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Instrumental and radiochemical neutron activation analyses

supported by electron microprobe mineral analyses (Paul Warren,

University of New Mexico) and petrographic observations are present-

ed for approximately forty individual clasts separated from the

Kapoeta howardite. These clasts are classified into eucritic,

cumulate-like, mafic (plagioclase ± olivine-bearing pyroxenites),

pyroxenite, polymict and/or metal-rich and chondritic components.

Geochemical inferences are presented which suggest significant com-

positional variations in the eucritic clasts as compared to normal

'main' group eucrites.

Clasts of mafic lithologies have chemistries which suggest

primary magmas. These primitive primary compositions can be derived

from sources which are essentially CH or CL ordinary chondrite-like

compositions with the exception of ,13-fold depletions in the volatile

alkali elements (Na, K, Rb and Cs). An extensive partial melt origin

if preferred for the genesis of these mafic magmas.

Source Fe' (Fe/Fe-I-Mg molar) values suggested by the most Mg-rich



eucritic and Antarctic eucrites (-0.28) vs. the ordinary chondrite

source values (-0.23) are reasonably close; however, normal eucrites

suggest source Fe' values of -0.35. Although eucritic clasts and

known Antarctic eucrites can reasonably be derived from sources which

produced the mafic magmas by partial melting followed by minor (<20%)

orthopyroxene fractionation, normal eucrites having greater and nearly

constant Fe' values and nearly unfractionated trivalent REE patterns

cannot be produced by similar mechanisms and are therefore concluded

to have significantly different source compositions. In such cases a

secondary melt origin from enriched non-chondritic sources is inferred

for normal eucrites.

Eucritic and pyroxenitic cumulates have compositions which infer

the presence of trapped liquid components. The trapped liquid probably

resulted from inefficient solid phase accumulation due to small parent

body gravitational fields.

Final conclusions are presented which attempt to account for the

compositional variations observed in normal eucrites, diogenites,

pallasites and the howardite lithic clasts observed in this work. The

evolutionary sequence includes (1) initial production of extensive

core melts leaving pallasitic-like residuals, (2) generation of near

surface low-degree partial melts (Mg-rich eucritic clasts), (3)

crystallization of extruded primary melts (diogenites and cumulate

eucrites) and (4) cumulate remelting (normal eucrites) episodes. This

sequence of igneous events requires that the KPB was heated by a melt-

mobile heat source such as primordial 26A1.
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PREFACE

Numerous excellent review articles have been written in the field

of meteorites. Background information may be found in Wood (1968),

Wasson (1974), Mason (1962) and Krinov (1960).

This study deals primarily with those meteorites which are under-

stood to represent products of igneous evolution. Specifically, these

meteorite types are called eucrites, howardites, diogenites, mesosider-

ites and pallasites. Eucrites and diogenites are analogous to terre-

strial basalts and pyroxenites, respectively. The pallasites are

stony-iron meteorites with approximately equal proportions of Ni-rich

iron metal and magnesian olivine. No terrestrial analog has been

observed for these stony-irons; however, it is assumed that pallasites

could represent core-mantle boundaries produced by extensive planetary

melting.

Howardites and mesosiderites are complex polymict breccias com-

posed of a number of known and unknown meteoritic and mineral clasts

embedded in a fine-grained matrix of the same. The latter is a stony

iron meteorite crudely represented by howardites which were invaded

by molten Ni-rich iron metal.

This work attempts to define clearly and classify the meteoritic

types found within a single howardite. It will be shown that concerted

efforts of combined chemical and mineralogical studies provide not only

more precise and accurate rock classifications, but most importantly

permit the deduction of significant geochemical implications and hypo-

theses for their genesis.
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A CHEMICAL AND PETROLOGICAL STUDY OF IGNEOUS LITHIC CLASTS FROM THE
KAPOETA HOWARDITE

I. INTRODUCTION

Certain types of meteorites, expecially the gas-rich howardites,

strongly resemble lunar soil breccias. This suggests that scarifi-

cation and subsequent lithification of sintered regolith materials

were produced by surface impacts on the parent bodies of these meteor-

ites. The howardite, Kapoeta,is a clast-laden howardite representative

of this group of regolith meteorites. Pioneering petrographic work

performed by Duke and Silver (1967) demonstrated that Kapoeta and

other howardites are polymict breccias composed of various types of

mineral and lithic clasts indicating that these meteorites represent

terrains of distinctly different genetic histories. Based upon the

linear correlation of major element chemistries in eucrites, howardites

and diogenites, Jerome (1970) and Jerome and Goles (1971) interpreted

the howardites as simple mixtures of eucrites and diogenites. Simi-

lar interpretations were presented by McCarthy et al. (1972) using

more extensive data bases. Petrographic evidence (Wilkening, 1973)

and siderophilic element data (Chou et al., 1976) established that a

small fraction (0.5-3.3%) of chondritic components are also present

in howardites, presumably introduced as meteoritic impactites during

brecciation.

More precise and detailed investigations of howardite mineral

and lithic clasts have lead investigators to suspect that these meteor-

ites are comprised of other unique meteoritic types as well. The

compositional range of pyroxenes in howardites was shown to be consider-
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ably higher with respect to Mg/Fe ratios than that recorded for dio-

genites and eucrites obviously precluding a simple mixing process of

these two meteoritic types (Simpson, 1975; Takeda et al., 1976; Dymek

et al., 1976). Bunch (1975) suggested on the basis of petrographic

observations that several howardites, including Kapoeta, contain mafic

and Al-rich lithologies unique to known meteorite types. Similarly,

petrographic and chemical studies on the silicate portions of meso-

siderites indicate unusual rock types significantly different from

diogenitic, eucritic or chondritic lithologies (Floran, 1978; Powell,

1971; Mittlefehldt, 1979). Although these later investigations

suggested the presence of unique lithologies in most howardites the

major impetus to study specifically the Kapoeta howardite was due to

chronologic interpretations with petrographic and mineralogic obser-

vations of basaltic clasts extracted from this howardite.

Earlier investigators (Lal and Rajan, 1969; Pellas et al., 1969;

Wilkening, 1971) and later studies (Rajan, 1974) suggested that lithic

clasts in Kapoeta were not subjected to strong thermal metamorphism.

The presence of discrete glass spheres and particles resembling chond-

rules, the preservation of solar flare tracks and the non-recrystal-

lized nature of the Kapoeta matrix support the hypothesis that the

lithic clasts observed in Kapoeta represent 'primary' igneous products,

and therefore, further detailed study of Kapoeta should help to

elucidate the chemical nature and time scale for differentiation of

the Kapoeta parent body (KPB).

With these observations in mind, two basaltic clasts (A and B)

were extracted from the Kapoeta matrix and subjected to the Rb-Sr
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mineral isochron age dating technique by Papanastassiou et al. (1974)

as a preliminary investigation to determine differentiation times

on the KPB. These authors discovered that both clasts exhibited

crystallization ages (3.89±0.05 and 3.63±0.08 b.y., respectively)

that are considerably younger than eucrites (ti4.54 b.y.) suggesting

that the KPB was volcanically active for at least one billion years.

Subsequent chronologic studies discovered that two other basaltic

clasts (C,p) from Kapoeta have isotopic compositions and a Rb-Sr

mineral isochron age (clast C only) suggesting primitive source

compositions and a very old (4.54±0.12 b.y.) crystallization age

(Papanastassiou and Wasserburg, 1976).

The apparently young crystallization ages of clasts A and B

and essentially chondritic age of clast C indicated that the Kapoeta

meteorite recorded individual basaltic compositions which erupted

over considerable lengths of time and that cosmoscientists for the

first time, could determine how primary basaltic compositions

(clasts C and p) varied over long periods of time (clasts A and B).

However, these discoveries and resulting implications were tempered

when it was found through detailed mineralogic and petrologic

observations that the presumably young crystallization ages of clasts

A and B represent a shock recrystallization age and that the clasts

C and p exhibit unrecrystallized textures and compositions

indicative of 'primary' igneous products (Dymek et al., 1976).

Although the conclusions of Dymek et al. (1976) essentially

abandoned the idea that howardites contain records of 'long term'
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primary igneous evolution, the misconstrued chronologic data and re-

sulting implications prompted considerable geochemical and mineralogic

investigations of howardite lithic and mineral clasts. Mainly through

these investigations, new lithologic types were discovered in polymict

breccias. Unfortunately, these investigations have been at best only

moderately informative.

The lack of complete petrologic and chemical classification

required to interpret the genesis of these presumably new lithic

types is justly founded. Even classification of 'known' meteoritic

types (i.e. eucrites, diogenites and chondrites) in these polymict

meteorites is not a trivial undertaking. Post-crystallization events

which have cemented the lithic fragments together have not only ob-

scurred them from direct observation, but have made original textures

and compositions difficult to interpret unambiguously. Often petro-

graphic and mineralogic observations are not accompanied by sufficient

chemical data to enable the observer to assess accurately the genesis

of the various clasts and their subsequent geochemical implications.

The complexity of polymict meteorites warrants a complete chemical-

mineralogical-petrographic study similar to the consortium studies

on the heterogeneous lunar rock 12013 (Consortium, 1970; Quick et al.,

1977), the Allan Hills polymict eucrites and the polymict shergottite

meteorite Elephant Morraine 79005.

This work uses extensive chemical studies with necessary mineral-

olical and petrographic observations to define more precisely the

lithic types in the howardite Kapoeta. It is hoped that by defining
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these lithologies some new insights about primary igneous evolution

of asteroidal dimensioned bodies can be obtained. However, before

further discussion of the entities observed in Kapoeta, let us consider

the meteoritic lithologies previously suggested to be present in

howardites.



Eucrites

Eucrites are basalts (most often monomict breccias) composed

primarily of calcic plagioclase ('35 %), pigeonite (,\,50%), augite

040%), and a polymorph of silica (cristobalite, tridymite or quartz).

Accessory phases often include chromite , ilmenite, troilite and

metal. Grain sizes range from amorphous or cryptocrystalline

to coarse and textures include a variety of subophitic, variolitic

and intersertal forms. Subophitic textures are found in all brec-

ciated eucrites. In these textures, non-porphyritic plagioclase

occurs primarily as laths or plates growing into and principally

surrounded by pigeonite.

Two varieties of pyroxene crystallization are observed in

eucrites. The unequilibrated eucrites, Pasamonte and Yamato

74-450, have pyroxenes with magnesian pigeonite cores zoned outward

toward either iron-rich pigeonite or augite rims and contain no

optically visible exsolution lamellae (Takeda et al., 1978a, 1978b).

Other brecciated eucrites have equilibrated pyroxenes (eg. Juvinas,

Nuevo Laredo, Stannern, etc.). These equilibrated eucrites show

little, if any, pigeonite zonation, but do show exsolution lamellae

ranging in size from barely microscopically visible to several

microns in width. Rare fragments of Nuevo Laredo have vitric textures

(Duke and Silver, 1967) and exhibit the finest-grained igneous textures
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known for eucrites. Irregular glass pods and veins in Stannern

(Duke and Silver, 1967), Cachari (Fredrikson and Kraut, 1967), and

Bereba seem to have been formed by shock processes and are apparently

not related to igneous crystallization. Yamato 74-450 is the only

known eucrite which contains basaltic fragments which are distinctly

porphyritic (Takeda et al., 1978b). In this texture, commonly

equant magnesian pigeonite cores zoned to ferrous-rich rims are

surrounded by a finer-grained somewhat variolitic texture.

Most eucrites aremonomict; however, a number have been recently

discovered through Antarctic expeditions to be of a polymict nature,

Distinctions of these polymict eucrites with the polymict howardites

has been moderately controversial. Prior (1920) classified those

meteorites in which pigeonite is the dominant pyroxene as howardites.

Duke and Silver (1967) defined eucrites as monomict breccias rich in

clinopyroxene whereas howardites are polymict breccias rich in both

clinopyroxene and orthopyroxene. Grossman et al, (1981) showed that

all of the pyroxene-plagioclase achondrites which have dominant

pigeonite fall within a restricted compositional range with Ca0 greater

than 9% and Fe' [Fe0/(Fe0 + Mg0) molar ratios] between 0.35 and 0.70.

This latter classification is identical to Prior's criterion except

that it also requires a certain percentage of plagioclase to be

present with dominant pigeonite. In any event,individual analysis

of the lithic fragments of polymict eucrites, although indicating

different basaltic flows, show that they are identical compositionally

to known monomict eucrites (Smith and Schmitt, 1981) and thus are
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appropriately classified as polymict eucrites.

Chemically, eucrites (monomict and polymict) have very similar

major and minor element abundances. However, trace element variations

are considerable indicating a number of unique petrogenetic histories

for eucrites. Two major philosophies are generally accepted for the

genesis of eucrites. Mason (1962) first proposed that eucrites are

residual liquids produced by extensive crystallization of metal and

olivine (pallasites?), pyroxene (diogenites), and pyroxene-plagioclase

(cumulate eucrites). Stolper (1977) on the other hand suggested that

some eucrites represent primary liquids produced by partial melting

processes from primitive unfractionated sources whereas other eucrites

are residual liquids produced by variable amounts of pigeonite and

plagioclase crystallization from primary eucritic liquids.
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Cumulate Eucrites

Some rocks, although having major mineral compositions which

classify them as eucrites, appear texturally to be cumulates. These

medium- to coarse-grained equigranular eucrites are generally referred

to as cumulate eucrites. Preferred orientation of pyroxene grains has

been reported in Moore County (Hess and Henderson, 1949), but this

observation does not appear to be obvious and is not reported

unequivocably for other known cumulate eucrites.

Compositionally, the Ryroxene to plagioclase ratios vary from

75:25 for Binda to 40:60 for Serra de Mage (Duke and Silver, 1967).

The major element variations (shown in Table 3-2) mirror modal mineral-

ogies and vary considerably. Trace element abundances show large

variations as well. Often duplicate analyses of the same meteorite

are different by factors of two or more. These variations are

attributed to sample heterogeneity which are often common to cumulate

rocks.

Despite the heterogeneous nature of cumulate eucrites there are

some consistencies. All possess significant positive Eu anomalies

and have significantly more magnesian pyroxenes relative to the

subophitic textured 'normal' eucrites. It is generally accepted that

these intrusive rocks were derived from eucritic liquids; however,

models which attempt to explain their chemistries have at best been

controversial.
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Diogenites

The diogenites are generally considered to be monomict assem

blages of orthopyroxene. Mason (1962) called these meteorites

hypersthene achondrites; however, most of the orthopyroxenes were

found to be of bronzite composition. All known diogenites except

Tatahouine have brecciated structures with large angular fragments

of bronzite in a groundmass of comminuted pyroxene and minor amounts

of accessory minerals. Optical measurements have shown remarkably

uniform pyroxene compositions within the group (25 to 27 mole percent

FeSiO3). The nearly monomineralic nature of diogenites has prompted

several investigators to suggest that these meteorites represent

cumulates from planetary igneous differentiation processes (Mason,

1963; McCarthy et al., 1973; Stolper, 1975).

Fukuoka et al. (1977) have suggested that the diogenites

Johnstown and Roda possess significant amounts of intercumulus

liquid which could be similar to that of normal eucrites. They

base their conclusions on the abnormally high concentrations of

aluminum and incompatible trace elements found in these two diogenites.

Mittlefehldt (1979) has observed a plagioclase mineral clast (4 mm

in diameter) in Johnstown and subsequently suggested that this

diogenite is akin to cumulate eucrites. Generally, the variations

observed in diogenites are minor and are usually due to variable

amounts of accessory sulfide, spinels, metal and intercumulus

liquids. The complete lack of clinopyroxene in diogenites makes these

meteorites easy to discern from howardites and eucrites.
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Unique Rock Types

The mafic rock clasts found within howardites were petrographically

described by Bunch (1975) as commonly medium-grained (1-3 mm) clasts

which consist predominantly of elongated pyroxenes, bronzite to hyper-

sthene, with a few clasts containing ferrohypersthene with exsolved

Ca-rich clinopyroxene. Calcic-rich plagioclase interstitial to the

large pyroxene grains were found to be present in less than 25 volume

percent. A single observation of olivine (Fo84) was associated with

large amounts of bronzite. At present, this description of mafic

rocks in howardites, albeit rather limited, is the only citable reference

concerned with their chemical and petrographic characteristics.

Aluminum-rich rocks found in howardites have also been described

by Bunch (1975). However, he was unable to distinguish whether these

clasts represented plagioclase-rich segregations in gabbroic rocks

or whether these clasts were plagioclase fragments derived from cumu-

late eucrites.

Other petrographic studies have observed magnesian olivines

(Foxb76) and pyroxenes (En85) in a number of howardites. These

mineral fragments may be the comminutive remains of mafic lithologies

although this is only speculative. Regardless of their exact origins,

such magnesian minerals require that liquids more magnesian than

eucrites existed during the igneous life span of the howardite

parent body.

This present work will show clearly that all of the aforementioned

lithologies are present in the Kapoeta howardite. However, unlike
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previous studies, the data obtained for each of the lithic clasts

are extensive enough to allow for relatively unambiguous petro-

genetic interpretations.
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2. Experimental Procedures

Two approximately 100 gram slabs of the Kapoeta howardite were

obtained from Prof. C.B. Moore of Arizona State University. From

these slabs approximately forty rock clasts and six matrix fractions

were isolated using a standard type air-powered dental drill equipped

with an ultrapure N2 supply and tungsten carbide drills. Separation

facilities for the B series clasts and matrix samples were provided

generously by Dr. G.J. Wasserburg at The California Institute of

Technology. The C series clasts were separated in a similarly designed

glove box facility constructed for this purpose at 0.S.U. Due to some

very small (down to 1 mg) sizes of clasts and the irreplaceable nature

of meteoritic samples, precisely controlled drilling was facilitated

using a stereomicroscope equipped with a foot operated focus and

magnification so that both hands and eyes could coordinate in the

separation process. Final extraction (once loosened by the drilling

procedure) was accomplished using tungsten and stainless dental

equipment. After extraction each clast was visibly inspected for

adhering grind residues and matrix fragments which were then removed

until visual inspection confirmed clean separates. Often matrix was

allowed to be present in splits of clast samples which were to be only

petrographically studied (matrix contamination can be visually avoided

using these techniques).

Sample designations correspond to the slab label (B, C) from
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which each clast was extracted. The clasts were then transferred and

sealed into small clean polyethylene vials after appropriate lengths

of clean polyethylene rod were inserted into the vials somewhat loosely

to minimize fragmentation as well as variable activation and counting

geometries. Along with chemically prepared standards, the U.S.G.S.

standard rocks BCR -1, GSP-1, PCC-1 and chemically well-analyzed

powdered chondrites, Allende and Mighei, were used as elemental stan-

dards and internal checks for accuracy and precision during analysis.

Using INAA (instrumental neutron activation analysis) procedures

similar to those described by Laul (1979) the first analysis was an

activation via the generation of short-lived radionuclides (Table 2-1).

In this procedure the samples are individually irradiated using the

Oregon State University TRIGA Reactor pneumatic terminal (rabbit sys-

tem) for five minutes at a constant and reproducible neutron flux .

In order to obtain optimum counting geometries for varying sample

masses, separate activations were necessary. Just as variable neutron

fluxes were used to obtain approximately the same radioactivities,

variable decay times (± 5 min.) were employed depending on the 2.24-m

28A1 activities for each unique sample. Often a sample exhibited small

levels of
23
A1 activity, thereby requiring shorter decay periods rela-

tive to samples which have larger quantities of Al. In general

samples of 1 to 30 mg masses were subjected to neutron fluxes of

1

Neutron flux = thermal neutron flux (g4) epithermal neutron flux (4)
e

)

where = 0.02c in the pneumatic system and (D
e

= 0.044
t

in the

rotatin6 rack of the O.S.U. TRIGA Reactor.
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10
13

neutrons/cm
2
/s, decayed -10 minutes and counted by a high effi-

ciency (-18% relative to 3X3 NaI(Tl)) and high resolution (-1.9 keV

@ 1333 key FWHM) horizontal Ge(Li) detector coupled to a 4096/2048

multichannel analyzer.

Contributions due to interfering (n p) reactions are listed in

Table 2-1 below each fast neutron induced reaction. These corrections

were found to be insignificant for all except
27

Al(n,p)
27
Mg provided

samples and standards generally represented similar Si concentrations.

Corrections for the Al contribution to Mg abundances varied from -1%

in most pyroxenites up to 74% in Al-rich clasts.

Following the first count the samples were recounted after a

decay of 2 to 5 hours, for lk-4k seconds to measure the
24

Na,
56

Mn and

166
Dy activities. If the 24Na activities were very low, a longer

third count was taken -24 hours after the short irradiations.

Subsequent to the short activations the samples and appropriate

standards were placed in the 0.S.U. TRIGA rotating rack for a seven-

hour activation at a neutron flux of 3 x 10
12

n/cm
2
/s . After a

decay of one day sequential counting was continued over a period of

four to eight weeks. Table 2-2 lists the counting and nuclear para-

meters of the elements determined during these counts. The inter-

ferences listed are pertinent to the sample elemental abundances.

However, there are other interferences which are associated with the

listed isotopes. If, for instance, one were determining the elemental

abundances in granites in which U were more abundant than 10 ppm one

must consider the contributions from the neutron induced fission of



Table 2-1 Relevant nucleara and counting parameters for short activations.

Stable Isotope Thermal Neutron
b

Radionuclide ti Ey, keV Interferences

(% abundance) Cross Section, produced
2 (% abundance) (measured contributions)

Resonance Int. (Ir)
(barns)

26Mg (11.01)

27A1 (100)

48Ca (0.187)
50Ti (5.2)
51V (99.8)

23Na (100)

55Mn (100)
164Dy (28.1)

0.036, 0.025

0.23, 0.17

1.1, 0.5
0.18, 0.11
4;91, 2.7

0.53, 0.32

13.3, 14.2
2700, 340

Count #1

27Mg 9.46m

28A1 2.24m

49Ca 8.72m
5ITi 5.79m

52V 3.75m

Count #2

24Na 15.0h

56Mn 2.58h
1650y 2.33h

1014 (27)

1779 (100)

3084 (92)
320 (95)

1434 (100)

1369 (100)

847 (100)
94.7 (4.4)

27A1 (n,p) "Mg
(1 g Al =0= 0.24 g Mg)

2851 (n,p) 28A1

(1 g Si * 0.0052 g Al)

"Cr (negligible)

"Al (no) 24Na
(negligible)

24mg (n,p) 24Na

(1 g Mg -4= 0.00051 g Na)

a) Nuclear data from Lederer et al. (1967) and General Electric 12th ed., Chart of the Nuclides

(1977).

b) Epithermal neutron cross section = 0.02 Ir.
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U and Th in the sample. In this work U and Th («1 ppm) did not re-

quire correction for fission interferences.

As noted in Table 2-2, replicate counts were taken. These repli-

cate analyses help correct, if necessary, for slight but often unavoid-

able geometry changes between successive counts. In this way, the

relative (not absolute) abundances of the individual sample can be

normalized in order to obtain consistent results. This practice

should only be used to insure that constant and reproducible geometries

are attained.

When either low elemental abundances or sample masses precluded

accurate determinations, the samples were irradiated in the high flux

reactor at the University of Missouri Research Reactor (MURR). With

approximately 100 times the neutron flux (2 x 10
14

n/cm
2
/s) and

fifteen times the irradiation time (100 hours) a total neutron

fluence of 1500 times that achievable at the 0.S.U. TRIGA facility

can be obtained. Usually the added induced activity is sufficient to

yield acceptable results. For the U. of Missouri activations, the

samples were removed from their 0.S.U. irradiation polyethylene vials,

reweighed and sealed in Suprasil quartz vials with inner, smaller dia-

meter Suprasil quartz vials serving as restricting plugs and containers

for flux monitors. All vials were etched with 1N HF for 10 minutes,

washed with concentrated HNO3 and rinsed with doubly distilled water.

