matrix acquired its remanant magnetic 

field. Sugiura and Strangway (1982) found that the remanant magnetic 

field directions for various matrix samples were the same. The 

structure of Abee was therefore not significantly altered after the 

establishment of the matrix field. The clast/matrix mixture was 

subsequently 1ithified by a process that did not involve heating above 

215 C. An impact event 8 Myr ago released the pre-atmospheric Abee 

stone into space and in 1952, Abee fell in Alberta, Canada. 
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The noble gas and remanant magnetic data place several time and 

temperature constraints on the above sequence of events. The 39Ar_40Ar 

(Bogard et al., 1982), K-Ar and U,Th-He ages are all 4.5 Gyrs. The 

processing of Abee must have occurred very early in the history of the 

solar system otherwise the ~ge dating systems would show disturbances. 

The I-Xe age could indicate a disturbance due to metamorphic heating. 

However, this system is not easily reset in Abee, even at 1100 C 

(Hohenberg and Reynolds, 1969). One way to search for disturbances in 

the I-Xe system in Abee would be to measure ages for individual clasts 

and in the matrix. If the brecciation and metamorphism occurred after 

significant quantities of radiogenic 129Xe had formed, then the more 

metamorphosed clasts (e.g. the "swirly-metal" type clasts) may have 

lower ages than the typical, less metamorphosed clasts. The 

concentrations of radiogenic 129Xe show factor of two variations between 

the various samples. Moreover, matrix sample·1,9,33 appears to have 

been outgassed at·900 to 1000 C. These variations could be due to 

either different I-Xe ages or to different iodine concentrations as 

Goles and Anders (1962) have suggested that distribution of iodine in 

the enstatite chondrites is inhomogeneous. 

The noble gas data place firm upper limits on the pre

brecciation and brecciation metamorphic temperatures as listed above. 

The firmest upper limit on the post-brecciation temperature is the 215 C 

Curie temperature of cohenit.e, the remanant magnetic field carrier 

(Sugiura and Strangway, 1982). Sugiura and Strangway place a more 

conservative upper limit of 100 C for the post-brecciation temperature 
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of Abee. This is roughly confirmed by the noble gas data as both 

radiogenic 40Ar and 129Xe are released beginning at temperatures as low 

as 100 C (sample 1,9,33). 

The cohenite Curie temperature limit places an additional 

constraint on the history of Abee. Using the present value for the 

solar constant and given that the albedo of Abee powder is 0.05 (Gaffey 

and McCord, 1979) the minimum distance that Abee has to have been from 

the sun is 1.2 AU (using a 100 C maximum; Sugiura and Strangway) or 

0.6AU (using the Curie temp. of cohenite, 215 C). The temperature of 

Abee at the earth's orbit would be about 120 C. This has important 

ramifications for Abee's formation. The condensation models for the 

enstatite chondrites suggest that they were formed in the inner part of 

the solar nebula. Sears (1980) goes so far as to suggest the orbit of 

Mercury as the location of the E-chondrite formation zone. In order to 

satisfy the above temperature constraint of 215 ·C, it is necessary that 

the brecciation and subsequent processing occur at a distance of at 

least 1 AU, using present solar luminosity values. Either Abee did not 

form as close to the sun as suggested by Sears (1980) or the Abee parent 

body was moved to a cooler region before brecciation. The asteroid belt 

is a logical choice as it presents a relatively stable orbital 

environment over the age of the solar system. 

The Relationship Between Abee and the E-Chondrites 

Anders (1964) proposed two catagories of E-chondrites: the type 

I comprises meteorites of highest Fe and S content and are relatively 

unmetamorphosed (includes Abee), the type II contain lesser amounts of 
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Fe and S and are highly recrysa11ized. Van Schmus and Wood (1968) 

divided the type I's into types E4 and E5 and the type II's into the E6 

group. This classification scheme is based on the assumption that 

higher petrologic grades are progressively more metamorphosed. Sears et 

a1. (1982a) have combined the two systems so that types E4 and E5 become 

EH4 and EH5 while type E6 becomes EL6 (the H refers to high Fe, the L 

refers to low Fe). The classification Sears et a1. (1982a) is based on 

the hypothesis that the various petrologic grades do not comprise a 

metamorphic sequence but that the different chemistries of the E

chondrites were established during nebular condensation. 