Labelled vials were then wrapped in Al foil and irradiated for 100

hours at a flux of -2 x 10
14

n/cm
2
is at the MURR. After the irradia-

tions the samples were air transported back to our 0.S.U. laboratory
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where they were removed from their vials, reweighed and placed in new

clean pyrex tubes. Sequential counting commenced after about five days'

decay (transport time). Such an unavoidable decay precluded determin-

ation of 12.4-h
42K; however, this element was usually determined in

the first INAA procedure at 0.S.U.

Variations in neutron fluxes during irradiation were measured

by using one to two mg pure Fe wires which were inserted in the inner

quartz vials directly above or on the sample. After approximately

one months' decay the
59

Fe specific activities were recorded. Flux

corrections rarely exceeded 10% and averaged about 3%.

These long activations and high neutron fluxes at MURR often

produced secondary reactions which caused interferences not significant

for the shorter 0.S.U. activations. For instance, it was calculated

that the second order reactions caused from irradiation of 1 ug of Eu

151
Eu(n ,y)TmEu(EC)

152sm(n ,y)153Sm
and 151Eu(n,y)152mEu(C)152Gd(no)

153Gd yiel ed specific activities which represented the equivalent of

0.08 ug Sm and 30.0 ug Gd. Consequently, Gd and sometimes Sm, were

excluded in MURR activation analyses. Further references concerning

the importance of second order reactions can be found in Kubota (1976),

Kramar (1979) and Davis et al. (1982).

Radiochemical neutron activation analyses (RNAA) were performed

on clasts which were large enough for obtaining splits for both miner-

alogical and petrological studies. RNAA was also performed on clasts

that exhibited peculiar or poorly defined REE profiles. The RNAA

procedure entailed the separation of Rb, Cs, Ba, Sr, U and the REE.
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Details of the RNAA separation and yield determinations are given in

Appendix A.



Table 2 -2 Relpyant nuclear and counting parametersa for long activations,

Stable Isotope
(% abundance)

,,

Thermal Neutron Radionuclide
Cross Section,b produced
Resonance Int.

(barns)

El, keV Interferences
(% abundance) (measured contributions)

Count #1 1 day decay. Count time 8k-15k seconds.

23Na (100) 0.53, 0.32 24Na 15.0h 1369 (100) 27A1 (n,a) 24Na
(negligible)

24Mg (n,p) 24Na
(lpg Mg =0= 0.00051pg Na)

41K (100) 1.46, 1.3 42K 12.36h 1525 (18.3)

Count #2 3-4 days decay. Count time 10k-20k seconds.

139La (99.91) 8.9, 11.4 14°La 40.23h 1596 (96)

152Sm (26.7) 208, 3000 15'Sm 46.8h 103 (28)

174Yb (31.6) 65, 30 175Yb 4.21d 396 (6.5)

176Lu (2.6) 2000, 1200 177Lu 6.74d 208 (11)
176Yb (n,y) 177Yb 177Lu

(lpg Yb v 0.004pg Lu)

1g7Au (100)
1 98Au99, 1550 64.7h 412 (97) 152Eu (Ey = 410)

Count #3 1-2 weeks decay. Count time 20k-40k seconds.

5°Cr (4.35) 15.8, 7.6 51Cr 27.71d 320 (9.8)

130Ba (0.11) 131Ba14, 200 11.7d 496 (7.3)

146Nd (17.2)
1 LONd1.3, 2.8 10.99d 531 (12) 2350 (fission)

91 (27) (lpg U .4# 0.32 pg Nd)

(insignificant)

(Recount for 140La, 153sm, 175Yb and 177+LU if possible.)



Table 2-2 (continued)

Stable Isotope
(% abundance)

Thermal Neutron
Cross Section,
Resonance Int.

(barns)

Radionuclide
produced

ti.

'2

Ey, keV
(% abundance)

Interferences
(measured contributions)

Count #4 4-8 weeks decay. Count time 40k-80k seconds.

"Sc (100) 27, 12 "Sc 83.8d 889 (100)
1121 (100)

"Cr (4.35) 15.8, 7.6 51Cr 27.71d 320 (9,8)

"Fe (0.33) 1.2, 1.2 59Fe 45.6d 10999 (0)
1292 (7710)

59Co (100) 37, 75 "Co 5.27y 1333 (100)

"Ni (68.3) 0.12 58Co 70.8d 811 (99) I52Eu (810 keV)

54Zn (48.6) 0.76, 1.5 65Zn 243.8d 1116 (53)

7"Se (0.9) 52, 600 75Se 120d 265 (60)
85Rb (72.17) 0.45, 7 86Rb 18.65d 1077 (8.8)

2'Sr (0.56) 0.8, 11 85Sr 65.2d 514 (100)

I22Sb (42.7) 4.3, 130 I24Sb 60.2d 1691 (52)
133Cs (100) 29.6, 421 "'Cs 753.15d 796 (98.8)

1°Ce (88.48) 0.58, 0.48 141Ce 32.5d 145 (49) 2350 fission 141Ce
(1 pg U 4 0.25 pg Cc)

151Eu (47.9) 924, 3300 152Eu 13.4y 344 (28)
1408 (22)

I59Tb (100) 23.5, 400 152Tb 72.1d 299 (27) 233Pa (300 keV)

19011f (35.2) 13, 34 181H1 42.4d 482 (83)
121Ta (100) 21.5, 720 192Ta 115d

d

1221 (29)
1911r (37.3) 920, 3000 1921r 468 (50)
232Th (100) 7.4, 85 222Th4(22.2m)222Pa 27.0d 312 (13)

a) Lederer et al. (1967) and General Electric 12
th

ed., Chart of the Nuclides (1977),
b) Epithermal neutron cross section = 0.04Ir (0.S.U. TRIGA rotating rack).
c) Cross section value for fission neutron spectrum reaction of 58Ni (n,p) 58Co.
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3. Results and Classification

Chemical, mineralogical and petrological data are presented in

this section for the lithic clasts separated from the Kapoeta howard-

ite. Due to the large number of clasts separated, only those clasts

having compositions which appeared to be unique or basaltic were sub-

jected to mineralogic and petrographic observations.

The clasts are described individually under general classifica-

tions according to their similarities with known meteoritic groups

and/or their similarities with each other. Besides eucritic, diogeni-

tic and chondritic classifications, 'mafic' (as first suggested by

Bunch, 1975) and 'metal-rich' delineations are introduced to describe

the unique meteoritic compositions found in this study. Chemical data

of dark and light portions of the Kapoeta matrix as well as polymict

clasts (impact melt breccias) are also presented for completeness.

Major, minor and trace element data of six Allan Hills polymict eucrites

and the monomict eucrite Cachari (glass and host) are presented in

Appendix B. Literature data reported for cumulate eucrites, normal

eucrites and diogenites which were used to help aid in classification

of some of the Kapoeta clasts are listed in Appendix C.

Distinct and relatively simple mineralogies of non-cumulate

(normal) eucrites and diogenites enable a number of major element pairs

to be used successfully to classify broadly the clasts separated in

this work. Figure 3-1 illustrates the compositional fields of known

eucrites, howardites and diogenites based on CaO content and Fe'
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correlations. Clasts numbered BF7, BB18, BB2, CF4, CB17, CF3 and BB22

have CaO-Fe' values within or very close to the normal eucrite field.

On the other hand, Allan Hills polymict eucrites generally plot out-

side the defined eucrite field being slightly lower in average Ca0

abundances. The two cumulate eucritic compositions C815 and CB16 are

significantly more magnesian just as are the other known cumulate

eucrites. Diogenitic clasts fall within or near the well-defined

diogenite field. Metal-rich clasts CF7, BF2, BB24 and BB10 plot away

from the diogenite-eucrite mixing trend although arrows indicating

corrections for metal suggest that the silicate fraction of these

clasts may plot within the howardite field. A number of Kapoeta

matrix fractions are shown to be compositionally distinct with the dark

matrix (D) fragments plotting near chondritic compositions whereas

the light matrix (L) fractions nearly define the entire howardite field

thus emphasizing the heterogeneous character of howardite matrix

components. The mafic clasts BB17, CB10 and CF1 are shown to fill the

compositional gap between howardites and diogenites.

Delineation of the rock clasts using a simple two-component plot

often provides an accurate, although often fortuitous, clast descrip-

tion. Mineralogic and petrologic observations are required in order

to ascertain the true lithological character. The CaO-Fe' plot does

indicate remarkably well how simple chemical correlations are amenable

for easy (although sometimes ambiguous) classifications. For example,

clasts CB16 and CF1 plot within the howardite field, but do not appear

to be polymict. Similarly the cumulate eucrite, Binda (Bi) falls
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within the howardite compositional field although it is described as a

monomict eucrite (Duke and Silver, 1967). On the other hand CF7 plots

outside this polymict field, yet this clast appears to have polymict

tendencies. Samples CF5, BB20 and CB18 conform to howardite composi-

tions and have obvious polymict compositions.



26

Sample Descriptions

3.1 Eucritic Clasts

Normal eucrites have nearly identical mineralogies. Consequently

major and minor element abundances found for individual eucrites show

little variation. A number of modern analyses of normal eucrites are

reported in Appendix C, Table C-1. Averages and ranges of these normal

eucrites are shown in Table 3-1 with eucritic clast analyses of this

work. Chondrite-normalized (see Appendix D for normalization values)

large-ion lithophile (LIL) concentrations are compared with the

eucritic clast LIL patterns in Figures 3-2 and 3-3. Individual pyro-

xene and plagioclase compositions obtained by microprobe studies for

some representative eucritic clasts are shown in Figures 3-4 and 3-5.

BF7

Sample BF7 has a basaltic igneous texture with intergrowths of

pyroxene and plagioclase. Pyroxene compositions range from Fe' -0.53

to 0.58 and Wo
8

to Wo
27'

respectively, showing a trend of Ca depletion

with increasing Fe'. Plagioclase compositions range from An72-An95

with a compositional gap between An31-An91 suggesting that plagioclase

is zoned similar to pyroxene compositions or that calcic plagioclase

(-An93) crystallized early.

Major and minor element abundances are generally close to the

ranges reported for normal eucrites. Slightly greater Ti02, Na20 and

K20 along with less Cr203 indicate the highly differentiated nature of

this clast. A significant fraction of non-silicate Fe may have contri-
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buted to total calculated Fe0 concentrations. Whole rock analyses yield

an average Fe' value of 0.66 t 0.06, considerably higher than measured

pyroxene compositions which average 0.55. Also a high Fe0/Mn0 weight

ratio of 57 relative to eucrites (see Figure 3-6) indicates that total

Fe0 concentrations may be in part due to accessory troilite, ilmenite

and low Ni metal. Assuming that the average Fe' value measured in

pyroxenes correctly defines the Fe0/Mg0 ratio in the silicate fraction,

approximately 5% of the iron must be allotted to non-silicate accessory

minerals. Correcting for non-silicate Fe, a resultant Fe0/Mn0 weight

ratio of 39 is allowed for the pyroxenes in general agreement with that

of eucrites (Fe0/Mn0 = 35)(Dreibus et al., 1977).

Trace element abundances are sensitive indicators of igneous

fractionation, especially the rare-earth elements (REE) and other LIL

elements. Concentration of REE and other LIL elements are consistently

greater than the maximum concentrations recorded for known eucrites.

Chondrite-normalized (c.n.) Cs, Rb, K, Ba, Sr, REE and Sc concentrations

are shown in Figure 3-5. Strong depletions in alkalis are peculiar

to the EPB and are likewise observed in the eucritic clasts of this

work.

Cesium Rb are unfractionated for this basaltic clast and are

depleted relative to K by a factor of eight. Unfractionated Cs and Rb

are consistent with most normal eucrites with the exceptions being

Stannern (Cs/Rb)c.n. = 0.51) and Ibitira (1.74). Barium, Sr, REE

and Sc abundances show an obvious negative Eu anomaly (consistent

with the Sr concentration), unfractionated LREE (light REE) and mono-
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tonically decreasing Sm to Lu pattern. The Sc abundances of 26 ppm are

less than observed in average eucrites as are V and Cr. Since these

transition metals have high affinities for clinopyroxene (Lindstrom,

1976), fractionation of minor amounts of this mineral can explain

qualitatively their depletions. However, Co concentrations are en-

riched by three times as those found in eucrites. Possibly some Co-

rich metal similar to metals found in clast 8810 (see Section 3.6) is

present as a contaminant or accessory phase.

CF4

The 117-mg CF4 clast is the largest eucritic clast separated in

this study. It exhibits igneous basaltic, variolitic to subophitic

textures with plagioclase laths averaging 0.8 to 1.5 mm and intersti-

tial pyroxene grains averaging 0.3 mm up to 1.2 mm. Major phase vol-

umes include 40% pyroxene, 40% plagioclase and 10% silica. Minor

phases include approximately 5% troilite and 5% ilmenite with accessory

phosphate and Ni-poor metal. Pyroxenes display a wide range of com-

positions (Figure 3-4) from Fe' = 0.32 to 0.92 and Wo5 to Wo30 with

averages of 0.57 and Wo15 indicating that this clast represents an

unequilibrated eucrite. Such unequilibrated pyroxenes have been

measured in only two eucrites, Yamato 74-450 and Passamonte; however,

even these eucrites do not display such a large degree of compositional

variance.

Major, minor and trace element data suggest that CF4 (split A

and B) is very similar to BF7. Minor amounts of troilite and ilmenite
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were required in BF7 to account for uncharacteristically high Fe0 /MnO

weight ratios. This undoubtedly is the reason for high 'total' Fe0

relative to MnO weight ratios observed for CF4 splits (Figure 3-6).

Greater Fe0 and slightly greater Mg0 concentrations are the only

noticeable major element differences in this clast relative to 8F7.

Chondrite-normalized Rb, Cs, K, Ba, Sr, REE and Sc are shown in

Figure 3-2. Compared to BF7, the average CF4 clast has slightly lower

proportions of LREE and greater proportions of HREE and Sc. This is

consistent with clinopyroxene fractionation of BF7 since this mineral

preferentially fractionates HREE and Sc (see Appendix D, Figure D-1).

The remaining chemical difference between CF4 and BF7 is a Co abundance

of 12 ppm for CF4 which is in agreement with that of known eucrites,

further suggesting that Co concentrations in 8F7 are due to some minor

contamination. The extremely unequilibrated nature of CF4 indicates

that this sample may represent a crystal-rich liquid which cooled

rapidly upon eruption.

C817

The 12 mg C817 clast has a basaltic texture composed primarily

of pyroxene and plagioclase in approximately equal proportions with

minor silica polymorph (-5%) and accessory chromite, metal and troilite.

Pyroxene and plagioclase grain sizes average 0.15 mm up to 0.3 mm with

silica grains, being slightly smaller, ranging from 0.1 to 0.2 mm.

All major and minor elements are representative of average normal

eucrites except slightly lower Fe0 abundances. An average calculated
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pyroxene composition (assuming all Fe0 is indigenous to pyroxenes) of

Fe' = 0.59 is consistent with normal eucrites (Fe' = 0.60 ± 0.03.

Trace element data obtained for 0817 suggests that this lithic

fragment is comparable to the most LIL-enriched eucrites, Stannern

and Yamato 74-450 (see Figure 3-2). Like Stannern, Cs and Rb are

fractionated having (Cs/Rb)c.n. ratios of 0.5. This may be fortuitous

since Rb and Cs are depleted equally by a factor of five relative to

Stannern. If volatilization of Cs and Rb has caused depletion of the

alkalis in howardite clasts, then the more volatile Cs would prefer-

entially be lost, a relation that is not observed in clast 8F7

(Cs/Rb
cn.

= 1). The Rb, K and Na depletions in the eucrite Ibitira

are possibly due to prolonged thermal metamorphism followed by shock

metamorphism (Steele and Smith, 1976). However, (Cs/Rb)c.n ratios

of 1.7 for Ibitira suggest strongly that this is not the case.

Consistently lower Rb and Cs abundances relative to normal

eucrites were measured for all the lithic clasts of this study regard-

less of the abundances of other less volatile LIL elements. This ob-

servation implies either post-crystallization metamorphic alterations

have played a minor role in depleting the more volatile elements

equally or that the sources from which eucritic liquids were generated

for later incorporation into the Kapoeta howardite were more depleted

in Rb and Cs.

CF3

This sample proved to be too friable to allow for a good petro-
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graphic mount. However, grain mounts showed basaltic textures with

major phases typical of eucrites. Grain sizes up to 0.3 - 0.5 mm

were observed for plagioclases and pyroxenes respectively.

Major and minor elements are similar to average normal eucrites

except for considerably lower Fe0 abundances. Normative mineralogies

indicate that this sample is substantially more enriched in silica

and plagioclase with respect to normal eucrites corresponding to less

mafic mineral phases which may also explain the observed low Fe0

concentrations. An average Fe' of 0.53 is more magnesian than normal

eucrites, but is similar to the average Fe' abundances measured in

the previous eucritic samples. Unlike BF7 and CF4 this sample has

little troilite or metal, but does possess accessory ilmenite as in-

dicated by the above average TiO2 concentrations. The lack of non-

silicate mineral fractions in CF3 and resulting Fe0/Mn0 weight ratios

of 35 agree well with that of normal eucrites. In addition, K, REE

and Sc abundances of Figure 3-2 show relatively unfractionated patterns,

except for moderate negative Eu anomalies, which are typical to patterns

observed for normal eucrites.

BB18

Sample BB18 shows cataclastic texture with prevalent shock veins

throughout. Approximately equal proportions of plagioclase and pyro-

xene appear to have relatively large grain sizes (up to 0.4 mm in pyro-

xenes and 0.5 mm in plagioclases) suggesting a shallow intrusive ori-

gin. Minor phases include metal (-3%) and silica (-3%). Pyroxene
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compositions average Fe' = 0.55 and Wo5 with one calcic grain having

a composition of Fe' = 0.53, Wo32. Plagioclase compositions range

from An82-An90 with an average of An88.

Major elements are indistinguishable from that of average

normal eucrites. Abundances of Cr are low as is V and indicate lower

proportions of chromite relative to normal eucrites. Chondrite-nor-

malized K, REE and Sc abundances shown in Figure 3-2 plot within the

range of normal eucrites. A slight negative Eu anomaly and nearly

unfractionated 10X light to heavy REE is a common REE pattern for nor-

mal eucrites. The Sc abundance is slightly lower than average eu-

crites, but consistent with other eucritic clasts included in this

work.

BB2

This clast exhibits fine-grained, slightly annealed equant

crystals representative of a granular basalt. Plagioclase and pyro-

xene occur in equidimensional grains ranging from 0.05 to 0.3 mm and

0.05 to 0.2 mm, respectively, with both minerals averaging about

0.12 mm. Fine grained (-0.04 mm) silica polymorph (-5%) and opaque

phase (-3%) possibly chromite with accessory troilite and phosphates

constitute the remainder of the clast. Two distinct pyroxene composi-

tions prevail, augite ranging in composition Fe' = 0.45-0.51 51,

Wo
38-44

and pigeonite of Fe' = 0.55-0.61, Wo2_7. Plagioclases are

nearly homogeneous ranging from An88-An89. Homogeneous mineral com-

positions and the fine-grained allotriomorphic granular texture of
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this clast indicate rapid cooling of multiply-saturated liquids. Slight

annealed textures may have been caused by burial during successive

eruptions.

Major element abundances of this clast are similar to normal

eucrites. Greater abundances of 'total' Fe0 and Cr
2
0
3
are consistent

with observed chromite and troilite minor phases. Recalculated Fe0

concentrations taking into account a 3% non-silicate contribution to

total Fe0 yield an average pyroxene Fe' value of 0.59. Chondrite-

normalized LIL elements are compared with the averages of known eucrites

in Figure 3-3. Minor depletions in Rb, Cs, K, Ba, Sr and LREE abund-

ances are obvious, plotting outside the ranges of normal eucrites.

Monotonically increasing REE abundances from La to Yb ((La/Yb)
c.n.

0.6) are unique to normal eucrites, but have been observed for a clast

from the polymict eucrite ALHA 78158,13 (Smith and Schmitt, 1981)(see

Appendix B, Figure 8-1). However, unlike ALHA 78158,13 this clast

does not possess a pronounced Eu anomaly. Very low Ti (VLT) mare

basalts also exhibit similar REE patterns which are also unique to

other known lunar rocks (Wentworth et al., 1979).

BB22

This clast exhibits textures similar to BB2 although the grains

are even more equidimensional and annealed. Pyroxene grain sizes up

to 0.2 mm averaging 0.08 mm are equally distributed with plagioclase

grains up to 0.15 mm averaging 0.07 mm. Five percent silica, accessory

chromite rimmed with ulvospinel or ilmenite and traces of troilite and
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metal make up the remainder. Pyroxene probe analyses are comparable

to data obtained from 882 except augite (Fe' = 0.40-0.45, Wo32-Wo43)

and pigeonites (Fe' = 0.52-0.58, Wo2_10) are slightly less homogeneous

and more Mg-rich. More calcic plagioclases relative to 8B2 have

nearly constant compositions (An90_93) averaging An915. Bulk element

analyses of this clast are similar to normal eucrite abundances with

the exception of Na and K being strongly depleted, even more so than

clast B82. A lower bulk rock Fe' value of 0.56 relative to B32 is

consistent with pyroxene compositional studies.

The LIL abundances show strong depletions in Cs, Rb, K and LREE.

Interestingly, Cs, Rb, and K are not fractionated relative to 882, but

are depleted by a factor of four. This suggests that the relative

proportions of alkalis observed in basalts represent similar propor-

tions in the source (i.e., all of the alkalis are so incompatible

that all are exhausted without source mineral preferences). Barium

concentrations in this clast seem abnormally high assuming that the

source is depleted in LIL elements. Anomalous Ba may indicate a

plagioclase effect since this is the only major mineral phase present

in the EPB which can fractionate Ba from La (see Appendix 0). The REE

pattern of B822 is similar to BB2 except with a more pronounced positive

slope from La to Yb. Scandium abundances for both 882 and B822 are

similar to most normal eucrites, but are enriched relative to the other

eucritic clasts of this study.



Table 3-1. Chemical abundances in basalt or gabbro (lasts extracted from the Xapoeta howardite.

---------------

Sample #

Wt. (ing)

8F7

16.6

81318

5.62

18122

9.33

882

7.90

CF4A

75.2

C148

41.5

CF3

6.80

C817

12.2

Uncertainty(

(Z)

Non-cumulate Cucritesd

average t o [Range]

4102
a

1.1 0.8 0.6

Major and Minor Oxides

0.55 1.2

M
1.0 0.9 0.7 5-30 0.73.0.16 10.55-0.951

AlzQ3 12.7 13.0 12.4 11.8 11.4 10.5 14.6 13.0 1-5 12.5 0.5 [11.4-13.21

Fe0" 17.8 18.0 17.9 20.8 20.4 20.4 13.2 18.2 3-4 16.8..0.5 [18.0-19.41

Mg0 5.0 6.2 7.9 6.7 6.6 7.6 6.6 6.6 10-20 6.710.6 [5.5-7.6]

Ca0 11.2 11.0 10.9 10.1 10.1 9.5 12.0 10.5 5-10 I0.3'0.3 [9.9-10.9]

Na20 0.65 0.52 0.29 0.40 0.56 0.51 0.52 0.48 1- 0.47t0.06 [0.40-0.57]

KA 0.663 0.056 <0.02 0.036 0.064 0.064 0.050 0.048 7-15 0.04510.013 [0.030-0.075]

MO 0.31 0.45 0.48 0.59 0.41 0.43 0.312 0.50 1-5 0.5410.03 [0.47-0.581

Cr203 0.32 0.24 0.34 0.51 0.40 0.34 0.24 0.35 2-3 0.33t0.03 10.28-0.401

Trace elements

Sc ppm 1 26 28 31 32 29 29 28 27 1-3 31.3t2.7 128-38)

V ppm 1 47 47 60 109 53 62 60 70 5-15 84116 [60-1081

Co PPm 1 36 6 7 5 12 11 A 7 3-6 6.613.5 [2-14.3]

Ni ppm 1
10 20 30 20-30 8 ±4 [1-121

Zn ppm 1
__ __ -- __ -- ---

Nb ppm R 0.18 0.04 0.14 ,0.3 0.15 10

Sr ppm I -- -- 92 100 100 80 20-40

11 113 74 59 110 82 1-5

Cs ppb R 6.2 1.2 4.1 5 -- 3.1 5-10

Ba ppm 1 -- -- 70 10 -- 30

R 65 30 16 62 -- 35 1-5

La ppm 1 8.6 3.8 .0.9 1.4 7.7 7.1 4 (4.3) 5-20 3.2±0.9 [2.39 -5.1]

R 8.3 1.07 1.48 7.4 -- 5.2 1-5

Ce ppm I -- 19. 17 14 10-30

R 23.4 3.3 4.1 20 -- 15 5-10

Pr ppm 1
__ __ -- __ -_ ---

R 2.9 8

NJ ppm I 7 7 10-30

R 15.5 2.5 3.0 16 8 5-10



Table 3-1 (continued)

Sample # 8F7 18118 81122 11112 CF4A CF48 CF3 0017 Uncertainty Non-cumulate Eucrites

Wt. (no) (N) average ± o [Range]

Trace elements (cont.)

Sm ppm 1 5.0 2.3 1.1 1.2 4.7 4.4 2.2 2.7 5-10 2.010.5 [1.42-3.17]

11 4.9 -- 1.14 1.03 4.7 -- -- 2.92 1-5

Eu ppm 1 1.08 0.74 0.61 0.49 0.92 0.93 0.69 0.68 5-10 0.6510.09 [0.56-.83]

R 0.98 -- 0.58 0.46 0.99 -- -- 0.68 1-3

Gd ppm I -- -- -- --

R 4.3 2.1 1.6 5.9 -- 3.1 10-20

lb ppm 1 0.98 0.52 0.28 0.98 1.01 0.49 0.55 10-30 0.540.13 [0.40-0.83]

R 0.90 0.36 0.31 1.03 -- 0.59 5-10

Ho ppm I -- -- -- ---

11 1.5 0.62 0.49 1.38 0.830 10-30

1M ppm I -- -- --
__ -

R 0.60 -- 0.31 0.25 0.61 -- 0.37 10-30

Yb ppm I 3.4 2.0 1.7 1.6 4.1 3.6 1.7 2.3 5-10 1.9510.38 [1.55-2.61]

R 3.40 -- 1.95 1.56 3.63 -- 2.47 1-5

Lu ppm I 0.49 0.28 0.23 0.24 0.60 0.55 0.4 0.34 5-10 0.340.05 (0.25-0.42]

R 0.48 -- 0.27 0.25 0.54 -- -- 0.36 1-5

Hi ppm I 3.2 1.25 0.61 1.61 3.29 3.20 1.53 1.75 5-3 1.610.6 [1.05-2.601

Ta ppm 1 0.64 0.19 0.04 0.19 0.63 0.59 0.31 0.28 10 -30

Ir ppb 1 1.4 -- 2.4 -- -- <I 15

Au ppb I 12. 7 6. -- <2 -- 15 bib. [.2 -171

U ppm R 0.300 -- 0.009 0.029 0.18 0.150 10-15

a) I INAA, R = RNAA

b) Total Fe

c) Uncertainties correspond to count statistics.

d) Averages and ranges of non-cumulate eucrites compiled from those IIsted in Appendix 0.
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KAFOETA EUCRITIC CLASTS

50

Figure 3-4 Pyroxene compositions in Kapoeta eucritic clasts. BB2

and BB22 are well equilibrated with individual grains
showing a range of Ca/(Ca+Fe) values due to the presence
of exsolution lamellae. B818 and BF7 are moderately
equilibrated basaltic clasts with negligible exsolution.
CF4 is an unequilibrated basaltic clast. (Paul Warren,

analyst)
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3.2 Cumulate Eucrite Clasts

Known cumulate eucrites have somewhat heterogeneous compositions.

Even though cumulate eucrites do not represent a single well-defined

composition, they do have some common characteristics not found in

normal eucrites. More calcic plagioclase (i.e. high (CaO/Na20 + K20)

ratios), lower bulk Fe' values, (Sm/Eu)
c.n.

ratios significantly less

than 1 and approximately 60% less Sc abundances can usually discrim-

inate the two eucritic types.

Modern analyses of four known cumulate eucrites are shown in

Appendix C, Table C-2. Geometric means, deviations and ranges of these

cumulate eucrites are presented with clast data in Table 3-2 for com-

parative purposes.

C816

Sample C816 may be an impact melt rock from a cumulate parent.

Bimodal grain sizes, typical of lunar impact melt-breccias, with

matrix grains generally <0.005 mm and mineral clasts up to 0.3 mm

long are not indicative to cumulate textures. However, these textures

do not preclude this clast from originally being a cumulate eucrite.

Major and minor element abundances are identical within error to

average cumulate eucrites. The whole rock Fe' of 0.45 and a CaO /(Na20

+ K
2
0) ratio of 27 conform to known cumulate eucrites.

Trace element abundances also infer that this clast once existed

as a cumulate. Figure 3-7 shows 0.6 X normal eucritic Sc abundances

and a significant positive Eu anomaly where (Sm/Eu)
c.n.

0.63
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characteristic to all cumulate eucrites. Impactite contamination is not

observable. Low Co and Au abundances and unmeasureable amounts of Ni

and Ir imply that this rock clast composition is most likely a product

of igneous differentiation. Although C816 seems undoubtedly represent

ative of a cumulate eucrite, it would be inaccurate to classify it as

such. It is included in this section mainly because it has no measure-

able chondritic contamination and is therefore most likely indigenous

and compositionally indistinguishable from other cumulate eucrites.

CBI5

Clast CB15 was discovered fortuitously after extraction of a pre-

ceeding sample. The nearly white color, rounded pebble-like form and

infriable hardness was curiously different from any of the other clasts

separated during this study. Brecciated textures are present as well

as evidence of post-cataclasis recrystallization. Pyroxene and plagio-

clase in 60:40 proportions range in grain sizes from 0.01-0.3 mm.

Plagioclase compositions are uniformly very calcic averaging An944.

Accessory phases include chromite (-1%) and trace metal.

The bulk rock composition is representative of cumulate eucrites

with a low Fe' value (0.47) and a higher Ca0/(Na20 K20) ratio (48).

A Fe0/Mn0 ratio of 28 is lower than any known normal eucrites, but is

common to cumulate eucrites Moama and Serra de Mage (see Figure 3-6).

Chondrite-normalized LIL abundances for a plagioclase-rich sep-

arate of CB15 and CB15-whole rock are shown in Figure 3-7. Unusually

large positive Sr and Eu anomalies are evident. A whole rock (Sm/Eu)cn.



45

ratio of 0.019 for CB15 is extreme and comparable only to a gabbroic

clast separated from the mesosiderite Clover Springs (RC-01) which

yielded a (Sm/Eu)c.n. ratio of 0.027 (Middlefehldt, 1979).

Due to the recrystallized and brecciated nature of this clast

only moderately pure plagioclase separates were obtainable. Purity

of this extracted part can be calculated since post-RNAA determination

of Sc and Fe0 concentrations were performed. Assuming negligible Sc

and only minor (-0.5 Wt.%) Fe0 is present in the plagioclase, a

plagioclase enrichment of -2.5X relative to whole rock is calculated.

Using mass balance considerations and normative calculations the plagio-

clase-rich separate was determined to consist of approximately eighty

percent plagioclase with the remainder presumably as pyroxene and

accessory chromite.



46

Table 3-2 Chemical abundances of cumulate-like clasts extracted from the Kapoeta Howardite.

Sample = C816 C815 C815 Uncertaintyc Cumulate Eucritesci
Plag-rich

a
Wt. (mg) 3.98 20.0 2. (%) g'71-= b

[Range]

Major and Minor Oxides (%)

TiOz(%) I 0.14 0,008 15-30 0.2±8:7 [0.1-0.3]
Alz0z I 13.3 19.5 1-5 13. ±! [7.5-19.2]

Fe0b 1 16.1 14.2 6.9 3-4 15. ±3 [11.3-17.7]
Mg0 I 11.0 8.9 10 11. --t-'; [8.0-17.7]
CaO 1 8.2 11.8 5 9. ti [6.2-11.4]

Naz0 I 0.29 0.24 1-4 0.3t1: [0.19-0.41]
Kz0 I 0.020 0.006 15 -20 0.013t8:M[0.007-0.030]
Mn0 1 0.47 0.51 1-5 0.48±3:N [0.39-0.51]
Crz0z(%) I 0.51 0.42 0.27 2-3 0-59=3:ii [0.45-0.70]

Trace elements

Sc ppm I 21 23 9.1 3-5 20 tt [16-23]
V ppm 1 100 120 -. 5-15 100 4-.0 i73-114]

Co ppm I 16 4 2.8 3 -13 10 'II 6-19]
Rb ppm R ..... 0.053 6

Sr ppm 1 60 50 -- 20 -40

R 129 1-5

Cs ppb R 5.6 12

Ba ppm I --

R 1.9 1-5
La ppm I 1.1 0.025 -- 5-15 0.42t:n [0.18-1.24]

R 0.015 10

Ce ppm I --

R -- 0.025 30

Nd ppm I --

R -- -- 0.04 10

Sm ppm I 0.70 0.012 -- 10-30 0.984:?i [0.12 -0.89]

R -- -- < 0.02

Eu ppm I 0.41 0.24 -- 1-5 0.35t.3:it [0.22-0.57]

R -- -- 0.649 1-5

Tb ppm 1 0.10 -- 30

R -- 0.0026:0.0013 50

Ho ppm I -- --

R -- -- 0.002±0.001 50

Yb ppm I 0.67 0.04 -- 5-25 0.41.t3:n [.15-1]

R -- -- 0.00684-0.0010 15

Lu ppm I 0.11 0.012 -- 15-30 0.18±, [0.034-0.20]
R -- -- 0.0014±0.0003 21

Hf ppm I 0.41 < .1 -- 10

Ta ppm ' 0.09 -- 30

Ir ppb I --

Au ppb I 4 30

a) I = INAA; R = RNAA
b) Total Fe0
c) Uncertainty due to counting statistics
d) Compiled from known cumulate eucrites listed in Appendix C.
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3.3 Pyroxenite Mineral and Lithic Clasts

The clasts belonging to this classification are mainly composed of

one to a few coarse-grained pyroxene crystals with occasional minor

olivine. Compositional variability, although minor, is generally due

to variable amounts of accessory chromite, troilite, normative plagio-

clase (intercumulus liquids?) and trace Ni-free iron.

Table 3-3 lists the major, minor and trace element data obtained

by NAA procedures. The averages, deviations and ranges of seven super-

ior analyses of known diogenites listed in Appendix C, Table C-2 are

also tabulated in Table 3-3 for comparison. Chondrite-normalized REE

and Sc abundances of the Kapoeta pyroxenite clasts separated in this

study are shown in Figure 3-8 and are representative of known diogen-

itic REE patterns (Figure 3-9).

Pyroxenite samples BB23, BB8 and BB21 have been subjected to

petrographic and mineralogic studies. BB23 and BB21 are composed of

one to a few large (up to 3 mm) grains of orthopyroxene with accessory

opaque phases. BB23 has unusual exsolved ilmenite (high Ti ulvospinel?)

associated with orthopyroxene as indicated by high whole clast TiO2

concentrations (0.26 wt.%). BB15, although not petrographically

studied, has similar TiO
2

abundances (0.32 wt.%) which suggest that it

also contains an accessory high-Ti phase. Clast BB21 is composed of

two orthopyroxene grains, an olivine crystal and accessory interstitial

troilite. Interestingly, the olivine has a single chromite inclusion

measuring 10 to 20 um in diameter. BB8 is a mineral clast composed of

low-Ca clinopyroxene (probably pigeonite) with accessory troilite
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inclusions. Major element analyses show greater Ca0 abundances (2.5

wt.%) relative to other pyroxenite clasts (0.4-1.6 wt.%) in agreement

with petrographic determinations. A greater Fe' value of 0.34 for

this clast is also anomalous with respect to the other pyroxenite

clasts which have Fe' values ranging from 0.23-0.30 averaging 0.26.

Minor and trace element abundances of these clasts exhibit several

trends which are similar to those portrayed by known diogenites.

Close inspection of REE and Sc patterns shown in Figure 3-8 and 3-9 are

revealing. CB8 and Roda show enriched and relatively unfractionated

patterns with minor negative Eu anomalies. Higher Al and REE observed

in Roda have been attributed to the presence of significant amounts of

trapped eucritic liquid (Fukuoka et al., 1977). CB8 also has greater

abundances of Al and REE relative to the other pyroxenite clasts and

could likewise be considered to have proportionately more trapped

liquid component(s).

The pigeonite clast B88 has distinctively more HREE and Sc which

reflects the greater affinity of these elements for clinopyroxene rela-

tive to orthopyroxene (see Table 3-3). 8823, CF6 and 8F8 REE patterns

are similar to Ibbenburen whereas clasts 8821 and B815 have REE abund-

ance patterns represented by Elemeet, Yamato 74-013 and Shalka. Other

pyroxenite clasts had undeterminable amounts of REE to infer any compos-

itional similarities.

Like Roda, the unfractionated La to Sm abundances of Shalka have

also been explained by the presence of trapped liquid (T.L.) components

(Fukuoka et al., 1977). A plot of (LaiSm)c.n. ratios vs. total REE
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abundances (depicted by sums of chondritic-normalized La, Sm and Yb

values) are shown in Figure 3-10. The diogenites which have low Al

(-0.53 wt.%) exhibit an obvious trend of increasing (La/Sm) ratio
c.n.

with decreasing total REE. A number of analyses of individual clasts

extracted from the diogenite Johnstown (Floran et al., 1981) and the

low-Al orthopyroxenite clasts BB21, BB15, BB23, CF6 and BF8 indicate

a similar trend. High-Al pyroxenites Roda and CB8 have obvious REE

enrichment possibly due to interstitial REE-rich liquids and are con-

siderably displaced from low-Al pyroxenite trends. The anomalously

low magnesian pigeonite clast BB8 also shows enriched REE abundances,

but low (La/Sm)
c.n.

ratios. Low Al abundances and fractionated

(La/Sm)
cn.

ratios of this clast are not indicative of interstitial

fluids, but could instead represent cumulate pigeonite from Fe-rich

eucritic liquids.

Explanation of the low-Al pyroxenite trend is not obvious, although

it is possible that La-rich contaminating fluids or accessory phases

(phosphates?) are responsible. However, the same amount of La-rich

phase(s) must be present in all pyroxenites to account for the observed

consistencies. (La/Sm)
c.n.

ratios of pyroxenites could reflect differ-

ent parent magmas with variable La enrichments relative to Sm. Using

orthopyroxene D values listed in Table 0-1, the diogenites Shalka and

Ibbenburen could represent cumulates from parent liquids with (La/Sm)
c.n

ratios of approximately 3 and 1 respectively. In contrast, REE-rich

liquids with (La/Sm)c.n. ratios greater than 1.1 have yet to be obser-

ved in eucrites. It is unlikely that cumulates of La-rich liquids are
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observed without the corresponding residual parent liquids as well.

A third possibility is that pyroxenites with Fe' values less than

0.30 could represent residual sources and that the LIL elements in

pyroxenes (olivines?) are, to some consistent degree, dependent on the

rate of diffusion. If melt generation and separation were rapid enough

so as to produce non-equilibrium conditions the behavior of trace

element distributions may not be easy to conceptualize. Nevertheless,

one can reason that this effect is not observed for pyroxenites which

have greater proportions of REE total abundances (i.e. those with low

La/Sm ratios) on a qualitative basis. Assuming that the number of

lattice defects in a mineral are proportional to the concentration of

incompatible LIL elements, the time required for solid-liquid equili-

bration would be directly proportional to incompatible element concen-

trations. As the LIL elements are continually 'squeezed' out, the

remaining residual mineral lattice becomes more organized thereby re-

stricting mass diffusion and consequently increasing the time for re-

equilibration. Essentially, the effective D values tend to increase

with increasing ionic radii. Unusually large (La/Sm)
c.n.

ratios of

pallasite olivine (-7 in Brenham olivine; Cooper, 1974; Schmitt et al.,

1963; Masuda, 1968) may be an extreme example of one or more of the pro-

cesses used to explain the apparent trend observed in these pyroxenites.

It is interesting to note that REE abundance patterns of terrestrial

ultrabasic rocks (U.S.G.S. standard rocks PCC and AGV) and olivine in

ureilites also exhibit La enrichment relative to Sm.

Masuda (1968) suggested that the V-shaped REE pattern observed
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in Brenham could be due to two different cation sites or two types of

partitioning available for lanthanide ions in Brenham olivine, one

site or mechanism favorable to smaller ionic radii, and another recep-

tive to larger ionic radii. It is doubtful that two different cation

sites exist in pure olivine; however, significant amounts of phosphor-

ane has been measured in pallasite olivines (Buseck and Holdsworth,

1976) which would effectively result in different, although unknown,

partitioning of REE.

Masuda alternatively suggested different types of partitioning,

but he did not present details of these effects. The equilibrium-

nonequilibrium partitioning suggested here to explain qualitative

observations in pyroxenites could be equally valid for olivine matrices.

Before any conclusion relating to causes of uncharacteristic REE

partitioning in pyroxenites and olivines can be made, more studies

concerning these compositional divergences will need to be performed.

As of the present two causes seem viable: phosphide substitution for

silicon when very low oxygen fugacities prevail, or disequilibrium

partitioning when LIL concentrations become low enough to allow re-

strictions on the migration of larger lithophiles.



Table 3-3 Chemical abundances in pyroxenite clasts extracted from the Kapoeta howardite.

Sample if C88 CF6 8815 0814 888 8821 8f8 8823 8133 883A

Wt. (my) 38.0 17.4 16.5 8.6 2.3 4.3 5.32 4.31 15.4 18.6

1402
d

I 0.1 0.2 0.32

Major and Minor Oxides (0

0.1 0.09 0.1 0.1 0.26 0.1 0.2

,112 03 I 1.60 1.39 1.34 0.69 1.00 1.15 0.81 0.61 0.82 1.30
,

fe0' 1 15.7 15.0 17.3 18.3 21.5 16.6 15.4 17.8 21.2 19.7

MO 1 25.1 27.7 29.0 26.2 23.0 29.0 28.6 27.4 29.5 26.2

Ca0 1 1.6 1.6 1.3 0.7 2.5 1.01 1.2 1,0 0.8 . 0,8

11x20 I 0.049 0.043 0.02 0.024 0.02 0.01 0.01 0.01 0.01 0.01

K20 1 0.002 0.004 0.002 0.016 0.005 0.004 0.002 0.005 0.002 0.002

Mn0 1 0.47 0.45 0.50 0.66 0.76 0.48 0.49 0.81 0.74 0.65

Cr203 1 0.79 0.73 1.00 0.43 0.76 0.56 0.61 0.32 0.63 0.39

Trace Elements

Sc ppm 15 14 13 16 24 18 12 17 19 17

V Pm 100 92 130 105 110 150 105 90 160 120

Co ppm 11 17 21 12 33 24 15 5 27 25

RI ppm 75 80 -- 400 40 40 -- 40 --

ZA ppm __ __ -- __

1r ppb 3 5 12

Au ppb -- 10 6

Cs ppb 2.2
lib ppm 0.01

11a ppm 1

11 0.47 <0.8
Si' ppii

It 0.3 0.5



Table 3-3 (continued)

Sample # CB8 CF6 11815 CB14 BBB 8821 um BB23 OB3

0.02

0.003

0.04

11113A

0.01

0.003

ta ppm

Le ppm

Pr ppm

POD

Sin ppm

Eu ppm

Gd ppm

lb ppm

Ho ppm
Tm ppm
Yb ppm

Lu ppm

HI ppm
ta nn

PPm

1

o

1

1

1

1

11

1

|

|

0.30

0.20

0.06

0.08

0.38

0.06

0.16
0.04

0.03
0.025

0.21
0.083
0.084
0.006
0.0027

0.16
0.048
0.044
0.093
0.051
0.43
0.42
0.07

0.016

0.01

0.039
--

0.17
--

0.02
--

--

0.11

0.045
0.003
0.007

0.07
--

0.018
0.026
0.009
0.08
0.11/
0.03

0.021

Trace Elements (continued)

0.08 0.04

0.11 0.03

0.005 <0.05 <n.02

0.70 0.13

0.09 0.02

0.007

0.08

0.015

0.23

0.03

0.07

0.16

0.015

0.13

0.03

0.13



Table 3-3 (continued)

Sample # 881 8819 Oncertaintyc Dlogenites
d

Wt. (mg) 11.5 8.0 (%) average r o (Range)

Major and Minor Oxides ( %)

TiO
2

la 0.1 0.1 20-30 0.0610.03 (0.03-0.12)

A1203 1 0.46 0.58 3-10 0.9910.47 (0.51-1.84)

Fe0 6 1 17.7 18.0 3-4 16.310.6 (15.3-17.2)

14g0 I 28.1 23.6 3-4 26.311.0 (24.747.7)

CaO 1 0.7 0.4 20-50 1.210.4 (0.78-1.9)

Na
2
0 1 0.01 0.01 6-30 0.0210.01 (0.011-0.035)

K2 0 1 0.001 0.002 30-50 0.00310.005 (0.0004-0.015)

MHO I 0.64 0.57 3-5 0.5010.03 (0.47-0.54)

Cr
2
0
3

1 0.78 0.39 2-5 1.110.4 (0.73-1.7)

Trace Elements

Sc ppm I 13 17 2-5 134-2 (9.6-14.5)

V ppm 1 150 110 5-10 160170 (95-264)

Co pph I 9 21 5-10 2415 (16-29)

Ni ppm I 20-40 60150 (18-120)

7n ppm 1 ---

lr ppb I 30-50
Au ppb I 30 (0.25-6)

Cs ppb R 10 (0.002-0.005)

Rb ppm R 43 (0.045-0.170)

ba ppm 1 (0.2-0.6)
R 10

Sr ppo 1 --- 1



Sample 0

Wt. (mg)

Bin

Table 3-3 (continued)

8819 Uncertaintyc Diogenitesd

average i o (Range)

Trace Elements (continued)

La ppm 1 0.01 10-30 0.110.2 (? -0.47)

R 5-8

Ce ppm I

R 18

Pr ppm 1 ---
R 35

Ild ppm I - --

R 40

Set ppm 1 5-30 0.000.10 (0.001-0.28)
R 1-12

Cu ppm I 0.005 0.006 3-40 0.011-10.016 (1 -0.046)
R 5-10

Gd ppm R 30

Tb ppm I 20-40
R 5-23

Ho ppm ft 8-30

Tm ppm R 15-25
Yb ppm I 0.05 8-30 0.1510.14 (0.063-0.42)

R 3-5
Lu ppm I 15-30

11 3-5

Hf ppm I 20-40
Ta ppm 1 30

U P08 R ---

a) I - INAA, R = RNAA

1)) Total Fe

c) Uncertainties correspond to count statistics.

d) Averages and ranges of diogenites listed in Appendix C:.
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3.4 Mafic Clasts

Bunch (1975) described lithologies in howardites which he found

to be predominantly pyroxene as 'mafic' rocks not represented by any

known meteoritic type. He further described these clasts as consisting

of elongated pyroxenes (bronzite to hypersthene) with less than 25

volume percent subhedral to anhedral calcic (An91_96) interstitial

plagioclase. The 'mafic' clasts B817, CB10 and CF1 compare reasonably

well with this general description.