Formation of E-chondrites 

There are two sets of hypotheses proposed to explain the 

differences between the E-chondrite groups. The first set claims that 

the major element fractionations and dep1etio.ns in volatile elements 

were established as the result of nebular condensation processes (Kei1, 

1968; Larimer and Anders, 1967; Wasson and Wai, 1970; Sears, 1980; Sears 

et a1., 1982a). These hypotheses involve condensing the various E

chondrite types at different temperatures, times or locations in the 

solar nebula; usually some combination of the three. The second set 

claims that the metamorphic grades actually represent a metamorphic 

sequence that was established by thermal processing in a parent body 

(Mason, 1966; Watters and Prinz, 1979; Dodd, 1981). These hypotheses 

invoke thermal metamorphism and cosmochemica1 fractionation to produce 

the observed Z-chondrite types. 
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Formation of Abee mineralogy 

Abee is unique among the E-chondrites in that it is the largest 

and the only known brecciated member of the clan. Abee is a type E4 (or 

EH4 using Sears et a1., 1982a) since it contains ''high'' Fe and S 

contents and is relatively unmetamorphosed. A small number of clasts 

are highly metamorphosed; perhaps the result of impact processing as 

discussed in Chapter 5. Because of these metamorphosed clasts, Marti 

(1981, personal communication) suggested that Abee may contain higher 

petrologic grade E-chondrite material. None of the clasts analyzed by 

Rubin and Keil (1982) have E6 compositions but the most metamorphosed 

clasts (e.g. the dark inclusions or the "swirly" type clasts) show minor 

depletions in volatile trace elements (Sears et a1., 1982b) which follow 

trends similar to those observed in E6 chondrites. 

The Abee dark inclusions may provide an answer to the question 

of whether nebular or parent body processes established the chemical 

trends observed in the E-chondrites (Keil, 1968). Rubin and Keil (1982) 

have suggested that the dark inclusions are a new type of enstatite 

chondrite material, rich in silicates and sulfides. Sears et a1. 

(1982b) in turn suggest that the dark inclusions are nebular 

condensates. My own observations of Abee suggest that the dark 

inclusions were formed as a result of heating Abee material during 

impact. 

The larger dark inclusions have banded metal rims and irregular 

shapes. The texture of inclusion 5,1 suggests that it was partially 

fluid at one time (Marti, 1981, personal communication). In short, they 
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appear to be the most metamorphosed materials in an apparent metamorphic 

sequence of clasts in Abee. The dark inclusions are only found in the 

matrix. If they were nebular condensates then they should also appear 

in typical clasts as well (dark inclusions have not been reported in 

other E-chondrites, but to my knowledge, no one has searched for them). 

By comparison, chondru1es appear in both Abee clasts and matrix and are 

found in other type E4 and ES chondrites (Keil, 1968). Chondru1es are 

also mineralogically different from the dark inclusions, having much 

higher abundances of silicates and lower abundances of both metal and 

sulfides. 

Rubin and Kei1 (1982) and Sears et a1. (1982b) have stated that 

the dark inclusions cannot be impact melts. Impact melting should 

result in a separation of the immiscible liquid metal plus sulfides from 

the silicates (Fodor and Kei1, 1976; Rubin and Kei1, 1982). Dark 

inclusions contain significant quantities of sulfides, metal and some 

intact chondru1es. Clearly, the dark inclusions have not been 

completely melted, but the presence of FeNi metal and sulfides does not 

necessarily rule out partial melting of these inclusions. For one, the 

presence of martensite indicates that the inclusions cooled very 

rapidly, on the order of degrees K/hour. Perhaps partial melting 

followed by rapid cooling prevented the separation of the metal plus 

sulfide liquid from the silicates. The textures of "swirly" type clasts 

indicates that they were solidified during metal liquid from si1cate 

separation. By contrast, shock heated meteorites, such as Shaw (Taylor 

et a1., 1979) and Plainview (Fodor and Kei1, 1976), show more complete 
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separation of metal liquid from silicates but have cooling rates on the 

order of 1 K/ 103- 4 yrs. 

Dodd (1981) analyzed the Fe-Ni-S systems of various E-chondrites 

and achondrites. He noted that the compositional trend from type E4 to 

type E6 is consistent with the loss of FeNi-FeS eutectic melt frOIil" type 

E4 material. Interestingly enough, the compositions of the FeNi-FeS 

system from dark inclusions 5,1 and SI 2096 (Smithsonian Institute Abee 

sample, data for both samples from Rubin and Keil, 1982) plot just below 

the 1000 C eutectic melt composition predicted for E4 composition (Fig. 

27). These compositions do not seem coincidental but instead suggest 

that the FeNi-FeS system in the dark inclusions is a recrystallized, 

partial melt of E4 type material. This supports my conclusion that the 

dark inclusions are metamorphosed, fractionated materials instead of 

nebular condensates. 

The observations of Dodd (1981) suggest that the compositional 

trends observed in E-chondrites and achondrites are due to melting and 

cosmochemical fractionation. This places all the E-chondrites, and 

possibly the enstatite achondrites, on's single parent body. Sears et 

al. (1982a) have suggested that the E-chondrites formed on at least two 

parent bodies: one for the E4,5's (EH), another for the E6's (EL). 