Major, minor and trace element data for these clasts are presented

in Table 3-4. Mineralogic analyses of pyroxenes and plagioclases from

clast B817 are shown in Figure 3-11. Unfortunately, the other clasts

were not subjected to individual pyroxene or plagioclase analyses, but

only trace amounts of metal and non-silicate phases were observed petro-

graphically and therefore accurate average pyroxene and olivine compos-

itions are effected through calculations with INAA data.

Clast BB17 and CB10 are, within experimental error, chemically

indistinguishable and show similar modal mineralogies. B817 has a

slightly brecciated structure with somewhat granular basaltic texture

and is largely composed of a pale-yellow orthopyroxene (-70%), plagio-

clase (-15%) and olivine (-10%) enclosed within finer groundmass of

the same. Orthopyroxenes have grain sizes averaging 0.15-up to 0.3 mm

and compositions ranging from Fe' = 0.23-0.35, Wo2_9. Slightly smaller

plagioclases exhibit some undulose extinction with no obvious zonation

and have compositions ranging from An81_88. Minor interstitial silica

polymorphs were observed which suggests that this clast is somewhat
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unequilibrated. Accessory chromite (-1%) and trace troilite were the

only opaques positively identified.

Clast CB10 is similar to BB17 in mineral constitution; however,

this clast contains moderately brecciated structures. Lustrous yellow

to clear pyroxenes and minor olivines and plagioclases are enclosed

within brecciated mineral fragments and debris. Subhedral to anhedral

crystals ranging from 0.05-0.4 mm averaging 0.15 mm are often angular

where in contact with finely ground matrix. Olivine has resorption

features and fracturing, but reaction relations to orthopyroxene are

either absent or obscurred by brecciation. Assuming that the pre-

brecciation texture is similar to B817 (and not porphyritic) normative

calculations of opx (75%), of (10%) and plag (10%) suggest that B817

and C810 represent olivine-bearing plagioclase orthopyroxenites.

The fine-grained granular textures of these clasts are indicative

of fairly rapid cooling, probably as the result of a surface or near-

surface flow. The occurrence of orthopyroxene and olivine in extrusive

rocks has not been observed in howardite meteorites and represents an

unusual and possibly important textural variation. Clast CF1 has not

been petrographically analyzed, although hand-specimen observations

indicate this sample to be similar to the previous clasts except for a

slightly coarser grained texture. It is possible that this clast repre-

sents an intrusive analog of C810 and 8817.

In terms of major and minor element chemistry, the recently dis-

covered pyroxene-rich achondrite Yamato-75032 (Takeda and Mori, 1981)

and cumulate eucrite Binda are the closest achondrite relatives to these
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clasts and show a trend to normative plagioclase enrichment with

Yamato-75032 < BB17, CB10 < CF1 < Binda. However, both of these eu-

crites are coarse grained and are presently considered to represent

cumulate pyroxene-rich eucrites (Nehru et al., 1981). The positive

Eu anomaly observed for Binda (see Figure 3-12) strongly indicates

such an origin for this eucrite, but is unknown whether or not Yamato-

75032 has cumulate REE abundances. Several of the chondrite-normalized

minor and trace element abundances plotted in Figure 3-12 show relative-

ly unfractionated REE, Sc, Hf, Ti, V and Cr abundances averaging 1.9X

chondrites. Negligible Eu anomalies and unfractionated LIL elements

are not indicative of cumulate plagioclase, but reflect nearly chon-

dritic (primitive) compositions.

Scandium abundance in CF1 seems to be disproportionately high

relative to the HREE, Yb and Lu. RNAA results indicate Eu and Yb to

be 10 and 20% less than those abundances measured by INAA although

La and Sm agree within experimental error. This suggests that CF1

is heterogeneous with respect to the small sample aliquants available

for analysis and the moderate discrepancies in chemistry are probably

due to such heterogeneity.

In addition, these clasts have the most primitive compositions

yet recorded in the EPB. Cobalt and siderophile (Ni, Au, Ir) abund-

ances are considerably fractionated from other transition elements.

Approximately 0.01X chondritic siderophile (Au, Co and Ni) concentra-

tions and low Mg/Si ratio (Si calculated by mass balance, Mg/Si =

0.54 - 0.61) relative to ordinary chondrites (0.81-0.86) suggest that
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metal and olivine probably fractionated from these rocks.
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Table 3 -4 Chemical abundances of 'mafic' clasts from the Kapoeta howardite.

Sample

Wt. (mg)

8817 CBIO CFI Uncertainty'

15.9 146.0 4.5

Major and Minor Oxides (%)

TiO
2

<0.08(%) Ia 0.20 0.25 25

41201 I 3.3 3.5 5.2 2-5

7..ob
I 16.3 17.0 17.3 3-5

Mg0 I 24.2 23.9 17..6 5-10

Ca0 I 2.8 2.8 3.9 3-12

Na
2
0 1 0.11 0.12 0.12 1-3

0.011I 0.015 0.017K
2
0 15-20

Mn0 1 0.47 0.48 0.49 1-3

Cr,c 0
3

I 1.00 I.C5 0.78 2-4

Trace Elements

Sc ppm 1 14 16 19 2-5

V PPm I 160 135 117 5

Co ppm 1 22 27 12 2-3
Ni ppm I 60 210 -- 10-20

Rt ppm R 0.06=0.02
Sr ppm R 11 t3

Cs PPP R 3.3:0.8
Ba ppm R 2.3t0.5

La ppm I 0.50 0.70 0.54. 2-20
R 0.5310.04

Ce ppm R 1.6 t0.1
Nd ppm R 1.1 t0.3
Sm ppm I 0.39 0.43 0.36 5-15

R 0.24±0.01
Eu ppm I 0.13 0.15 0.14 3-10

R 0.124=0.004
Gd ppm R 0.5 ±0.2
TS ppm R 0.09t0.02
'rip ppm R -- 0.14=0.03
Tm ppm R -- 0.06=0.02
Yb ppm I 0.40 0.39 0.49 15-25

R -- 0.41 t0.04
Lu ppm 0.08 0.07 0.09 2Q-30

R -- 0.07 =0.02

ppm I 0.30 3.48 0.30 12-18

it ppb I <4 4 40

4u PPP <6 <3 3 30

a) I = INAA, R = RNAA

b) Total Fe

c) Uncertainties correspond to count statistics,
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3.5 Chondritic Clasts

The chondritic clasts BF10, BF11, CB3 and CB1 have siderophile

and chalcophile abundances (Table 3-5) which clearly distinguish these

lithic clasts from those lithic and mineralistic clasts indigenous to

the KPB. Similar abundances of Ni, Au, Co, Ir and Zn associated with

a carbonaceous composition suggest that all of these clasts may be

derived from the same impact, or that large influxes of carbonaceous-

type chondrites occurred after or during regolith formation on the

KPB. CB1 and to a lesser extent BF10 have significant enrichments of

REE, Sc, Fe, Mn, Al and Ca which implies that these clasts are polymict

breccias composed primarily of chondritic and minor plagioclase com-

ponents. One would expect that impact metamorphism, annealment and

subsolidus interaction with howardite differentiates may have chemically

altered these impactites at least with respect to Cl type chondrites.

The more siderophilic elements in Figures 3-13 and 3-14 show that

the chondritic clasts separated in this study have Co, Ni, Au and Ir

abundances identical to Cl (or CI) carbonaceous chondrites. Although

it may not be too unusual to expect chondritic ratios, it seems quite

unusual to expect these siderophile abundances to be similar to those

of a hydrated carbonaceous chondrite. If the hydrated phases have not

been seriously altered then the volatile element Zn should not have

escaped during impact and subsequent brecciation. However, Zn appears

to be depleted in these clasts relative to CI chondrites, and is in

close agreement with the average Zn abundances of Cm chondrites. Ana-

lytical errors for Zn (± 20%) may explain the deviations observed be-
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tween the individual carbonaceous clasts although within the error,

the clasts have consistently lower Zn concentrations. Chou et al.

(1976) also have shown that the Zn/Ni ratios in howardites are 2 to

4 times less than CI chondrites. Preferential loss of Zn without

loss of hydrous phases is puzzling, possibly suggesting that Zn-rich

minerals are structurally more susceptible to metamorphic alteration

and volatilization. Nevertheless, the elements which have been

determined in this study do not conclusively indicate the types of

carbonaceous chondrite(s) present in the Kapoeta breccias. Au, Ir,

Ni and Co abundances are indicative of CI type materials which have

not greatly lost their volatile components by impact and subsequent

brecciation; however, lower Zn/Ni ratios suggest CM type chondrites

or loss of Zn without loss of hydrous phases.



Table 3-5 Element abundances in chondrite- like Kapoeta clasts.

Sample # BF10 BF11 CB3 CB1 Uncertaintya Average
b

Wt. (mg) 1.42 10.4 4.85 11.17 (%) CI CM

Ti02(%) 0.1 0.1 0.2 0.2 30

A1223 3.7 2.8 2.9 6.7 1-5

Fe0 25.4 27.6 25.9 30.7 1-4

Mg0 20.5 21.4 20.0 16.1 3-8

Ca0 3.2 2.4 2.5 5.0 10-20

Na20 0.28 0.27 0.26 0.24 1-3

K20 0.064 0.062 0.082 0.065 7-15

Mn0 0.24 0.23 0.24 0.44 1-5

Cr203 0.47 0.46 0.50 0.54 2-3

Sc (ppm) 11 8.7 9.4 16 4

V 76 71 83 77 13

Co 510 530 479 510 1 500±20 560±30

Ni 10800 10800 10800 10800 2 10400±880 12550±290

Zn 200 260 160 -- 18 303±1 199±19

Sb n.d. n.d. 0.091 0.088 8 0.132 0.118

La 0.60 0.57 0.45 1.25 10-20 0.249 0.331

Sm 0.45 0.37 0.29 0.81 10-15 0.154 0.207

Eu 0.15 0.13 0.12 0.28 5 0.058 0.078

Yb 0.44 0.41 0.24 0.78 10-20 0.167 0.211

Lu 0.07 0.08 0.07 0.11 20-40 0.025 0.033

Ir (ppb) 410 490 480 496 5 450±50 670±110

Au 160 170 148 148 3-5 150±15 160±20

a Uncertainties due to count statistics

b aveages from references listed in Ma et al.(1981), Co, Ni, Zn, Sb, Ir, and Au abundances from

Krahenbilhl et al.(1973), Keays et al. (1974), and Wolf et al.(1979)

c Total Fe
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3.6 Polymict and/or Metal-rich Clasts

Several clasts with obvious polymict textures contain chondritic

contaminants suspected to be introduced as interplanetary impactites

during breccia formation. Also described are two metal-rich clasts

which may or may not be polymict. The metals in these clasts are not

chondritic and may represent native metal (indigenous metal). Chemical

data for this group are presented in Table 3-6. Chondrite-normalized

LIL abundances are plotted in Figures 3-15,16 for the polymict and

non-chondritic metal-rich clasts respectively. Kapoeta matrix REE

abundances are represented in cross-hatched areas on Figure 3-15 and

generally delineate the majority of these samples and other howardite

LIL abundances (Fukuoka et al., 1977).

Clasts BB20, CF5, CF7, BF2 and BF2B have a number of polymict

textures ranging from very fine-grained impact melts (BB20) to loosely

bound cataclastic mineral clasts and highly metamorphosed indigenous

and chondritic lithologies. These clasts have identical chondritic

Co/Ni ratios. Variable amounts of chondritic metal contaminants cause

a uniform mixing line (R = 1.0) from the least contaminated clast BB20

to the most contaminated clast BF2B as illustrated in Figure 3-14.

Variable proportions of feldspathic and mafic silicates preclude inter-

pretation of these clasts beyond their character as polymict breccias.

The clasts CB18 and CB7 do not have Co/Ni chondritic ratios and plot

away from the chondritic mixing line displayed by the preceeding group.

Petrographic inspection of these clasts indicate that both have

an extensively weathered appearance, are severely brecciated and
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exhibit features of post-cataclasis melting. C818 is nearly eucritic

although low abundances of Sc and Mn imply a polymict rock with minor

chondritic and possibly pyroxenitic components. CB7 is chemically

similar to some pyroxenite clasts with significant amounts of inter-

stitial trapped liquid. However, the high Al and Ca observed in this

sample is probably due to mixing of small amounts of eucritic compon-

ents and not due to intercumulus liquids. A possible explanation for

low Co/Ni ratios of these two samples may be that of mixing native

metals having compositions similar to metals found in BB10 or BB24

with more abundant chondritic metals.

BB24 is extremely brecciated with silicate grain sizes averaging

0.1 mm. The most interesting and unusual characteristic of this sample

is the obvious single mass of non-chondritic metal which dominates the

sample.

Major element chemistry is difficult to interpret since NAA tech-

niques cannot distinguish iron metal from Fe0 in mineral lattices.

Nonetheless, if it can be assumed that Fe0/Mn0 ratios of 35 are repre-

sented in the silicate fraction, a rough estimate of silicate chemistry

is obtained which resembles typical light matrix major element composi-

tions (see Table 3-7). However, chondrite-normalized K, REE and Sc

abundances shown in Figure 3-16 do not portray typical polymict clast

REE patterns. Smith and Schmitt (1980) suggest that if the silicate

portion of this clast is monomict it did not originate from eucrite

sources, but from an olivine- or pyroxene-rich source of -0.3X chondrite

REE abundances.
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The metal composition in this clast is equally unique and displays

Co/Ni ratios which are similar to native metals found in diogenites

(Gooley and Moore, 1976). Co-rich metals have not been reported in

howardites which had lead some investigators to believe that diogenites

may have origins significantly different from pyroxenites found in

howardites (Nehru et al., 1981).

Clast 81310 has nearly equal proportions of non-silicate and sili-

cate fractions. Silicates have moderately brecciated textures with

grain sizes averaging approximately 0.1 mm. Pyroxene compositional

data generally indicate ranges of Fe' = 0.15-0.32, Wog although a few

pyroxenes have Fe' = 0.60-0.75, Wo5_22. Two distinct pyroxene

compositions indicate that this sample is polymict. Assuming that

Fe0 of the silicate fraction is similar to diogenites and eucrites

(-17%) and has a Fe0/Mn0 ratio of 35, an estimate of the lithophilic

element abundances are calculated which are indistinguishable from the

Kapoeta light matrix fractions; an additional indication that the

silicates in this sample are polymict.

The non-silicate fraction of this sample is composed of approxi-

mately equal volumes of chromite and Co-rich low-Ni metal with acces-

sory troilite. Common occurrence of chromite and troilite grains with

metal particles is observed in several diogenites reported by Gooley

and Moore (1976). The metals in BB10 have proportionately greater Co

than Ni abundances and a Ni/Co ratio of 0.35 which is similar to the

median Ni/Co ratio (0.20) reported for metal clasts in the Garland

diogenite (Gooley and Moore, 1976) and Ni/Co ratios (0.23) found in
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metallic phases of the Moama cumulate eucrite (Lovering, 1975).

Iridium and Au abundances of BB10 and BB24 are approximately

chondritic. The occurrence of these siderophile element proportions

may be due to chondritic components as represented by their polymict

silicate fractions. Assuming that Ir is not present in the native

metal but exists solely in chondritic metals, approximately 14 and 6%

chondritic CI metal contamination is calculated for B824 and B810,

respectively. Since CI metals have Ni/Co ratios of 3, indigenous metal

Ni/Co ratios must then be approximately 0.12 and 0.18 for 8824 and

B810.

The occurrence of Co-rich metals in the Kapoeta howardite provides

additional evidence that diogenites and eucrites can be coexistent in

a single body. The apparent association with the silicate components

determined in this study is probably fortuitous and possibly a result

of the inability to recognize the macroscopic difference between matrix

and lithic fractions which are as small as these clasts (-1 mg). REE

abundances of B824 indicate that this clast may not be polymict, al-

though the extremely brecciated texture and small size could be indi-

cative of post-crystallization metamorphism and/or separation of ab-

normal amounts of accessory LREE-rich phosphate.



Table3-6. Chemical abundances of polymict and/or metal-rich clasts extracted from the Kapoeta howardite.

Sample i 8824 C17 CB18 CF5 Ct37 1112 81211 111120 11810 Uncertaintyc

Wt. (mg) 1.1 53.5 2.14 16.7 4.6 9.07 23.3 1.1 0.9 (%)

Major and Minor Oxides CO

TiO
2

la 0.33 0.27 0.6 0.4 0.2 0.32 0.08 0.34 0.66 5-30

A1203 1 4.3 8.4 13.2 7.9 2.42 8.0 3.7 6.9 4.3 1-5
-
fefil t

I 57.7 24.9 19.0 18.8 21.7 38.6 68.8 11.8 60.1 1-4

M90 I 11.6 12.2 9.8 15.3 25.6 10.7 6.5 19.6 13.3 3-15

CO I 4.4 7.2 9.6 6.2 2.16 7.0 2.7 5.3 4.0 8-20

Na20 I 0.25 0.32 0.55 0.32 0.04 0.33 0.16 0.58 0.42 1-3

K20 I 0.051 0.023 0.066 0.037 0.039 0.042 0.011 0.081 0.061 7-15

Mo0 1 0.36 0.47 0.34 0.46 0.14 0.38 0.32 0.47 0.38 1-5

Cr203 1 0.33 0.57 0.53 0.54 1.45 0.29 0.17 0.63 5.7 2-3

Trace Elements

Sc ppm 1 13 23 16 22 11 18 13 18 14 3-5
V ppm I 54 94 75 100 150 58 32 100 510 5-15
Co ppm I 2030 225 93 73 201 300 1050 62 1270 1-3
Ni ppm I 3900 4400 660 1460 920 6200 20,000 1200 450 10-15

Rh ppm It < 0.2
Sr ppm R 7916
Cs ppm R < 5.0
Ba ppm R 1911



Table 3-6 (continued)

Sample # 8824 CF7 C1118 CF5 C87 8F2 BF211 13820 BBIO Uncertainty

(t)

Trace Elements (continued)

is I 3.27 2.1 3.1 1.76 0.34 1.3 0.61 1.55 1.28 10-20
R -- 1.9110.02 -- -- -- -- --

Ce R 6.2 10.2 -- --
Pr R 1.121:0.10 --

Nd R __ 5.7 10.8 -- -- __ __

Sm I 1.84 1.30 1.70 1.12 0.23 0.93 0.46 0.99 0.77 5-15
R -- 1.2510.04 -- -- -- -- -- __

Eu I 0.33 0.41 0.58 0.39 0.05 0.33 0.16 0.35 0.23 5-15
R -- 0.40110.016-- -- -- -- -- --

Gd R -- 1.8 10.2 -- -- --
Tb 1 0.33 -- 0.35 0.18 0.22 15-40

R -- 0.28010.012-- -- --
Ho R 0.39210.008- -
Tai R -- 0.21 10.02 -- -- -- --
Y6 I 0.73 1.37 1.30 1.17 0.23 0.79 0.57 0.93 0.71 10-20

R -- 1.13 10.02 -- -- -- --
To 1 0.21 0.20 0.18 0.04 0.14 0.08 0.14 0.08 20-40

R 0.16710.005-- -- -- --

Hf 1 0.82 0.95 1.18 0.92 1.11 0.22 0.60 0.26 8-15
Ta 1 -- 0.2 0.3 0.1 0.1 0.2 -- -- -- 20-30
1r 1 64 96 18 55 310 625 30 28 5-25
Au I 55 20 8 18 15 110 160 20 20 5-30

a) I = INAA, R = RNAA
b) Total Fe
c) Uncertainties correspond to count statistics.
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3.7 Light-Dark Matrix Compositions

Kapoeta has a characteristic light-dark appearance which Rajan

et al. (1975) attribute to incorporation of gas-rich zones within the

lighter matrices of polymict breccias. Large amounts of rare gases

are normally present in the dark areas which range from light grey to

dark grey-black and contain leucocratic fragments similar to those

contained in the lighter material. It is generally believed that the

excess rare gases in these gas-rich meteorites are due to ancient

solar wind implantation on the grain surfaces (Suess et al., 1964)

prior to their being incorporated into the meteorite breccias. Analy-

ses of the light and dark materials from Kapoeta are reported in

Table 3-7. Major differences in composition between these two types

of matrix fractions are evident. BF6AA and BF6AB represent fractions

separated from distant localities in the dark matrix and MT, MT1, MT2A

and MT2B are geometrically distant representatives of the lighter

regions in the Kapoeta matrix. BF6AA and BF6AB have compositions sim-

ilar to whole rock compositions previously reported for Kapoeta

(Fukuoka et al., 1977). Since carbonaceous chondrites are dark color-

ed, the chemical evidence suggests that the light-dark textures are

the result of concentrations of variable mixtures of dark extraneous

impactites with igneous products of the Kapoeta parent body. The

analysis technique used in this study does not determine gaseous ele-

ments and therefore it can only be assumed that the dark matrix

fractions separated are also enriched in rare gases.



Table 3-7 Element abundances in Kapoeta matrix fractions.

Sample # Bf6A
(dark)

BF68
(dark)

MT
(light)

MT1
(light)

MT2A
(light)

MT2B
(light)

UncertiantyA

Wt. (m9) 10.98 11.32 8.10 13.64 18.71 9.44 ( %)

Major Oxides (%)

Ti02(%) 0.2 0.1 0.3 0.5 0.3 0.5 10-30

A1203 5.3 4.1 6.3 8.1 8.0 9.8 3-5

Fe0b 24.2 26.8 18.1 18.2 18.8 17.4 3-4

Mg0 17.6 18.4 20.3 16.6 16.0 13.9 5-10

Ca0 4.4 3.2 5.1 6.8 6.3 8.6 5-20

Na20 0.30 0.30 0.24 0.28 0.30 0.34 1-7

K20 0.04 0.04 0.02 0.03 0.03 0.03 7-25

Mn0 0.35 0.30 0.50 0.51 0.49 0.42 1-5

Cr203(%) 0.49 0.46 0.90 0.90 0.56 0.43 2-4

Trace Elements

Sc (pint) 15 13 21 21 23 27 3-5

V 82 76 130 120 100 100 5-15

Co 340 450 18 26 33 84 1-6

Ni 6800 9200 150 360 480 2040 5-15

Zo 120 190 -- -- -- -- 15

La 1.1 0.77 1.3 1.8 2.1 1.8 5-17

Sm 0.74 0.52 0.92 1.2 1.3 1.3 5-12

Eu 0.23 0.18 0.31 0.34 0.36 0.55 5-10

Tb 0.1 0.1 0.2 0.2 0.2 18 -40

Yb 0.71 0.45 0.90 1.1 1.2 1.4 8 -25

IA 0.19 0.15 0.18 0.18

lIf

Ta (poo)
0.52 0.42 0.56

0.1

1.0
0.1

0.72
0.1

0.94

0.1

10:20
25-30

1r (ppb) 260 360 6 14 20 5 5-35

Au (ppb) 100 140 21 9 7 6 10-45

a Errors based on count statistics

b Total Fe
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.
Isotopic and Chronologic Constraints

Chemical, petrologic and mineralogic observations of igneous

clasts from the Kapoeta howardite have shown that these clasts are

compositionally very similar to eucrites and diogenites. Introduction

of Mg-rich basalts and intrusives, collectively termed 'mafic' litho-

logies in this study, has broadened the lithic types associated with

the EPB and possibly represents a compositional link between eucrites

and diogenites. Before the significance of these discoveries is

incorporated into petrogenetic models, a brief review of the isotopic

and chronologic studies concerned with the EPB should be outlined.

In agreement with this study, isotopic studies of howardites and

igneous clasts within Kapoeta (Papanastassiou et al., 1974;

Papanastassiou and Wasserburg, 1976) indicate that igneous clasts in

these meteorites are very similar to eucrites and diogenites. There-

fore, it may be assumed that studies pertaining to eucrites and dio-

genites are equally viable for igneous derivatives observed in this

work and may subsequently be used to further constrain petrogenetic

models.

Clayton et al. (1973, 1976) discovered that many meteorite types

display distinct
17
0 and

18
0 relative to

16
0 isotopic abundances. On

a three-isotope plot (Fig. 4-1), Clayton showed that lunar, enstatite

chondrites, aubrites, and terrestrial rocks lie along a terrestrial

mass-fractionation line. Essentially, the differences in oxygen

isotope compositions for Earth
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and Moon lithologies can be explained by normal isotopic fractionation

processes related to oxygen reservoirs of the same bulk composition.

Eucrites, howardites, diogenites, mesosiderites and pallasites (A,M,P)

are shown to have oxygen isotopic compositions which are near the

Earth-Moon fractionation line, but are significantly displaced toward

160-richer compositions. Thus, it appears that 0 isotopic abundances

in the primordial solar dust cloud were different, possibly as a

function of the heliocentric distances from the solar nebula, or

possibly as a result of variable amounts of mixing with other gases

or dust particles not associated with the major nebular cloud.

Regardless of the differences between several meteoritic types,

it is clear from these studies that the A,M,P group meteorites have

condensed from the same oxygen reservoir and could conceivably be

from the same parent body. Unfortunately, no single chondritic

meteorite has been found to have the same oxygen isotopic abundances

as the A,M,P meteorites, thus precluding direct evidence to infer a

particular type of chondritic source for these materials. Figure 4-1

illustrates that high-iron (CH), low-iron (CL) and very low-iron (CLL)

chondrites are most similar to A.M.P 0 compositions having only been

depleted in 160 relative to 170 and 130. Evidence which argues for

16
0 enrichment is presented by compositional variations of C3 type

chondrites illustrating variable
16
0 abundances with relatively con-

stant
17

0 and
18

0 ratios (m=1).

Chronological studies pertaining to basaltic achondrites have

been fairly extensive. A number of crystallization ages have been
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determined for eucrites and diogenites from whole rock and mineral iso-

chrons using Rb/Sr, Sm/Nd and Pb/Pb isotopic dating techniques. Birck

and Allegre (1978a) determined internal Rb/Sr mineral isochron ages for

a number of eucrites and report crystallization ages of 4.47 ± 0.13

b.y. These authors (Birck and Allegre, 1978b) also reported similar

whole rock isochron ages for five of the known diogenites. Internal

Rb/Sr isochrons often show younger ages. Pasamonte and Stannern dis-

play ill-defined mineral isochrons indicating a maximum age of 3.3 b.y.

(Birck et al., 1975). Three basaltic clasts from Kapoeta show Rb/Sr

internal isochron ages ranging from 3.55 (clast B) to 4.44 (clast C)

b.y. (Papanastassiou et al., 1974; Papanastassiou and Wasserburg, 1976).

The younger internal isochron ages have been suggested to represent

moderate disturbances probably caused by impacts or breccia formation.

No definite conclusions can be made concerning the actual ages of

these eucrites using Rb/Sr systematics alone.

Sm/Nd systematics, on the other hand, are not easily influenced

by minor metamorphic or other post-crystallization cataclasis events.

Pasamonte and Stannern, which exhibit disturbed Rb/Sr internal iso-

chrons, have Sm/Nd internal isochron ages of 4.58 ± 0.12 and 4.48 ±

0.07 b.y., respectively (Unruh et al., 1977; Lugmair and Scheinin,

1975). All other eucrites determined by the Sm/Nd method show ages

ranging from 4.41 to 4.60 b.y. (Basaltic Volcanic Study Project, 1981).

Pb/Pb isotopic ages are potentially more precise than parent-

daughter related isochrons (e.g. Rb/Sr and Sm/Nd) since the correlations

of the Pb isotopic ratios
(207Pb, 206pb, 20

4Pb) for any given suite
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of rocks and minerals within one rock are not affected by post-crystal-

lization losses of U or Pb, but require only that all samples have

the same age and the same initial lead ratios. The ages determined

by this method are model dependent, however, due to necessary inference

of an initial 20 6Pb/2 0 4Pb ratio which may result in slight errors for

absolute ages. Six eucrites and Kapoeta howardite Pb/Pb model ages

average 4.544 ± 0.020 b.y. (Basaltic Volcanism Study Project, 1981)

excluding Bereba and Stannern which record model ages of 4.41 and 4.33

b.y., respectively (Manhes et al., 1975).

In summary, Rb/Sr, Sm/Nd and Pb/Pb total rock isochrons of most

eucrites measure 4.47 ± 0.13 (Birch and Allegre, 1978a), 4.53 ± 0.08

(from Table 7.2.4 Basaltic Volcanism Study Project, 1981) and 4.54 ±

0.02 b.y., respectively. Younger ages significantly differing from

these primitive ages are most often recorded in Stannern and Bereba

suggesting, although not conclusively, that these eucrites may be

slightly younger (100 - 200 m.y.) and that the EPB may have been

active for as long as 300 m.y., but probably less than 200 m.y. after

accretion.

Residual isotopes and fission tracks produced by extinct radio-

nuclides have been used to infer EPB accretion times. Models based

upon the abundance of Xe isotopes resulting from the decay of 1.7 X

10
7

y.
129

I, fission tracks from extinct 7.6 X 10
7

y.
244

Pu (Reynolds,

1963; Fleischer et al., 1965, 1967) and evolution of Sr (Papanastassiou

and Wasserburg, 1969) and Pb isotopes in iron, chondrite and achondrite
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(Kapoeta and Ibitira) meteorites indicate that less than 10 m.y. could

have elapsed between initial condensation of nebular material and

crystallization of howardite constituents. However, recent discoveries

of anomalous magnesium isotopic concentrations of inclusions found

in the Allende chondrite have lead investigators to suspect that there

may have been a supernova in the vicinity of the solar nebular cloud

which could have injected a 'spike' of radiogenic 26A1 (Lee et al.,

1978; Schramm and Clayton, 1978). Schramm and Clayton (1978) subse-

quently suggested that such a supernova could have triggered the

collapse and subsequent accretion of the nebular cloud, thus inferring

a time scale for accretion of astroidally dimensioned bodies such as

the EPB from nebular material within a million years. Interestingly,

Allende is a C3 chondrite which plots in the highly enriched
16

0

region of the three-isotope oxygen plot (Figure 4-1) and indicates

that if the foreign nebular injection occurred it must have been rich

in 160 as well.

In conclusion, isotopic studies indicate that the condensation,

formation, and initial melt production (i.e. differentiation) of the

EPB probably occurred in less than 30 m.y. and possibly less than one

million years after solar nebular formation. Continued igneous

activity on the EPB could have lasted for 300 m.y., but more likely

less than 100 m.y.
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Figure 4-1 Oxygen isotopic compositions of vaious meteoric groups.
Abbreviations correspond to carbonaceous chondrites (C1,
C2, C3); enstatite chondrites and aubrites (E); Lunar
(M); Lafayette, Nakhla, and Shergotty achondrites (N,L);

ureilites (U); eucrites, howardites, diogenites, meso-
siderites, and pallasites (A,M,P). Two trends are best
portrayed by the fractionation lines (slope 1/2) and
160 mixing lines (slope 1) exhibited by terrestrial
samples and separated phases of C3 chondrites (dashed
line) respectively. The A,M,P achondrites may be related
to the ordinary chondrites (CH, CL, CLL) by mixing lines
only. After Clayton et al. (1976).
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5. Geochemical Modeling

Petrogenetic models primarily deal with trace element variations

within a sequence of igneous differentiates. The igneous clasts des-

cribed in this study may be considered residual sources, mineral cumu-

lates, residual liquids, primary melts or any combination of these.

Melts may have originated from different sources by various types of

melting (ie. fractional, bulk equilibrium, non-modal equilibrium or

incremental melting) just as cumulates may range from pure adcumulates

(no trapped liquid) to pure orthocumulates (closed system crystalliza-

tion).

Selection of the appropriate chemical process that best describes

the textures and compositions among the classified groups of rocks

determine which mathematical approaches best account for differentiation

processes. A mathematical description not only depends on 'fitting'

observed abundances, but also is dependent on the assumptions which are

believed to pertain to the individual system. The nature and extent

of the heat source(s) and the gravitational influences are important

considerations for derivation of mathematical descriptions of magma

production, separation and crystallization.

The generation of heat in a body of asteroidal dimensions is unknown.

Numerous calculations of various aspects concerning the thermal evolu

tion of asteroids exist in the literature. Thermal models are usually

based upon the cooling rates of typical meteoritic types in light of

sub-solidus textures in both metal and silicate phases. Chronologic
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studies of eucrites (4.54 ± 0.02 b.y.) preclude slow initial heating

of long-lived radiogenic isotopes. Accretional heating is generally

thought to be important only in bodies which have massive atmospheres

perhaps many times that of the earth (Urey, 1966) and is therefore

considered to be unimportant for heating small bodies. Impact-induced

melting is not consistent with crystallization ages of eucrites. If

impacting were capable of producing basaltic melts, then some basalts

should have young crystallization ages similar to some of the recorded

thermal events displayed by impact melts in howardite clasts (3.6 b.y.;

Papanastassiou et al., 1974). Since eucrites have crystallization ages

of 4.54 ± 0.02 b.y., impact-induced melting probably had only a minor

influence on preexisting rocks. Once source regions produced melts,

however, early impacts may have been instrumental in the separation of

liquids from source regions.

The most feasible heat sources for early magma generation could

be caused by the decay of short-lived 26A1 or by induction heating pro-

duced by extremely intense charged solar winds. The most detailed

computations using 26A1 as the early heat source begin at post-accre-

tional temperatures, follow the temperature evolution through melting

to solidification, and cool to temperature below that in which nickel

can diffuse in iron (-400°C; Minear et al., 1979). Minear et al.

suggest that this form of intense heating would melt interior regions

of the body isothermically whereas the outer conduction boundary would

remain unmelted. The extent and nature of core formation would depend

on how much
26A1 was available and the thermal dissipation of heat
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through the conduction boundary. The times required for accretion,

melting and total solidification for 100 to 500 km asteroids are 30 X

106 to 712 X 106 years, respectively, which are in agreement with pre-

viously stated periods of melt generation (-200 m.y.). Melting

throughout the internal regions of the asteroid is also characteristic

of transverse magnetic mode electrical induction heating (Herbert

and Sonett, 1978) causing nearly indistinguishable results as those

prescribed by
26
A1 internal heating. Preference is given here to

26
A1

heating rather than electromagnetic induction heating since meager

knowledge of early solar conditions make it impossible to evaluate the

likelihood of significant induction heating. Furthermore, evidence for

6
sufficient concentrations of 26A1 in Ca-rich inclusions in the Allende

meteorite needed to melt objects as small as a few kilometers has been

reported by Lee et al. (1976).

Gravitational forces influence the time required for less dense

magmas to separate from the source region. If magmas were initially

produced at or near the center of bodies, separation of liquids from

residual mineral will presumably require substantial periods of time,

such that the liquids would be in equilibrium with the residual solids.

Generally, if
26
A1 concentrations were sufficiently high complete

melting of the body would occur; however, the existence of highly

differentiated eucrites precludes this mechanism. On the other hand,

the existence of mafic rock compositions suggest that extensive melts

were produced as well. The eucrites exhibit nearly identical major

element compositions, indicating that their melts were nearly uniform
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and in constant production as degrees of melting increased (Fukuoka

et al., 1977). This would indicate that eucrites were produced by

nonmodal equilibrium partial or incremental melting of more mafic

sources. In retrospect very few mafic composition have been adequately

described to infer specific types of melting. However, it will be

demonstrated that the extent of melting required to produce mafic mag-

mas results in the same solution regardless of mathematical approach.

Low gravitational fields would favor equilibrium crystallization

since cumulate piles need more time to form, thus allowing them to

react with residual liquids. Once the cumulates formed either by

settling or floating they would not be as compacted and may likely

contain significant amounts of interstitial trapped liquids. There-

fore, if the EPB is small, cumulate compositions would most likely

be modeled as cumulates with variable amounts of trapped liquid

components.
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5.1 Mathematical Models

Shaw (1970) described batch equilibrium melting by using a simple

mass balance relation which requires that:

Co = C1(f) + Cs(1-F) (1)

where:

C
o
= initial bulk composition

C
1

= liquid composition when some fraction F has melted

and C
s
= solid composition remaining (1-F).

The proportion of an element i in the liquid vs. that of the solid

depends on the compatibility of the element in the remaining solid

provided the liquid structure is considered to be indifferent to the

concentration of that element. Substituting distribution coefficients

for element i in mineral phases (j) into equation (1) and rearranging

yields the equation for equilibrium modal melting:

C1
1

Co D + (1 -1)-)F

where:

(2)

5 = the bulk distribution coefficient weighted
according to the weight fraction (W.) of the
mineral phases remaining in the solid residuum
(= N.D.)

J j

and D. = the individual mineral/liquid distribution coef-
ficient for any given element in mineral j.

If non-modal melting is considered, the bulk distribution coef-

ficient, D, changes depending on the non-modal melt composition. That

is, the D of the initial source is not the same after extraction of

mineral proportions that are different from the proportions in the
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source. Bulk distribution coefficients of the minerals melted out (T)

must be introduced in place of D for the melt fraction such that:

where:

C
1 _ 1

C
o D + (1-1-3-)F

(3)

= the bulk sum of the mineral distribution coef-

ficients weighted according to the weight frac-
tions of phases extracted from the solid.

If the liquid continually separates from the residual source as in

fractional melting, the increment of liquid separated is given by:

1_1)
(4)

o

with accumulated incremental liquids separated determined by equation

(5) below.

1
= - (1 - }

Co
(5)

Crystallization processes may be mathematically described by

equilibrium or fractional equilibrium considerations as well. Bulk

non-modal equilibrium crystallization equations are similar to equili-

brium melting equations where D and P in equation (3) represent the

bulk distribution coefficients of the solid and residual liquid,

respectively. The fraction of liquid remaining, F, is commonly re-

presented by (l-X) where X is the fraction of crystals formed rela-

tive to the remaining liquid and Co is the initial parent liquid

composition. Assuming that the liquid distribution coefficients (P
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in equation (3)) are equal to 1 the residual liquid composition can be

described by equation (6) below.

Co -

C
°

1 (1 - X) (6)

Fractional crystallization is mathematically similar to fractional

melting in reverse whereby the solid formed is removed instantaneously

from the parent liquid and is expressed by equations (7) and (8).

C1 = C
o
(1-X)(0-1) (7)

Css
o

{1 - (1 - X)
D
} (8)
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Although Rayleigh fractionation can be used to describe fractional

melting (as well as fractional crystallization) it is very unlikely

that liquids or crystals would become completely isolated from the

original solid or liquid at the instance of formation, especially in

small gravitational fields. A more realistic approach requires a

succession of individual partial melt calculations such that a finite

increment of melt remains in equilibrium with the solid. Extraction

of incremental melts (or crystalates) leaving minor amounts of the

produced melt (or solid) behind involves long and tedious calculations,

especially if a large number of elements are used in the modeling

procedure. Fortunately though computers perform these types of calcu-

lations efficiently.

Using the batch equilibrium partial melting equation (3) the

initial melt fraction produced which can separate is generally consider-

ed to be from 3 to 15 percent. The residual source composition is then

recalculated with an arbitrary amount of this liquid remaining (0 to

-30% of that liquid) in the source. As the residual solids continue

to melt, the generated liquids are extracted and mixed with the pre-

vious melts.

Once the possible mathematical models are considered, input

parameters for the preceeding equations must be rationalized. Trial

and error or matrix solutions can often determine the relative pro-

portions of minerals in the source; however, distribution coefficients

for the elements used must also be rationalized.
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5.2 Input parameters

The distribution coefficients of various elements in a number of

minerals have been measured. Most estimates of crystal/liquid distri-

bution come from analyses of phenocrysts and fine-grained or glassy

matrix material either separated from porphyritic rocks or produced in

experimental synthetic systems. The underlying assumption is that the

fine-grained matrix or glass was a liquid in equilibrium with the

crystallizing phases when the disequilibrium effects are difficult to

quantify or seem insignificant.

Temperature dependencies on distribution coefficients of elements

with compatible character are often extreme. Elements such as Fe, Mg,

Ni, Co, V and Sc have distribution coefficients which vary by factors

of 1 to 10 depending primarily on the temperature of crystallization.

Often the variances are not linear and depend on the mineral and liquid

composition (see International Conference on Experimental Trace Element

Geochemistry, 1977).

Fe-Mg partitioning.

In spite of problems associated with some compatible element

distribution coefficients, certain element pairs can be considered in

differentiation models. Longhi et al. (1978) have measured the Fe/Mg

distribution (KFe-Mg) between coexisting olivine and lunar basaltic

liquids produced by equilibrium partial melting of natural lunar sam-

ples. They found that the logarithms of the conventional distribution

coefficients of Fe and Mg to be nearly linear functions of inverse

temperature and that the K
Fe-Mg

for olivine of low-Ti lunar basalts
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(= 0.33) is essentially independent of temperature and composition.

Roeder and Emslie (1970) indicate the same relations for olivine in

terrestrial compositions and reported a KD
e-Mg

of 0.30 ± 0.03. Stolper

(1977) measured the K
Fe-Mg

for olivines and pigeonites produced in his

melting experiments using eucrites and reported a value of 0.35 for

olivine and 0.30 for pigeonite. Nearly identical results obtained for

the partitioning of Fe relative to Mg in mafic phases allow this major

element pair to be considered in the preceeding partial melt calcula-

tions provided K0 values are used. Values of Fe' (Fe/Fe+Mg molar) in

successive liquids are calculated in this manner. The absolute Fe0

and Mg0 concentrations are not directly obtainable and depend on the

final residual mineral constitution.

Sc distribution coefficients.

The distribution coefficients for Sc in olivine and pyroxenes are

also dependent on temperature and probably to a lesser extent on the

magma composition (Lindstrom, 1976). Lindstrom (1976) reported a DSc

value of 0.53 for low-Ca pyroxene grown at temperatures of about 1300°C

and a D
Sc

of olivine equal to 0.37 at temperatures of 1120°C. McKay

and Weill (1977) reported a DSc of 1.4 for orthopyroxene and a DSc of

0.27 for olivine at crystallization temperatures of 1195°C. DSc

values for olivine, orthopyroxene and clinopyroxene of 0.2, 0.6 and

1.2, respectively, are used in this study. Until the precise behavior

of the temperature and compositional effects are studied, distribution

coefficient values for Sc are suspect. However, the available data
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suggest that Dsc values used in this study are in line provided that

liquids are initially formed in excess of 1200°C.

Incompatible trace element distribution coefficients.

Incompatible trace elements are those elements which strongly

fractionate into the liquid. Unlike major elements, incompatible trace

elements are sensitive to modal mineralogy and are, therefore, a very

important constraint to any model. Several investigations have incor-

porated trace element partitioning into quantitative geochemical models

for the interpretation of various igneous processes of magma evolution.

During the past decade a number of petrogenetic inferences pertaining

to the lunar (see volumes of Lunar and Planetary Science Conference),

eucrite parent body (Fukuoka et al., 1977; Ma and Schmitt, 1979;

Smith and Schmitt, 1981, 1982; Mittlefehldt, 1979; Consolmagno and

Drake, 1977), the shergottite parent body (Ma et al., 1981; Shih et

al., 1981) and, of course, the earth have been made using trace ele-

ments.

Like the more compatible trace and major elements discussed

above, a source of uncertainty in trace element models is the lack

of precision with which the appropriate crystal/liquid distribution

coefficients (D) are known. This deficiency stems in part from the

fact that distribution coefficients often vary for incompatible trace

elements in a manner similar to that of the more compatible elements

(i.e. with temperature, pressure and composition of coexisting solids

and liquids). Fe-Mg exchange in silicate systems and partitioning

of REE as a group apparently avoids some of the intrinsic parameters



99

which affect their absolute distribution coefficients. REE tend to

become proportioned into minerals as functions of their smoothly

changing ionic radii and, regardless of the absolute values used for

REE distribution coefficients, the overall patterns are similar.

It is important, however, to consider the systems for which the

distribution coefficients have been measured and to use values which

best approximate the composition of the system that is being modeled.

Recently, distribution coefficients for olivine (McKay, 1982)

have been obtained using synthetic Apollo 12 olivine basalt melts

at one atmosphere, 1250°C and low oxygen fugacities (F0
`'2

These reported values deviate considerably for light REE (LREE)

relative to the previously reported values (by a factor of 10
3

for

the extrapolated Ce value). McKay (1982) showed that only 1% contam-

ination of matrix results in good agreement with the D values reported

by Schnetzler and Philpotts (1970). Fortunately the absolute D's

for REE in olivine are very low. Thus, regardless of which D values

are used for olivine, the resulting models are generally similar.

Table D-1 and Figure D-1 in Appendix D report the mineral/liquid

distribution coefficients used in this study.
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6. Discussion

Keeping in mind the physio-chemical constraints introduced in

the previous sections, geochemical models used to describe the

lithic compositions found in the Kapoeta matrix are presented in

this section. Previous attempts to model EPB differentiates are

tested and compared with the models which best describe the lithic

compositions found in this work. Initial modeling attempts were

obliged to follow as closely as possible models generally accepted

to most likely account for eucrite and diogenite compositions.

6.1 Previous models

The first attempt to model the EPB differentiates was that of

Mason (1962). He recognized that diogenites, howardites (thought then

to be a single rock type) and eucrites showed a sequential relation

in mineralogy and chemical composition similar to that displayed by

terrestrial layered basic intrusions. Mason (1962) also recognized

that the mineralogies of these differentiates could be reasonably

represented in the forsterite-anorthite-silica ternary phase diagram

and demonstrated that the observed achondrite sequence was compatible

with an origin in a fractionally crystallizing melt.