Sears et al. (1982a) also favor condensing the type EL and EH materials 

at different times and locations in the solar nebula. The reason that 

we do not have either EH6 or EL4,5 meteorites is simply a sampling 

problem. In the face of evidence supporting parent-body, metamorphic 

fractionation as a viable method of producing different FeNi-FeS 
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Figure 27. The Fe-Ni-S ternary diagram for the E-chondrite system. -
The crosses are the 1000 and 1100 C melt compositions for E4 material. 
Abee dark inclusion samples 5,1 and SI 2096 (data from Rubin and Keil, 
1982) plot just below the 1000 C melt point. The dark inclusion 
metal .... sulfide compositions suggest that they were formed by melting of 
E4-type material instead of formation from the solar nebula. Diagram 
based on Fig. 5.5 from Dodd (1981). 
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compositions and Fe/Si ratios, the conclusions of Sears et ale (1982a) 

seem to be ad hoc and ignore an important set of petrologic 

relationships. 

I prefer the model of Dodd (1981) to the model of Sears et ale 

(1982a). Placing all the E-chondrites on a single body and invoking 

metamorphism and thermal fractionation seems a much simplier procedure 

than nebular fractionation and multiple parent bodies. The Abee data 

support the first model. Furthermore, the noble gas concentrations and 

compositions observed in the E-chondrites (this work; Crabb and Anders, 

1981) do not correlate with petrologic grade. The relative amounts of 

the argon-rich and Kenna-type components show variations (as observed in 

the bulk 36Ar /132 Xe ratios) but the greatest spread in the 36Ar /132Xe 

ratio is observed in the type E4's (36Ar /132/Xe for lndarch, E4, and 

South Oman, E4, are 80 and 2700 respectively; Crabb and Anders, 1981). 

The noble gas systematics show no evidence of separate origins for the 

E4,5 and E6 chondrites. 

Impact processing of Abee has apparently duplicated, to some 

degree, the sort of melting and fractionation processes that Mason, 

(1966), Watters and Prinz (1979) and Dodd (1981) have has proposed to 

form the E-chondrites. Furthermore, the experiments of Ikramuddin, Binz 

and Lipschutz (1976) have duplicated E6-type volatile element patterns 

upon heating of Abee. Prolonged open-system heating of E4 material can 

apparently duplicate some of the trace element trends observed in the E6 

chondrites. It would be interesting to analyze the mineralogy and 
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petrology of heated residues from the experiments of Ikramuddin et al. 

(1976) to see if they displayed E6 features. 

One final comment is that the cooling rates for the enstatite 

chondrites, as deduced by Skinner and Luce (1971) show very rapid 

cooling for all E4 and 5 chondrites (on the order of 0.1 C/min) and 

cooling rates a few orders of magnitude slower for the E6 chondrites. 

In contrast, the cooling rates for ordinary chondrites (based on 

kamacite-taenite relationships) range from 1K/ 103- 4 yr to 1K/ 106- 8 yr 

(Willis and Goldstein, 1981), cooling rates which are much slower than 

those for the E-chondrites. Apparently the E-chondrites formed near the 

surface of their parent body. It is also possible that the E-chondrite 

parent body was small (10 km diameter ?). The order of the E-chondrite 

cooling rates is, nevertheless, consistent with the E6's being more 

metamorphosed, hence forming deeper in the parent body, than the E4's 

and ES's. 

Future Work 

Noble gases 

The trapped noble gas data have strongly suggested enstatite as 

the major noble gas carrier in E-chondrites. This is contrary to t-he 

results from ordinary and carbonaceous chondrites for which carbon 

or sulfide (phase 'Q') minerals are suggested. The difference between 

the E-chondrites and other chondrites may be the result of the different 

oxidizing conditions under which these meteorite groups formed. The 

reason for this is not clear. Our knowledge of noble gas trapping 

mechanisms and the identities of meteoritic noble gas carriers is still 
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crude. Further investigation of trapping mechanisms at high as well e~ 

low temperatures is needed. Experiments which measure the trapping of 

noble gases in silicate minerals are also needed. 

One problem that has faced researchers has been the inability to 

measure extremely small samples. In many cases, the noble gases appear 

to be carried by minor or trace minerals or that the meteorites under 

investigation are fine grained. The advent of mass spectrometers which 

are capable of analyzing microgram quantity samples will undoubtedly 

lead to better identification of noble gas carrier minerals. 

Meteoritic breccias 

The study of meteoritic breccias can tell us much about the 

processes which formed and modified the asteroids and their regoliths. 

Recent regolith models have successfully explained many of the features 

of one type of breccia, the gas-rich meteorite breccias. These breccias 

are formed in surficial regoliths and were produced under conditions 

analogous to the present day lunar surface environment. Housen (1981) 

has stated that these breccias need not have formed during the early 

history of the solar system. The Abee brecci~ was also formed in a 

regolith but early in the solar system history and under conditions that 

were different than those that produced the gas-rich breccias. A next 

step in our understanding of regolith and asteroid formation would be to 

model regolith formation under low velocity conditions and under 

conditions which allow accretion to occur. It should be possible to 

modify current regolith models, such as Housen (1981), to examine the 

formation of Abee-like breccias and breccias which formed during periods 
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when accretion was occurring. Such models will lead to a better 

understanding of the events and processes which formed the asteroids and 

planets. 
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