Figure 6-1 illustrates an olivine-plagioclase-silica pseudo-

ternary plot with phase relations determined from eucrite melting

experiments (Stolper, 1977) and compositional fields depicting

eucrites and diogenites. Mason (1962) assumed an asteroid or planet
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Figure 6-1 Schematic 'pseudo-liquidus' diagram for basaltic
achondrite compositions. Phase relations are from
Stolper (1977). Diogenite and eucrite fields are
from eucritic and pyroxenite clasts (this work),
Allan Hills eucrites, and normal eucrites and dio-
genites tabulated in Appendices B and C. Liquid path
BP is the path along which undersaturated liquids (T)
could produce residual liquids of peritectic composi-
tion (P) provided equilibrium crystallization of
pyroxene and resorption of olivine occurs. Source
compositions within area XYZ can produce primary
melts of composition P by low-pressure equilibrium
partial melting. Path BC is the trend predicted by
fractional crystallization of saturated pyroxenes
(small diogenite field above the pyroxene-plagioclase
join).
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of chondritic composition that initially derives a melt of composition

A on Figure 6-1. As this melt cools magnesian olivine, similar to

pallasitic olivines, separates and the liquid changes composition in

the AB direction. At B olivine reacts with the liquid and diogenitic

pyroxenes begin to crystallize. Upon further cooling and continued

olivine-liquid reaction the composition of the liquid migrates, with

increasing Fe, toward the peritectic point, P, where plagioclase

becomes a stable phase. The completely crystalline mass is composed

of olivine, plagioclase and pyroxene. Mason recognized that since

olivine is never present in eucrites the initial melt which crystal-

lizes eucrites must be impoverished in olivine, a composition given by

point T in Figure 6-1, indicating that a portion of the olivine

crystallized and was separated from the liquids which would evolve

eucrites.

Mason (1968) later proposed that olivine-rich sources could be

viable since olivine could fractionally crystallize from the liquid

while producing a silica-saturated liquid that could eventually

crystallize eucritic compositions. However, Stolper (1977) pointed

out that fractional crystallization of pyroxene at B would not follow

the olivine reaction curve BP because olivine would no longer be able

to react with the liquid once it separated. Instead, the liquid would

crystallize pyroxene and move away from the olivine saturated composi-

tions (cotectic line BP) following the path BC. At C, the residual

liquid begins to crystallize plagioclase and moves along path CE until

all the liquid is depleted or the eutectic point E is reached.
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Stolper emphasized that once the liquid becomes saturated with

pyroxene at B, the residual liquids move away from olivine-saturation

making it difficult to produce late-stage liquids similar in composition

to the eucrites at the peritectic point P. Stolper (1977) did recognize

that equilibrium crystallization of a liquid with composition near

point T could eventually produce liquids at P since olivine saturation

would be maintained along path BP, but suggested that this was highly

unlikely due to olivine separation.

Alternatively, Stolper (1977) suggested that eucrites of composi-

tion near P represented quenched primary liquids resulting from differ-

ent degrees of partial melting of a primitive, undifferentiated source

material composed of olivine (Fo65), low-Ca pyroxene (Wo5, En65),

plagioclase (An94), Cr-rich spinel and metal. The trend toward

silica enrichment (composition E in Figure 6-1) could be caused by

crystallization of plagioclase and pigeonite from primary liquids.

In order to account for the diogenite pyroxenes, Stolper's

model required extensive partial melts after exhaustion of plagioclase

from the source region so as to produce melts with compositions

occurring along path BP. This can be illustrated by assuming a

hypothetical source at S in Figure 6-1. Initial non-modal equilibrium

partial melts would have compositions at P with the residual solid

following path SU with increasing degrees of melting. At U, plagio-

clase is exhausted from the source. Continued equilibrium melting of

this source would then produce partial melt liquids which would follow

the olivine-pyroxene reaction boundary PB. At some point the pyroxene-
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rich liquid separated from the source eventually cools and fractionally

crystallizes Mg-rich pyroxenes (i.e. diogenites and pyroxenites in

howardites) until the residual liquid again reaches the pyroxene-pla-

gioclase cotectic line somewhere along PE.

The preceding model is generally accepted for eucrite genesis

and has been tested using trace element REE partial melt models

(Fukuoka et al., 1977; Consolmagno and Drake, 1977). However,

generation of cumulate eucrites and cumulate Mg-rich pyroxenites,

assuming these lithologies are adcumulate% requires parent liquids

which are more Fe rich and less Fe rich, respectively, than what is

presently observed in achondrites. The dominance of Mg-rich pyroxenes

found in howardites and mesosiderites that do not exhibit a previous

record of Mg-rich parents is particularly disturbing. Petrogenesis

of new lithological types along with additional eucritic and

diogenitic compositions found in this study help to further define

the evolutionary processes of the EPB.
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6.2 Genesis of Mafic Rocks

Chemical and petrological descriptions of these clasts were

presented in section 3.4. Samples BB17 and CB1O show chondrite-

relative ('2X) abundances of Ti, Al, Ca, Mn, Cr, Sc, V, REE and

Hf and have modal olivine with Fe'=0.28. Sample CF1 has propor-

tionately greater Al, Ca and Sc, higher Fe', fractionated REE (LREE

slightly depleted) and a silica normative composition indicating

that this sample is more differentiated than BB17 and CB10. The

minor, but significant, LREE depleted pattern of CF1 suggests either

cumulate tendencies or sample heterogeneity. The small size (4mg)

and the possibility that this sample could be a cumulate and therefore

unrepresentative of the original mafic magma preclude unambiguous

inferences toward original source compositions.

On the other hand, BB17 and C810 have compositions which do

not exhibit cumulate tendencies or post-crystallization alterations

and possibly represent 'primary' mafic melts which can be used to infer

source compositions. Chondrite relative trace element abundances

(Figure 6-2) suggest primitive source compositions or the separation

of minerals which do not fractionate REE and Sc. One of the most

obvious non-chondritic features of these clasts is the extreme depletion

of siderophile elements (Co, Ni, Au, Ir). A less obvious (and model

dependent) non-chondritic feature observed in these mafic rocks is the

low Mg/Si weight ratio (ti0.6).
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Moderate differences in Ni and Co abundances could suggest vari-

able but minor modal olivine in these two clasts; however, since their

lithophile abundances are uniform and similar, the following inter-

pretations and inferences are based on their average composition

(CF1 excluded). Essentially 2X chondrite-normalized abundances of

Al, Ca, Ti, Mn, Sc, REE and Hf in the B817 and CB10 clasts strongly

suggest that these clast compositions are very primitive and could

be closely related to the initial Kapoeta parent body (KPB) silicate

compositions.

In lieu of such primitive major and trace element refractory

lithophile abundances initial assumptions regarding unfractionated

sources are evidently not necessary. However, depletions in Mg

relative to Si (Mg/Si = 0.6 where Si02 is calculated by mass balance)

and fractionated siderophile element (Ni, Co, Ir, Au) abundances

suggest that these compositions are not chondritic in character.

Logically this observation indicates that both olivine and metal were

removed by one or more chemical processes.

The average mafic composition can be modeled as both a primary

melt and a residual liquid. Due either to the extreme degrees of

partial melting or to the minor amounts of crystallization

required for deriving the relatively low and unfractionated chemistries

observed in these clasts, these models produce indistinguishable source

compositions within the error of the implied assumptions. Since

only Mg/Si ratios seem to be non-chondritic with respect to the silicate

fraction, it is initially assumed that only olivine is a residual phase
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or is a fractionally crystallized product.

REE and Sc abundances moderately constrain the amount of residuum

ol
or fractionally crystallized olivine. Using DLa= 0 (McKay, 1982) and

a esic= 0.2 approximately 70% and 40% partial melting or olivine frac-

tionation, respectively, can be tolerated without significantly

(< 10%) fractionating La from Sc. For the partial melt case the

degree of melting required to produce the absolute abundances of the

highly incompatible elements requires knowledge of the initial LIL

abundances (C
o
). A minimum of 70% partial melting requires a C

o
= 1.4X

in order to produce the observed = 2X chondrite REE abundances. Also,

since < 40% fractional or equilibrium crystallization requires an

initial C
o
> 1.2 for the parent liquid, one can reasonably assume that

the source C
o

is in the neighborhood of ti 1.3X chondrites.

An added constraint to both of these models is provided by

manipulation of the Mg/Si wt. ratios. Since the chondritic Mg/Si

wt. ratios range from r\, 0.80-0.90 (Mason, 1971) one can reasonably

bracket the source mineralogies by simple addition of equilibrium

olivine compositons which in turn can be approximated provided that

the Fe/Mg distribution (KD
e-Mg

0.33; Longhi et al.,1978) between

coexistiong olivine and basaltic liquids is applicable to this system.

Figure 6-3 illustrates calculated Mg/Si ratios, Fe' values and

initial C
o

LIL abundances (assuming C
o

F._ concentration in silicate

phases) as functions of the degrees of partial melting (F) and frac-

tional crystallization (x). Assuming that the mafic magamas are

residual liquids the entire range of chondritic Mg/Si ratios are
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acceptable with Co values ranging from 1.25-1.45; however, best fits

(i.e. for La/Sc 1X chondrites) are obtained for lower degress of x.

Similarity, partial melt liquids are constrained to source compositions

with (Mg/Si) wt. ratios between 0.80-0.85.

Based on the constraints presented above for the primary magmas,

their source compositions can be reasonably inferred. Table 6-1

presents a possible source composition of silicate phases of CH and CL

ordinary chondrites; the major exceptions are the alkalis Na and K that

are depleted by a factor of 13±1 in the KPB metal free source. Addi-

tion of 27% equilibrium olivine to 73% average mafic magma yields a

silicate source mineralogy of 52% opx (En74_78), 37% of (Fo74_78),

7% plag (An90), 3% cpx and 1.1% cm. If it is assumed that the inverse

of the initial C
o
represents an upper limit to the non-silicate

fractions this would imply that the KPB could be significantly metallic

(5 40 wt %).

The equilibrium olivine composition listed in Table 6-1 is

slightly refined by the addition of moderately compatible minor and

trace element abundances of Mn, Cr, Sc, Co and Ni found in pallasitic

olivines (Cooper, 1973; Davis, 1977). However,direct inferences

toward pallasitic compositions in the KPB are cautioned. This work

uses pallasitic minor and trace element abundances because these

compositions could likely represent similar olivine compositions

left in the residual sources provided the mafic liquids are extensive

partial melts.

The derived KPB source composition may be compared with the
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Table 6-1 Calculated silicate bulk composition of the Kapoeta Parent Body.

Average Kapoeta Equilibrium KPB average CH + Cl,

mafic clasts olivine comoosition (metal free) silicate

C810 - 8817 compositions

73% 27%

SiO, (1) 51.2 = 0.3 40.5 48.3 47.3

TiO2 0.23 t 0.05 0.17 0.14

41203 3.5 : 0.2 2.6 2.5

FeO 16.7 t 0.5 11.5 15.4 14.9

MgC) 24.1 ± 0.2 47.3 30.7 30.2

Ca0 2.8 t 0.3 2.0 2.3

Na20 0.12 t 0.01 0.09 1.32

K20 0.013 t 0.003 0.0095 0.13

MnO 0.48 t 0.01 0.30a 0.43 0.38

Cr20, 1.03 t 0.03 0.05a 0.77 0.55

Sc (ppm) 15 ± 1 1.44 11.3 10

v 148 ± 13 108 ^,80

Co 25 t 3 ,.,104 21

Ni 135 t 75 ',1206 130

La 0.65 ± 0.05 0.47 0.43

Sm 0.41 t 0.03 0.30 0.27

Eu 0.14 t 0.01 0.10 0.10

Yb 0.40 t 0.06 0.29 0.27

Lu 0.07 t 0.01 0.05 0.044

Hf 0.39 t 0.13 0.28 0.22

a) Estimated from averace main group pallasite olivine, Davis (1977)

b) Estimated from average pallasite olivine, Cooper (1973)

c) Mason (1965), Mason and 'Wilk (1964), Keil et al. (19E44', Mason (1971)
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estimates of other parent bodies (Table 6-2) generally considered

closely if not directly related to each other. In general these

estimates compare reasonably well; however, there is a major

difference which could be important when considering the relation-

ships between eucrite, howardite and diogenite genesis. The

estimates of this work, the APB (Mason, 1967) and the HPB (Dreibus

and Wanke, 1980) have been derived by using primary Mg-rich magmas

from Kapoeta-, eucrite-diogenite-pallasite-, and howardite derived

'primitive'-compositions, respectively. All of these estimates

infer Fe' values near 0.21 although this works estimate may be as

high as 0.25 (see Figure 6-3).

On the other hand, compositions based on eucrite chemistries

(i.e. EPB1, EPB3, EPB4) yield considerably higher Fe0 contents and

consequently greater Fe' values. Dreibus et al. (1977) and Dreibus

and Wanke (1980) have stressed that these Fe0 concentrations (-27%)

are inconsistent with the observed Fe0/Mn0 ratios of 35 observed

in eucrites, howardites and diogenites. Although the 'mafic' magma

sources concur with these authors, eucrite petrologic studies

(Stolper, 1977) which advocate source Fe' values of 0.35 are parti-

cularly convincing as well.

The apparent dichotomy between estimated achondrite and howard-

ite parent body compositions and 'eucrite' inferred parent body

compositions is difficult to rationalize. If one assumes that these

differences are real and not a consequence of erroneous presumptions,

then either two sources prevail on the same parent body or separate
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Table 6-2 Comparison of model compositions of parent bodies associated with eucrites,
diogenites, howardites and pallasites (silicate fraction).

Parent body*

refs..

KPB

This
work

APB
(1)

HP8
(2)

EPB1

(3)

EPB2
(4)

EP83

(5)

EP84
(6)

Si02 (74) 43.3 49.6 46.2 39.0 49.3 41.2 39.3

TiO2 0.17 0.16 0.12 0.12 0.13

Al2 0
3

2.6 2.7 3.3 1.8 2.3 2.4 2.5

Fe0 15.4 14.8 14.8 28.3 11.0 24.0 26.6

Mg0 30.7 30.5 31.5 29.7 35.0 29.4 28.5

Ca0 2.0 2.3 '2.6 1.2 1.9 2.0 2.1

4NI 20 0.09 0.1 0.11 0.04 0.07 0.05 0.05

K20 0.0095 0.0092 0.01 0.004 0.004

Mn0 0.43 0.42 0.30 0.46 (0.018)

Cr
2
0
3

0.77 0.87

La (ppm) 0.47 0.65

Mg/Si 0.82 0.79 0.87 1.02 0.91 0.91 0.92

Fe0/Mn0 36 35 - 37 52 (1480)

Fe' 0.22 0.21 0.21 0.35 0.15 0.31 0.34

All /Ca 0.96 0.87 0.94 1.11 0.90 0.89 0.90

*APB (achondrite parent body), HPB (howardite parent body), EPB (eucrite parent body)

(1) Mason, 1967;(2) Dreibus and Anke, 198C;(3) Consolmagno and Drake, 1977;

(4) Vizgirda and Anders, 1976;(5) Hertogen at al., 1977;(6) Morgan et al., 1978.
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parent bodies exist for the main eucrite group and the howardites.

In summary, the mafic magmas can be derived as extensive

equilibrium melts (-70%) or as residual liquids after crystallization

of (27%) pallasitic olivine. The initial refractory LIL abundances

(C
o
) of -1.3 could indicate a significant metal component (10-40%)

in the howardite parent body. The sources which are inferred by

these mafic magmas can closely approximate ordinary chondrites

assuming only olivine and metal fractionations were involved in

mafic magma genesis.
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6.3 Eucrite and Eucritic clast genesis

Element Trends

Major element chemistries of eucrites have been shown to be

nearly constant indicating that their compositions have been controlled

by similar phase equilibria. This is particularly evident when

simplified normative mineralogies of eucrites are projected onto

the 'pseudo-ternary' diagram illustrated in Fig. 6-4. It is apparent

that eucritic compositions, although very similar, define a trend on

the orthopyroxene-plagioclase cotectic (PE). Stolper (1977) proposed

on the basis of eucrite melting experiments that those compositions

which plot near P are quenched primary melts from olivine saturated

sources and those eucrites which trend toward silica enrichment repre-

sent residual liquids produced by equilibrium crystallization of

pigeonite and plagioclase. The model seems particularly viable with

respect to major element chemistries; however, as previously noted,

major element chemistries are controlled primarily by phase equilibria.

Determining actual source compositions and the degrees of melting and

crystallization which could have produced the eucritic sequence

requires knowledge of incompatible element abundances and their behavior

during geochemical processes.

When considered with major element chemistry, minor and trace

element abundance patterns can by used as indicators of source miner-

alogies as well as determinators of degree and mechanism of differen-

tiation of a suite of igneous rocks. Figure 6-5 illustrates how the
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incompatible trace element, La vs. Fe' of pyroxene change as functions

of degrees of incremental and bulk equilibrium melting (f) and

fractional and equilibrium crystallization (X) processes. Generally,

most eucrites plot along a fractional or equilibrium crystallization

trend (Figure 6-6) from AH-77302,53 to the most residual eucrite NL

(Nuevo Laredo). Calculations indicate that -55% crystallization of a

peritectic mineral composition (55% opx, 10% cpx and 35% plag) from

AH-77302,53 could yield residual liquids similar to Nuevo Laredo with

respect to La and Fe' values.

A few eucrites seem to represent partial melt eucrites. It is

particularly evident in Figure 6-5 and 6-6 that partial melt liquids

have proportionately greater incompatible elements without necessarily

increasing the Fe' values. The eucritic clasts BF7, CF4, CF3 and

Petersburg (RC-03)(Mittlefehldt, 1979) are nearly as magnesian as

AH-77302,53, but have 2-4X the incompatible trace element abundances.

The eucritic clasts Nobleborough RV-04 (Mittlefehldt, 1979), Kapoeta

clast CB17 and the eucrites Stannern and AH-78040,44 have La/Fe' ratios

indicating that they too may be generated by partial melting processes.

Calculations using Fe-Mg olivine and pyroxene/basaltic liquid

partition coefficients ranging from 0.28-0.35 (Longhi, 1978; Stolper,

1977) indicate that BF7, CF4, BB18, Petersburg RC-03, Yamato 74450 and

AH-77302,53 could be derived from sources with a bulk Fe' of 0.29 ±

0.03, whereas Stannern, Nobleborough RV-04, CB17 and AH-78040,40 may

represent partial melts from more Mg-poor sources of Fe' -0.35. On

the other hand, it is possible that these Fe-rich eucrites could re-
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present residual liquids produced by crystallization of pyroxene and

plagioclase from LIL-rich magnesian parents.

In general, the simple geochemical behavior of an incompatible

trace element vs. that of Fe and Mg partitioning in mafic phases

suggests that eucrites can be modeled as equilibrium partial melts

and residual liquids from sources that could range in Fe' 0.26-0.36.

Constraining the source mineralogies and determining whether or not

the sources have been fractionated (i.e., if the sources represent

primitive compositions or residual/enriched compositions) can be

quantitatively assessed using a number of elements with varying

compatibilities in major mineral phases.

Figure D-1 illustrates the partitioning of trace elements in

the mineral phases known to be present in the EPB as a function of

their ionic radii. Differences in mafic mineral partitioning vs.

that of plagioclase are particularly evident. Partitioning of REE's

in minerals reflects preferences toward those elements which are

closest in ionic radii and valencies to the major element phases

(i.e. Mg, Fe, Ca, Na). The obvious affinity of feldspars toward

Sr
2+

and Eu
2+ (these cations have valencies and ionic radii like

those of Ca
2+

) provide direct evidence for plagioclase fractionation.

On the other hand, the partitioning of REEs in olivine vs. ortho-

pyroxene is nearly indistinguishable. Since the absolute abundances

of the source regions might vary by a factor of -3 the magnitudes of

the orthopyroxene distribution coefficients do not strongly constrain
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source mineralogies. A more accurate test which may provide at least

qualitative assessment of ol/opx source compositions may be attained

using Sc partitioning. Reported Sc distribution coefficients of

orthopyroxene are 3-5X greater than olivines, and it can be assumed

that variable Sc abundances in partial melts may be related to differ-

ing olivine/orthopyroxene source compositions, provided also that the

melt temperatures are assumed to be similar.

The chemistries of the eucritic clasts separated from Kapoeta

are compared geochemically with normal eucrites, eucritic clasts

from other howardites and seven of the Allan Hills polymict eucrites.

It is believed that by subjecting all of the well-characterized

eucritic compositions to a consistent set of distribution coefficients

and mathematical tests noticeable similarities and/or differences may

be successfully interpreted.
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Fractionation Trends

Much can be learned geochemically about a particular igneous

system by first outlining the trends which might indicate fraction-

ation of mineral phases. Direct observation of eucrites which seem

to represent cumulates from liquids similar to normal eucrites indi-

cate that pyroxene and plagioclase fractionation was important on the

EPB. A plot of (Sm/Eu)
c.n

ratios vs. Fe' values (Figure 6-7) illu-

strates some particularly noticeable trends. The Allan Hill (AH) eu-

critic clasts AH-77302,53; AH-18132,28; AH-78040,44; AH-76005,23 and

AH78132,39 correspond to a trend predicted by incremental equilibrium

crystallization of pyroxene and plagioclase. However, the major

portion of the eucritic clasts separated from howardites (Kapoeta,

Petersburg and Nobleborough) suggest partial melting processes.

A representative sampling of the main group eucrites (represent-

atives are Juvinas, Haraiya, Pasamonte, Cachari, Bereba and Sioux

County) exhibit poorly defined (Sm/Eu)
c.n.

ratios with increased Fe'

values. However, even though poorly defined, the compositional

variations may suggest some mineral fractionation.

Using the previous group designations, certain trace element

behaviors can be studied provided that correlations allow trends to

be observed. The behavior of Sc during pyroxene fractionation was

previously suggested to be dependent on temperature and Ca-content

in fractionating pyroxenes (see Appendix D). A correlation plot

of (Sm/Eu)
cn.

ratios verses Sccn.
abundances may help to explain

some intensive parametric differences in the eucritic types.
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Figure 6-8 illustrates that both AH and main group eucrites show nearly

identical (Sm/Eu)
c.n.

vs. Sc
c.n.

correlations (excluding Juvinas which

seems to be abnormally depleted in Sc relative to other members of its

group.

The trend portrayed by Kapoeta partial melt liquids shows little

correlation. Large variations of (Sm/Eu)
c.n.

ratios without significant

Sc variations are consistent with a partial melt origin from a source

having minor feldspar proportions. Since partial melts are controlled

primarily by their source residual mineral, small-degree melts of basal-

tic composition will not completely deplete plagioclase of Eu, thus

creating significant and large Sm variations relative to Eu. Scandium

abundances, however, are dependent on source-dominating mafic phases

(primarily pyroxene, but also olivine). Thus, small percent partial

melts will not significantly change the mafic phase proportions re-

sulting in nearly constant Sc abundances in the melts.

The trends observed in the AH samples vs. those of the main group

eucrites are consistent with differing parent magma compositions. In-

distinguishable slopes and good (individual meteorites) correlation

coefficients for each of the eucritic groups suggest that the intrinsic

parameters which controlled crystal fractions were similar with respect

to magma differentiation.

Nuevo Laredo has been attributed to a residual liquid from a

parent similar to Sioux County (Consolmagno and Drake, 1977). However,

this eucrite does not appear to have a composition which suggests such

a simple relationship. However, it is possible that highly different-
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iated magmas may not follow consistent fractionation trends due to in-

creased viscosities and lower magma temperatures.

REE models

The preceeding discussion introduced a few viable mechanisms to

account for the chemical variations observed in Kapoeta eucritic clasts,

Allan Hills polymict eucrites, and the main group eucrites. The

AH eucrites and the main group eucrites have been shown to correspond

to pyroxene and plagioclase crystallization based upon simple correla-

tion diagrams. Confirmation of these mechanisms may be accurately

assessed using models based on a suite of incompatible and moderately

compatible trace element abundances. For example; K, Ba, Sr, REE and

Sc abundances of five of the seven AH eucrites and the eucrite Cheverony

Kut can be derived by invoking an incremental equilibrium crystalliza-

tion mechanism. In Figure 6-9 AH-78132-28, AH-78040-44, AH-76005-23

and AH-78132-39 are shown to correspond to residual liquids produced

by 15, 35, 35 and 44% crystallization, respectively, of 60% pigeonite-

40% plagioclase from a parent composition represented by AH-77302-53.

The accuracy of the fit including Fe' is excellent and confirms such

a hypothesized origin. The eucrite Cheverony Kut has REE and Sc abun-

dances which reflect -35% crystallization; however, low K abundances

may suggest a slightly different parent liquid. For comparison, the

element abundances of AH-78165-13 are plotted which exhibit a poor fit

suggesting either a different origin or poor sample representation.

In a similar manner, the main group eucrites, AH-78165-13 and

Nuevo Laredo have been modeled by using approaches outlined above and
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by assuming an initial parent magma composition represented by Sioux

County. Generally, the correlations obtained for these eucrites are

not as good as those found for the AH group (Figure 6-10). Finally,

calculations indicate that the eucrites Haraiya, Bereba and Pasamonte

could represent residual liquids from parent compositions similar to

Sioux County where as AH-78165-13, Juvinas and Cachari have trace

element abundances which suggest different origins, possibly repre-

sented by individual basaltic flows.

The eucritic clasts and eucrites which have compositions that

are not obviously related by differentiation processes may be primary

magmas, implying that these particular basalts best represent their

respective source chemistries.

Resulting calculations using K, Ba, Sr, REE and Sc abundances

as constraints in partial melting equations indicate that the Kapoeta

clasts BF7, CF4, CF3, B818, CB17, polymict eucrite AH- 77302 -53, report-

ed literature abundances of the eucrite Yamato 74-450 and the Peters-

burg basaltic clast (RV-03) can be modeled as equilibrium partial

melts from an unfractionated (- 1.3X chondrite) source composed of 35%

ol, 35% opx, 3% cpx, 7 ± 1% plag and 20% metal (assumed Dmet . 0 for

LILS in metal). Eucrites which have consistently more Sc (i.e. Jonzac,

Nobleborough (RV-04) and Stannern) can be derived from sources with

40% ol, 30% opx, 3% cpx, 7 ± 2% plag and 20% metal (Figures 6-11,12).

The major differences in these two sources are the olivine to

orthopyroxene ratios and the initial Fe' ratio. The Kapoeta basaltic

clasts, Yamato eucrites and the Allan Hills eucrite compositions
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generally require more magnesian sources (Fe' -0.30) than Stannern

and other main group eucrites (Fe' -0.35). Absolute abundances of

olivine and pyroxene are dependent on initial (source) relative LIL

abundances (Fukuoka et al., 1977); however, assuming the same Co for

all of the eucrites and eucritic clasts believed to represent primary

melts, slight differences in source mineralogies or melt portions

exist in the EPB and the HPB.



129

INCREMENTAL EQUILIBRIUM CRYSTALLIZATION
20 60/40 pigeonite/plaqioclase

10

`,08

4-)

=
25
L)

0_
(3

2

1

/4\, ,

/7\\, v15% --III

44% _ -4
z.----1574 A\ Irt

Pr%
\

0°

Air /

(X10)

K Ba Sr

-----

N.\

Fe'

meas. calc. fra

O AH-78132,39 0.62 0.62 44%

AH-78040,44 0.57 0.60 35%
o AH-76005,23 0.61 0.60 35%
O Cheverony Kut 0.62 0.60 35%

8:gR 8:g9
o AH- 77302,53 0.53 -- 0%

La Ce Nd SmEuGdTb YbLu

c.

Sc

Figure 6-9 Calculated curves obtained by incremental crystallization
of pigeonite and plagioclase. Good fits for the REE and

Sc abundances and Fe' values suggest that these eucrites
represent liquids produced by fractionation of cumulate
eucrititc compositions from parent liquids at least as
Mg-rich as AH-77302,53.



130

INCREMENTAL EQUILIBRIUM CRYSTALLIZATION
60/40 pigeonite/plagioclase

o 0 044%

..... . .
.

/ Is .4'-- , 43-12r N`,
0/ .. .N N.\

Fe'

meas. calc. frac.
. ..,\N

.. .
..

N 4
o Nuevo Laredo 0.67 0.69 44% . \O
7 Pasamonte 0.63 0.65 3r

o Juvinas
a Cachari

8:g8 8:V M
o Bereba 0.62 0.64 23%

Haraiya 0.61 0.63 15%
4 Sioux County 0.60 0%

K Ba Sr La Ce Nd SmEuGdTb YbLu

REE Sc Ionic Radii

Figure 6-10 Calculated curves obtained by incremental crystallization
of pigeonite and plagioclase. Only Haraiya, Bereba
and Pasamonte have compositions which can be reasonably
modeled as residual liquids from parent compositions
similar to Sioux County using REE, Sc and Fe' values
as constraints.



20

10

a)
, 8
4)

g
0
L)

(1)

R- 3
re
(,)

2

1

Fe' (calc.

0.57 a 4.5%

0.55 / \ / * 9%
\ A

\ , 11%

T\ 4 /1 9-121
n ;2/- / 1 9CI*

131

\
//
/

NaN
i 'NN N

4/ o CF4
41 BF7

BC
0 Yamoto 74450 'N.

4, 1
0 B818
0 Petersburg (RC-03), Mittlefehldt (1979)

a g37 -77302,53
PARTIAL MELTING MODEL
Source: r,35% opx, '35% ol, 7±1% plag, %3% cpx, ,N,20% metal.

=1.3Fe'= 00.30±0.02, C
o

(x10)

K Ba Sr La Ce Nd SmEuGdTb Ho TmYbLu

REE + Sc Ionic Radii

Figure 6-11 Partial melting model for the Kapoeta eucritic clasts
(excluding BB2 and BB22), Yamoto 74450, Petersburg clast,
and AH-77302,53 eucrites. Calculated Fe' values correspond
to LREE abundances. The percent of melting is given for
each curve.



20

132

Fe' (calc.

0.63
0

/

8 %

-....

/
14%

0. 6 0/ 4 .
......--- ^-- ..--ik r

\el
\

0 / i\ /
/ \e/ PARTIAL MELTING MODEL

/
Source: q,40% ol, rk,30% opx, 7±1% plag,

",3% cpx, '1,20% metal. Fe1=v1,0.3\ \
/

C
o
=%1.3 N4,

Stannern N
0 Nobleborough (RV-04), (Mittlefehldt,1979)

a Jonzac

(X10)

K Ba Sr La e Nd SmEuGdTb Yb Lu

REE + Sc Ionic Radii

Figure 6-12 Equilibrium partial melt models for some normal eucrites.
All curves are calculated compositions. The percent of
melting is given with each model curve. Calculated Fe'
values correspond to LREE abundances.



133

6.4 Cumulate eucrite genesis

The Kapoeta eucritic clasts observed in this study do not suggest

residual eucritic trends although the presence of the cumulate eucritic

clast CB15 and CB16 indicate that fractionation of plagioclase and

pyroxene occurred in regions sampled by the Kapoeta howardite.

Previous attempts to model the cumulate eucrites Moore County (MC)

and Serra de Mage have suggested that these eucrites represent crystal

accumulations from residual liquids which were produced by 85 and 50%

fractional crystallization of pigeonite and plagioclase from parent

liquids represented by the main group eucrites (Consolmagno and Drake,

1977). Ma and Schmitt (1979) have argued against a common origin

hypothesis on the basis of Fe' values and absolute REE abundances,

stated that in order to obtain La abundances (4X Chon.) observed in

MC from a similar liquid which could fractionate SdM would result in

a MC Fe' value of 0.88 instead of the observed value of 0.50. Ma and

Schmitt (1979) alternatively suggest that MC and SdM could have frac-

tionally crystallized from two melts with (La/Yb)c.n. ratios -3 pro-

duced from a source with -30% high-Ca clinopyroxene. Such a source

material is quite different from the sources inferred from the basaltic

compositions observed in this work.

A third interpretation for the genesis of cumulate eucrites is

to assume each possesses variable amounts of trapped liquid component.

This assumption is quite valid if the parent body is of asteroidal

dimensions (100-500 km dia.) since small gravitational fields (5 1%

relative to the earth's field) would not be conducive to efficient
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segregations.

Calculations show (Figure 6-13) that Kapoeta clast CB16, SdM-1

(Palme et al., 1978) and SdM-2 (Ma and Schmitt, 1979) can be derived

from a typical main group eucrite composition with 8X REE, 4X Sc and

Fe' value of -0.60 by additions of 75, 25 and 7% TL (trapped liquid)

component to an equilibrium assemblage of pigeonite and plagioclase.

The Fe' values calculated for SdM-2 do not agree well with those

observed; however, this sample aliquant was found to contain propor-

tionately more normative plagioclase than SdM-1. In view of the

hypothesized model SdM-2 has also been stripped of mesostasis rich

in LREE and K. MC can be modeled in this way assuming an equilibrium

magma with REE = 12X chondrites and a moderately negative (Sm/Eu)c.n

anomaly and invoking 50% TL component.

Interpretations of the genesis of the Kapoeta clast C815 from

normal eucrite compositions are very difficult using viable literature

distribution coefficients. This clast's chondrite-normalized REE

pattern shown in Figure 6-14 illustrates an extreme positive Eu

anomaly. Assuming that this clast represents a cumulate, the observed

(Sm/Eu)
c.n.

ratio requires an equilibrium parent magma similar to

SdM-2 but with Fe' -0.70. Although it is conceivable that a parent

with a cumulate REE profile similar to the cumulate eucrites could

have been extensively melted and subsequently reform second generation

cumulates of CB15 REE abundances, it is highly unlikely that this parent

liquid would have Fe' values as high as 0.70.

The most reasonable way to account for the chemical abundances



135

observed in CB15 requires partial melting of previously formed cumulate

compositions. Figure 6-11 illustrates the residual REE patterns ob-

tained by extraction of a 15% equilibrium partial melt from a cumulate

source similar to SdM-1. In this way CB15 represents a three-stage

igneous product produced by initial partial melting of assumed chon-

dritic sources followed by crystal accumulations which were in turn

followed by a reheating and subsequent remelting event.
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6.5 Thermal metamorphic alterations

Secondary remelting or thermally metamorphosed alterations may

also explain the chemical abundances observed in samples B82 and

BB22. These basaltic clasts exhibit similar REE patterns (Figure

6-15). Petrographic observations have suggested that these samples

have been annealed to granulitic textures with 8822 being more

annealed than B82. Assuming that these samples were derived from the

same parent liquid it is obvious from the more depleted pattern of

BB22 that this sample was to some consistent degree more thermally

metamorphosed. Figure 6-15 illustrates a possible way to account

for the depleted patterns observed in these two samples. Assuming

a typical undepleted eucrite REE pattern labeled eucrite* in Figure

6-15, extraction of a 5% equilibrium melt will yield a residuum

chemically similar to average 8822 and B82 composition. Exact fits

were not attempted since the fine grained texture and post-crystal-

lization and annealed appearance of these rocks precludes easy and

simple derivations; however, the model does approximately illustrate

the characteristic patterns which may be expected of a recrystallized

basalt.
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6.6 Pyroxenite clasts

All of the orthopyroxenite clasts observed in this work have Fe'

values ranging from 0.23-0.30. One clinopyroxene mineral clast, BB8

has a Fe' of 0.34 suggesting that this sample could have crystallized

from a parent liquid similar to the main group eucrites. Greater Sc

abundances of BB8 (3X chondrites) relative to all of the other ortho-

pyroxenites (-1.9X chond.) concur with petrographic observations

since -2X greater Sc distribution coefficients are expected in high-Ca

clinopyroxene.

The orthopyroxene clasts with low Fe' values suggest parent

liquids similar to some of the basaltic clasts observed in Kapoeta or

the Antarctic eucrites except with slightly lower Fe' values (-0.50).

Using the distribution coefficients reported in Appendix O for

orthopyroxene, cumulate orthopyroxene REE patterns similar to those

observed in the majority of the samples can be derived with small

amounts of TL component. Figures 6-16,17 illustrate the REE patterns

calculated assuming equilibrium crystallization of orthopyroxene from

two eucritic parents representing extremes in REE observed patterns.

Generally the pryoxenites observed in this study can reasonably con-

form to opx cumulates with 0-3% trapped liquid component. It should

be noted that the relatively minor TL components in orthopyroxenes

relative to cumulate eucritic compositions are to be expected and can

be rationalized by mineral density considerations as well as cumulate

formation temperatures. Since opx is denser and forms at higher tem-

peratures this mineral may be expected to form 'cleaner' cumulates.
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6.7 Other clasts

The polymict clasts may represent impact melts rocks and highly

metamorphosed regolith materials. These samples are believed to be

unimportant in elucidation of primary igneous differentiation(s) of

the KPB. Some metal-rich clasts of polymict character have composi-

tions similar to mesosiderites. Clast BF2 has enough Ni-rich metal

fractions to be considered a mesosiderite in terms of the data pre-

sently obtained. However, until more precise analysis of the metals

present in this sample (and others) are made, such an inference must

remain speculative.

The non-chondritic metal-rich clasts (BB1O and BB24) may be

representative of thermal metamorphic events whereby Fe and Co present

in mineral phases are reduced, possibly with indigenous or non-indig-

enous carbon to Co-rich iron metal. The significance of these composi-

tions is presently unknown; however, their mere presence indicates that

processes (whatever they may be) responsible for metals in diogenites

(Gooley and Moore, 1976) are also present on the KPB.

Pallasitic compositions were not found in the Kapoeta matrix.

Although this does not preclude pallasitic compositions from existing

in the KPB it does logically constrain these compositions into deeper

regions. Indirect inferences toward source residuals which could be

similar to pallasites were suggested in the discussion of mafic magma

genesis. If pallasitic compositions are residual solids after exten-

sive melt segregations have occurred then this could indicate that the

KPB's central or deeper regions were subjected to nearly complete
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melting.

Unrelated clasts have been shown to be similar to CI or CM type

carbonaceous chondrites. The presence of these clasts suggests that

a number of chondritic types may have been in the vicinity when the

KPB accreted, and therefore, does not preclude heterogeneous chondritic

accretions.
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7. Parent Body Compositions

The mafic magmas indicate that silicate source mineralogies of

-40% ol, -50% opx, 7% plag, 3% cpx and 1% cm by weight were present

in KPB. Table 6-1 shows that the major, minor, and trace element

chemistries of this source can be modeled to represent average CH+CL

ordinary chondrites. Since CH and CL chondrites have significant

amounts of metal (-7 and 18 wt.% in CL and CH, respectively) the bulk

KPB may also have similar metallic abundances. The major difference

between the calculated KPB silicate composition and that of ordinary

chondrites is the 13 fold depletion in the alkali elements Na and K.

Morgan et al. (1978) have suggested that the eucrite parent body may

have been derived from primarily high temperature condensates (HTC)

and remelted silicates (chondrules) thus accounting for such deple-

tions. If this is the case then the temperatures of condensation for

the KPB (EPB?) constituents must have been less than 1200°K (approx-

imate condensation temperature (CT) of Mn in silicate phases) but

greater than 1000°K (CT of Na, K, Rb feldspars). Otherwise Mn would

be expected to be depleted as well.

Low Fe0/MnO.wt. ratios (-35) observed in the KPB and EPB

differentiates suggest that this parent body(s) is well endowed with

Mn, and further suggests a significant portion of Fe may be in the

reduced metallic phase. Since bulk chondritic (Mason, 1971) Fe0/Mn0

ratios of -104 are to be expected if all of the Fe present is in the

oxidized form, a first approximation for obtaining a lower limit metal

component in the KPB can be estimated by assuming that all Mn is
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oxidized and present in the silicate phases (6% of Mn is present in

the troilite phase of ordinary chondrites). Thus the modeled Fe0/Mn0

ratio of 36 (Table 6-1) is equivalent to 10 wt.% Fe0 which in turn

leaves 15 wt.% Fe in the metallic fraction. This result is in agree-

ment with lower limits established previously by assuming Co values

to be inversely related to metallic contributions, and additionally

favors CH chondrites more than CL types with respect to the metallic

abundance criterion.

Therefore, based on the assumption that significant metallic

fractions are present in the source regions from which the mafic mag-

mas were derived, then the source matter may be reasonably approximated

by having olgol+opx) -0.44, minor plag (-6-9% of An90 composition,

15-40% metal corresponding to a Co -1.2-1.7, respectively, and a bulk

Fe' -0.23 ± 0.02. Source compositions inferred from the majority

of the Kapoeta basaltic clasts, Yamato 74-450, Allan Hills polymict

eucrite (AH-77302-53), and Petersburg clast (RC-03) are composed of

-35% ol, -35% opx, -7% plag, -3% cpx and 20% metal with a Fe' = 0.30

± 0.02 and a C 1.3. The metal component was assumed to have little

effect on the relative distribution of REE and Sc but was included to

compare to the estimated overall source composition parental to the

mafic magmas. Considering the uncertainties in the mineral/melt par-

tition coefficients (Arth, 1976) the differences in mineralogy cal-

culated by these two very different approaches are negligible; however,

the two sources do show significant differences in their Fe0/Mg0

ratios. Although the Fe' value limits of each modeled source in
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Kapoeta (i.e. mafic sources Fe' < 0.25 and eucritic clasts Fe' > 0.28)

are reasonably close, greater source Fe' values (0.35) are calculated

for the main group eucrites and Stannern, Jonzac, and Noblebourgh

basaltic clast RV-04 indicating that this discrepancy may be real. In

general, a trend of increasing ol/opx source mineralogies with increas-

ing Fe' values is established between these presumed primary magma

types.

An explanation for this observation may be related to variable

source mineralogies ranging from the CH chondrites (Fe' 0.20) to the

oxidized CLL chondrites (Fe' 0.30). However, the nearly constant

Fe0/Mn0 ratios observed in howardite and eucrite differentiates are

difficult to reconcile if variable source compositions are invoked

which exhibit Fe0/Mm0 ratios of 33,46 and 59 for the CH, CL and CLL

chondrite groups, respectively.

With added oxidation of Fe, the proportions of olivine will in-

crease due to increased cation to silica ratios. This additional

olivine will moderately buffer increased source Fe0/Mn0 ratios since

this mineral phase prefers Fe+2 rather than Mn+2 (i.e. KFDe/Mn (ol)

= 1.25 = 0.11; KFe/Mn (pig) = 0.88 ± 0.06; Stolper, 1977). Calcul-

ations using ol/opx source ratios ranging from 0.71 (i.e. mafic magma

source) to 2.5 (maximum ol/opx source ratio logically feasible) and

the KFe/Mn values listed above indicate a reduction of Fe0/Mn0 ratio

from 59 (CLL ratio) to 51 will occur during partial melting (5-20%)

instead of the 60% (59+35) reduction required. Therefore, in order

to account for lower Fe0/Mn0 ratios, increasing Fe0 concentrations
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must also be followed by increasing Mn0 abundances. This would be

reasonable if Mn were siderophile in character; however, this element

is primarily lithophile, thereby precluding increased Mn0 concentra-

tions by simple oxidation of metals present in the mafic magma source.

Another possible solution assumes that eucritic clasts and

eucrites are either residual liquids or partial melts from an enriched

source. For the residual liquid hypothesis, primary parent liquid

compositions can be estimated by variable degrees of partial melting

from a source with a composition suggested by the genesis for mafic

magmas. Liquid compositions calculated in this manner can yield REE

abundances which fit the observed eucrite REE patterns; however, cal-

culated Sc abundances (3X) are -15 and 20% lower than the observed

abundances in Kapoeta basaltic clasts and eucrites respectively. Also

these liquids are moderately more magnesian with Fe' values 0.43 ±

0.05.

In order to derive the observed abundances for the Kapoeta and the

Mg-rich Antarctic basaltic rocks from this parent liquid, -20% fraction-

ation of olivine (?) and/or orthopyroxene is required. If plagioclase

is also crystallizing, then all eucrite compositions would have (Sm/

Eu)
c.n.

ratios > 1. This is the case for all of the Kapoeta eucritic

samples which are believed to represent melts from unfractionated

sources (i.e. BF7, CF4, C817, BB18 and CF3). However, AH-77302-53 has

a relatively unfractionated REE pattern indicating only minor pyroxene

(olivine?) fraction. An obvious indication of opx fractionation is

particularly evident in howardite breccias which have 27-62 wt.%
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diogenite-like material (Fukuoka et al., 1977). If diogenites are

cumulates, then this diogenite component in howardites indicates that

extensive near surface accumulations of opx were present in the HPB.

Accounting for the main group eucrites by fractionation processes

is difficult. These eucritic compositions have negligible Eu anomalies,

yet high and nearly constant Fe' values. The variations in modal

mineralogies of the Yamato and AH eucrite compositions relative to

those in normal eucrites are consistent with only minor pyroxene

fractionations instead of the required 20% needed to produce Fe'

values of 0.60. Even if this amount of added fractionation were

feasible, nearly constant Fe' values for these eucrites suggest that

they are unlikely to be derived by fractionation of more Mg-rich

parent liquids.

The Kapoeta clasts BB2 and BB22 have been shown to be depleted

in the LREE, possibly by impact melting and recrystallization. Al-

though this may be a reasonable interpretation, these two samples may

also be derived as partial melt liquids from a fractionated source.

Greater Sc and average Fe' values suggest that these samples could be

related to main group eucrites. Since most normal eucrites have

relatively rectilinear trivalent REE patterns (some exhibit negative

Eu anomalies), nearly constant Fe' values (0.60) and similar major

element chemistries, these compositions were most likely derived by

partial melt processes and not by fractionation. Figure 7-1 illu-

strates how successive source tappings of a Binda (cumulate eucrite)

source may be used to account for Stannern, AH-78132-39, Juvinas and
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the depleted eucritic clast BB22. Therefore, all compositions between

the REE patterns of BB22 and Stannern may be derived by partial melting

from highly fractionated cumulate sources. Thus, main group eucrites

could be representatives of secondary partial melt liquids, implying

that models which infer undifferentiated EPB source compositions may

be invalid.
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8, Summary and Conclusions

The genesis of some eucritic clasts observed in this work conform

to the model presented by Stolper (1977) in that they could represent

partial melt liquids from primitive, undifferentiated sources. How-

ever, unlike normal eucrites, the eucritic clasts have variable Fe'

values consistent with partial melting with or without minor (< 20%)

mineral fractionations.

The nearly constant and high Fe' values observed in the more

Mg-rich Kapoeta eucritic clasts and Antarctic eucrites (Yamato and

Allan Hills) suggest that these two types of eucrites were derived

from different sources. Since it is more likely that basaltic com-

positions which possess low Fe' values are more 'primitive' (having

undergone less chemical fractionations) it is reasonable to infer

that eucrites with higher Fe' values are either: 1) partial melts

from fractionated sources; 2) residual liquids; or 3) not from the

same parent body as howardites and could represent 'primary' melts

from other chondritic sources. The third hypothesis of origin was

argued against since it is difficult to account for 'known' chondritic

compositions which could yield Fe0/Mn0 ratios of 35 and have Fe' values

(0.35) capable of producing normal eucrite compositions. Also, the

second hypothesis seems invalid since these eucrite compositions do

not exhibit trends of increasing Fe' with increasing incompatible

trace element abundances required to derive them from Mg-rich eucritic

compositions. Therefore, the most likely origin for normal eucrites

may be the first hypothesis, in which case normal eucrites are not
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primary indicator basalts of unfractionated parent body compositions.

Although the most Mg-rich Kapoeta eucritic clasts and the Allan

Hills eucrite, AH-77302-53, could represent primary partial melts, it

appears that even these eucrites have undergone some chemical fraction-

ations as well. Mafic magma compositions indicate that the KPB was

initially an alkali depleted ordinary chondrite. Partial melting of

this source can yield REE profiles observed in eucritic clasts; however,

these calculations are unable to account for Fe' values as high as

0.53, thus suggesting that these eucritic compositions may have under-

gone some (albeit minor) orthopyroxene fraction. The relative abun-

dances of diogenite-like material in Kapoeta and other polymict

breccias (27-62%, Fukuoka et al., 1977) have also indicated that

magnesian primary melts capable of fractionating orthopyroxene were

important in the igneous evolution of howardite parent bodies.

Heat sources can be inferred provided they are able to reasonably

account for the distribution and compositions of the observed igneous

products. Nearly extensive and complete melting may account for the

mafic magma generation. In this generation, residual pallasitic like

compositions were predicted thus indicating that these mafic composi-

tions were derived from a deep core origin. Small degree partial melts

(F < 0.20) of primary and secondary (remelt) origins were implied to

account for Mg-rich eucritic compositions and normal eucrites, respec-

tively. REE abundances of CB15 indicated that this sample could be a

residual solid after extraction of a small degree partial melt (-15%)

from a previously formed cumulate eucritic composition. Further
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evidence for remelting episodes in mesosiderites (Clover Springs clast

RC-01, Mittlefehldt, 1979) and diogenites (Tatahouine, Fukuoka et al.,

1977) suggest that secondary melting may be a more common phenomenon

in the achondrites parent body(s) than previously recognized. In

order to account for all of these melt types, a dynamic or heterogen-

eously distributed heat source is required.

The decay of 26A1 could produce variable degree melts, thus

accounting for extensive partial melts deep within the parent body

and smaller degree partial melts nearer the surface. Also since

26
Al is concentrated in the melt phase, a melt-mobile heat engine

conveniently provides a general mechanism for remelting previously

crystallized differentiates. Initially erupted primary partial melt

liquids will crystallize because radiative heat losses would be an

efficient process near or on surfaces. As magmas continue to erupt,

the early crystallized solids will be overlain by new primary (?)

melts eventually producing sufficient thermal barriers to reduce

radiative heat losses and cause underlying layers to remelt. If

normal eucrites are products of such remelting episodes then this

could explain the unrelated association between diogenitic products

and these eucrites as well as the apparent dichotomy between howardite

and mafic magma sources and eucrite derived sources.

Finally, the lithic clast types observed in this work are

extraordinarily diverse considering that all have been separated from

a single meteorite. The model presented above attempts to account

for the chemistries recorded in eucrites, diogenites, pallasites and
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lithic clasts in howardites (esp. Kapoeta) as feasibly being igneous

products from a single parent body. Obviously, such a dynamic model

needs to be time-tested and confirmed with continued studies of these

meteorite types.
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RNAA Procedure

The radiochemical procedure employed in this work is a variation

of that described by Laul (1979) for the REE. The variations allow for

the separation of Rb and Cs, Ba and Sr, and the REE as individual

groups. Rb and Cs are separated and purified by methods used by

Anders' group (E.A. Anders, private comm.). Ba and Sr chemistries

follow those of Conard (1977). The basic procedure is outlined below

and diagramatically emphasizes the techniques developed in this work.

Inactive carriers (mass quantities--mg's) of the selected ele-

ments to be separated are first added to the sample before separations

are carried out. Post activation radiochemical procedures are gener-

ally used when extremely small quantities of trace elements are to be

measured since these additions do not contribute to contamination of

the sample via addition of impurities. Also, analytical reagents are

safely used without added contaminations. The carriers are pipetted

into Ni or Zr crucibles and dried prior to the radiochemical analysis.

A list of carriers used in this work is shown in Table A-1.

The mixed REE carriers serve two purposes. First, they enable

the separation of activated elements from large solutions via preci-

pitations. This would be impractical when only jg or less quantities

exist in the solution. Secondly, carriers, whether specific isotopes

of elements to be separated or mixed isotopes, enable one to determine

accurately the yields via reactivation. The isotopes used to make

up the carriers are added, which conveniently allows post-chemical-

yield determinations via a short reactivation. A balanced carrier
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solution is arranged to yield normal interferences from each of the

other carrier elements.

The natural abundances of Nd and Yb have only 5.7%
148

Nd and

12.7%
176

Yb. To enhance the counting statistics for
149

Nd and
177

Yb,

enriched Nd (95.4%
148

Nd) and Yb (96.4%
176

Yb) are added to the carrier

solution. To reduce the contribution of a 22.2 m
155

Sm ( E = 1 0 4 keV)

to the peak of 46.8 h
153s

m (E = 103.3 keV), an enriched Sm isotope

(

152
Sm = 98.3%) is used. A suggestion for future preparation of the

mixed carrier solution is to add enriched
136

Ce instead of natural

Ce. By such an addition the 9.0 h
137

Ce and 34.4 h
137m

Ce isotopes

can be counted without interferences from post activated
141

Ce. This

added determination is worthy of consideration since Ce often tends

to fractionate erratically due to the element's +4 character in the

ion exchange column procedure used in this work.
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Fusion

Samples and carrier are heated in a Zr crucible with about 6-8 gm

Na
2
0
2
and 8-10 pellets of NaOH until completely molten. The crucibles

should be dull red in color and the molton state should be maintained

at least five, preferably ten minutes to insure a complete fusion.

After five to ten minutes cooling, the melt is dissolved with water

and minimal amounts of lON HC1. The crucibles are rinsed with con-

centrated HC1 until any residual activity is removed from the crucible.

A final volume of no more than 100 to 150 ml should be attained.

The greater the volume, the less yield one will obtain for SrSO4 in

the preceeding sulfate precipitation. The resultant solution should

be a clear yellow (green if Ni crucibles are used) solution.

Nickel crucibles can be used; however, it was found that enough

Ni(OH)
2
is formed causing excessive amounts of precipitate and thereby

resulting in large solution volumes. Zirconium crucibles, although

more expensive, are more resistant to fusion procedures and therefore

can be safely reused more times than conventional Ni crucibles.
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Barium and Strontium Separation

An excess of 9M H
2
SO

4
is used to precipitate Ba and Sr from the

rest of the sample. The supernate is saved for Rb, Cs (K) and REE

chemistry. The precipitate should settle about 15 to 30 minutes

on a warm hot-plate to facilitate coagulation and increase the Ba-Sr

yield. As previously stated, the Sr yields are proportionally

dependent on the final volume of the solution. Using available K
sp

data approximately 12 to 14 mg of SrSO4 is soluble in 100 ml of water.

If the liquid cools too fast, an extremely fine (Ba,Sr) SO4 precipi-

tate forms which is difficult to separate. The sulfate precipitate

is washed with IM Na
2
SO

4
and then boiled with 40 ml of 50% K2C0

3

until a carbonate cake is formed or until 10 or 15 minutes have

elapsed. The carbonate precipitate is washed twice with minimum

amounts of water and then dissolved in 6N H2SO4 (-1 ml). Ten mg of

Mn holdback carrier is added. Barium and Sr are then precipitated

as nitrates with fuming HNO3. After 10 minutes in an ice bath the

precipitate is dissolved in 15 ml of H2), and 10 mg of Fe is added.

Further purification is obtained by an Fe(OH)3 scavenge by addition

of NH4OH. The precipitate thus formed is just dissolved with HC1

and reprecipitated with 3N NH4OH. After centrifuging, the supernate

should be clear or pale orange in color. To this supernate 50 wt.%

K2CO3 is added to precipitate (Ba,Sr) CO3. The carbonate is washed

with minimum water, redissolved in HNO3 to -0.8 ml and transferred

into a clean 2/5 dram polyvial for counting. Yields were determined

later by a three minute reactivation in a flux of 2 x 0
12

n/cm
2
/sec
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followed by 1 hour decay. The measured
139

8a and
87m

Sr activities

correspond to yields ranging from 80-90% and 10-40%, respectively.
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Rare Earth Elements

The supernate from the sulfate precipitation is brought to a pH

of -14 using concentrated NaOH. The REEs are precipitated as hydro-

xides and the supernate is saved for Rb and Cs separations. (K can

be separated provided decay times are sufficiently short to measure

12.4 h
42

K.) The REE(OH)
3
are washed with dilute NaOH (with washings

added to the Rb and Cs fraction) and dissolved in HC1. Zinc is added

and reprecipitated with NH4OH. The hydroxide is then washed with 3N

NH
4
OH leaving a pale yellow to clear supernate. The supernate is

discarded and should not be added to the Rb and Cs fraction since

NH
4

+
ions interfere with alkali separation used in the preceding

section. The final hydroxide precipitate is dissolved in a minimum

amount of HC1 to form 20 ml solution. Powdered Zn is added until

no further reaction is observed, then filtered and transferred to

50 ml polyvial centrifuge tubes.

The REEs are precipitated as fluorides with 2-3 drops of HF and

-1 ml of freshly prepared NH4HF2 (saturated). The fluorides are dis-

solved with 1 ml H
3
B03 and 0.5 ml HNO

3'
diluted to 10 ml with water

and reprecipitated as REE(OH)3 with NH4OH. In standard REE chemistry,

the fluoride step is carried out as many as five to six times in

order to remove the 46Sc impurities. However, this work uses an

ion exchange procedure which quantitatively separates the 46Sc and

59Fe interferences from the REEs in a single, less time consuming step.

Radichem 200-400 mesh anion exchange resin was used in the

thiocyanate form produced by reconditioning the chloride form with
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sufficient 2-3 M ammonium thiocyanate (ATC) in 0.5N HC1. The resin

is then loaded into columns (one for each sample) of approximately

10 ml volume. In this work columns had dimensions of 1 cm diameter

and 15 cm length with the column bed having a height of 8 cm. The

washed NH
4
OH precipitate (REE(OH)

3
) is dissolved in the ammonium

thiocynanate solution and loaded on the column. Elution is then

carried out with enough ATC solution to yield quantitatively the

REEs except possibly for Ce which may have oxidized to the +4 state

during the chemical procedure. Total elution can be checked by

precipitation in NH4OH of eluent fractions. It was found that Sc

(and Fe) is not eluted off the column even after 100 ml of eluent

is used, whereas only 20 ml eluted 95% of REEs. About 30 to 40 ml

of eluent was generally used in this work. The NH4OH precipitate

is then washed in water 2 to 4 times to ensure that all the SCN

(thiocyanate) is completely removed, dissolved in minimal amounts

of concentrated HNO3 (-2 drops), then transferred to clean 2/5 dram

polyethylene vials with final liquid volumes raised to 0.8 ml by

addition of 2M HNO3.

Once sealed in 2/5 dram polyvials, the REEs are then counted as

a group using a high-resolution Fe(Li) detector. Yields for REEs

were determined by a two-minute irradiation at a thermal neutron

flux of 5 x 10
12

n/cm
2
/sec followed by two counts 4 and 24 hours

after activation. Usually the overall REE yield curve ranged from

30-70% for La to 70-90% for heavy REE (HREE).
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Rubidium and Cesium (Potassium)

The supernate and wash solution from the NaOH precipitation is

evaporated to a moist residue. Toward the end of evaporation 10 mg

of Fe
3+

holdback carrier is added. If the yellow color fades after

addition of Fe
3+

, a few drops of concentrated HNO
3

are added to

reoxidize Fe to the +3 state, and evaporation was continued. The

residue is then thoroughly leached with 70 ml of water, and 2M Na2CO3

is added a few drops at a time until more Fe(OH)
3
precipitate is

formed. This scavenging procedure eliminates the major elements

Si, Ti, Al, Ca, etc. from interfering with the preceding chemistry

and is essential for obtaining reasonable yields. Often, at this

stage colloidal suspensions are prevalent and filtration is necessary.

A few drops of methyl orange, 3 ml of 1M sodium acetate and 17M

glacial acetic acid (one ml at a time) are added to the clear solution

(often a very pale yellow) until the indicator begins to change from

yellow to red. The final pH should be between 3 and 5, preferably

near the pH of methyl orange (3.7). Then 20 ml of freshly prepared

(within 24 hours) 0.1M sodium tetraphenyl borate (NaPh4B) solution

is gradually added with constant stirring. Completeness of precipi-

tation is checked and more reagent is added, if necessary, with

subsequent cooling in an ice bath. Centrifuging is then performed

within the hour. (Often lengthy centrifuging is required at greater

than 1500 rpm.)

The precipitate is washed two or three times with 30 ml of a

freshly prepared solution (within 8 hours) of 0.003M NaBPh4 and 0.1M
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HAc. The precipitate is then collected on glass fiber filters, dried

and transferred to 2/27 dram or 2/5 dram polyvials for counting as a

group via Ge(Li) system. Yields ranging from 40-75% are determined

using the
137

Cs tracer. Fractionation of Rb from Cs was found to be

negligible using BCR as a check in four independent runs.
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Flow Scheme for Radiochemistry of K, Rb, Ba and REE

Irradiated sample + carriers (K =5mg, Rb =2mg, Cs =2mg,
137c

s=0.002uCi,

Sr =60mg, Ba =60mg, REE: see REE Chemistry)

Fusion, Na202,1)+ NaOH (8-10 pellets)
1

Dissolve, H2O + HC1

4 6N H
2
SO

4
(5m1)

Sup.

*---NaOH (pH 14)

Ppt.

< wash, 0.1N NaOH

Ppt. )Sr, Ba Chemistry

Sup. ,-Rb, Cs (K) Chemistry

Sup.

Dissolve, conc. HC1 + H2O

conc. NH40H (pH--9)

-. wash, 3N NH
4
OH

Dissolve, conc. HC1 (just dissolve) + H2O (total vol..=20m1, pH 1)

< Zn dust, 100mg + 200mg (decoloration)

Filter (suction funnel)

wash, 1N HC1 (10m1)

REE Chemistry
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Sr, Ba Chemistry,.

Ppt.

L.---wash, 1M Na2SO4

( 50% K2CO3 (-10m1)

Boil (10-20 min)

r

wash (twice), H2O

Mn2+ (10mg)

Dissolve, 6N HNO3 (1-2m1) + H2O (10m1)

< fuming HNO3 (--20m1)

Cool, ice

Ppt.

Dissolve, H2O

< Fe
3+

(10mg)

N H 4
OH

Ppt. + Sup.

Sup. (discard)

Dissolve, HC1 (just dissolve)

3N NH4OH (just precipitate)

Ppt. (discard)

Sup.

l< 50% K2CO3 (2m1)

Ppt. SrCO3, BaCO3

-4 wash, H2O

Dissolve, 6N HNO3

2/5 dram polyvial, Count
85

Sr and
131

Ba on Ge(Li) detector



Rb, Cs (K) Chemistry

Sup.

Acidify, HC1

Fe
3+

(10mg)

Evaporate (to a moist residue)

2M Na
2
CO

3
( 3m1)

Filter

Sup.

--_-:

methyl orange

1M NaAc (3m1)

HAC (pH=3-5)

0.1M NaPh
4
B (20m1)

Cool (15-30 min), ice

Ppt., (K, Rb, Cs)Ph4B

wash, dil. NaPh4B sol.

Filter

Ppt. (discard)

Sup. (discard)

134
2/27 dram polyvial, Count (

42
K),

86
Rb and

178

s on Ge(Li) detector.
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REE Chemistry (Carrier amounts; La=3mg Ce=5mg, Nd=3mg,
148

Nd=0.4mg,

152
Sm=0.08mg, Eu=0.03mg, Tb=0.5mg, Dy=0.05mg, Ho=1.6mg,

Er=0.8mg, Tm=1.6mg, Yb=0.8mg, 176Yb=0.8mg, Lu=0.4mg)

Sup.

-4--conc. NH
4
OH

Ppt.

Sup. (discard)

Dissolve, conc. HC1 (minimum) + H2O (pH=3-4)

Lc---conc. HF (2-3 drops) + sat. NH4HF2 soln (1m1)

Sup. (discard)

Ppt.

Dissolve, H3B04 (1m1) + conc. HNO3 (0.5m1)

7----H20

..E.---conc. NH4OH

Ppt. REE(OH)3

Dissolve, 3M ATC solution

Radichem 200-400 mesh column

i-E---ElUte with ATC solution (20-40m1)

conc. NH
4
OH

Ppt. REE(OH)3

wash, H2O

Dissolve, conc. HNO3

2/5 dram polyvial, Count REE on Ge(Li) detector.



TABLE A-1

Elements

Carrier Solutions used for RNAA

Amount
(ml)

180

Concentration

(mg/m1)

Ba and Sr 4 15

Rb, Cs (K) 1 5 (K)

2 (Rb)

2 (Cs)

0.002 ug (137Cs)

REE 4 0.8 (La)

1.2 (Ce)

0.8 (Nd) + 0.1
(148Nd)

0.02 (152Sm)

0.008 (Eu)

0.1 (Tb)

0.01 (Dy)

0.4 (Ho)

0.2 (Er)

0.4 (Tm)

0.2 (Yb) + 0.2 (176Yb)

0.1 (Lu)
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APPENDIX B

CHEMICAL ABUNDANCES OF SEVEN ALLAN HILLS POLYMICT EUCRITES AND GLASS

AND HOST SEPARATES FROM THE NORMAL EUCRITE CACHARI AS DETERMINED BY

INAA AND RNAA.



Table 8-1 Chemical abundances of some Allan Hills polrnict eucrites.

Sample I
(ahrev.)

Wt. (mg)

78040,44
(A116)

149.0

76005,23
(AH4)

391.4

78158,13 78158,13
Split 1 (AH7)Split 2

71.4 26.7

77302,53
(A111)

225.8

78132,28
(AH2)

148.7

78132,39
(A115)

144.9

78165,13
(AH3)

114.8

Uncertainty*

(%)

Major and Minor Oxides (%)

TiO2 0.42 0.39 0.41 0.60 0.54 0.62 0.67 0.71 25

A1203 12.6 12.1 12.5 12.4 12.7 12.0 12.6 12.3 2

5 FeO 19.5 18.6 20.0 20.0 17.9 19.7 18.9 20.2 3

Mg0 7.9 6.7 6.6 6.8 9.0 7.8 5.9 7.2 12

Ca0 10.1 8.8 10.3 10.6 9.3 8.7 9.5 9.7 5

Na20 0.45 0.46 0.42 0.47 0.45 0.45 0.50 0.40 3

K20 0.055 0.055 0.051 0.045 0.037 0.047 0.056 0.048 18

0.52 0.51 0.54 0.51 0.52 0.53 0.51 0.53 2

Cr203 0.35 0.31 0.32 0.33 0.32 0.38 0.30 0.30 7

Trace elements

Sc ppm 30 31 31 31 27 32 32 31 5

V ppm 72 66 72 77 73 77 66 81 8

Co ppm I 7.5 5.2 4.6 9.9 7.3 6.2 10.1 8.9 5

Ni ppm 10 20 20 100 10 20 40 130 10-50

Rb ppm R -- -- 0.60±0.14 -- -- -- -- < .6 --

Sr ppm R 83f5 83±5

Cs ppb R 16.712.1 9.5±0.8

Ba ppm R -- 34±2 -- -- 280 --

to ppm 3.5 3.3 1.3 1.5 2.1 2.4 3.7 2.5 7

-- 1.24 ±0.03 -- -- 2.42 ±0.02

Ce ppm R 7.4 ±0.3 7.6 ±0.1

Pr ppm R 0.7 ±0.2 1.15±0.09

Nd ppm R 3.410.4 510.6



Table 8-1 (cont.)

Sample f 78040,44

Wt. (mg) 149.0

76005,23 78158,13
Split 1

391.4 71.4

78158,13 77302,53 78132,28 78132,39 78165,13 Uncertainty*

Split 2
26.7 225.8 148.7 144.9 114.8 (%)

Trace elements (cont.)

Sm ppm 1 2.18 2.10 0.92 1.13 1.48 1.85 2.60 1.58 7

R 1.10±0.07 -- -- -- 1.54±0.02

Eu ppm 1 0.67 0.65 0.62 0.68 0.54 0.62 0.72 0.58 5

R 0.61 ±0.03 -- -- -- 0.56 t0.01 --

Gd ppm R -- 1.610.1 -- 2.2±0.1 --

Tb ppm 1 0.53 0.49 0.25 0.34 0.36 0.42 0.60 0.41 10

R -- 0.29±0.01 -- 0.45 ±0.01

lio ppm R 0.42 ±0.01 0.65±0.01

Tm ppm R -- -- 0.2210.01 -- -- -- 0.33t0.02 --

Vb ppm I 2.2 2.1 1.4 1.4 1.5 1.8 2.5 1.9 9

R -- -- 1.33±0.03 -- -- 1.88±0.02 __

Lu ppm I 0,30 0.32 0.25 0.27 0.25 0.31 0.34 0.31 11

R -- -- 0.20 ±0.01 -- -- -- -- 0.27 ±0.01 --

hf ppm I 1.4 1.5 1.4 1.4 1.2 2.1 1.6 1.4 9

Ta ppm I 0.28 0.31 0.20 0.20 0.24 0.30 0.25 0.24 15

Th ppm I 0.35 0.36 0.36 0.44 0.29 0.27 0.44 0.32 20

Au ppb I -- 5 -- -- -- -- -- 2 30-50

U ppm R -- 0.14 ±0.04 0.10±0.03 --

,Uncertainties correspond either to count statistics of a single count or deviations from two or more determinations.

9Total Fe
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Table 8-2 Chemical abundances of glass and host separates from
the eucrite Cachari.

Wt. (mg)

Cachari

Glass

94.0

Host

122.0

Whole ro&l

TiO2
A1203
FeOb
Mg0
Ca0
Na20

K20
Mn0
Cr203

Sc (ppm)
V

Co

La

Ce.

Sm
Eu

Tb
Yb

Lu

Hf

Ta

Th

Major Oxides (%)

0.6±0.2 0.6±0.2
13.4±0.1 12.7±0.1
18.8±0.3 19.6±0.2
6.2±0.8 6.5±0.6

9.4±0.3 10.0±0.3
0.48±0.01 0.47-±0.01

0.13±0.01 0.06±0.01
0.50±0.01 0.51±0.01
0.30±0.01 0.27±0.01

Trace elements

30±0.6 32±0.4
67±5 69±5

6.3±0.1 4.1±0.1
2.91±0.03 3.22±0.06
7±3 9±2

1.84±0.06 2.07±0.06
0.64±0.01 0.64±0.01
0.47±0.05 0.52±0.05
1.83±0.05 1.87±0.04
0.28±0.06 0.27±0.05
1.2± 0.2 1.7± 0.2
0.21±0.06 0.31±0.06
0.49±0.07 0.34±0.08

0.6

12.9
19.2
6.9
9.9

0.48
0.04
0.60
0.34

30

4.5
2.61
8

1.56
0.63
0.40
1.70
0.26
1.1

0.14

a Cachari whole rock data from Palme et al. (1978)
b Total Fe
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Chondrite Normalized Trace Element Abundances
of Allan Hills Polymict Eucrites

50 A ALHA 78040,44
ALHA 76005,23

A ALHA 78158,13 Split 1
o ALHA 78153 , 13 Split 2
O ALHA 77302,53
o ALHA 78132,28
7 ALHA 78132,39

ALMA 78165,13

185

Nd SmEuGd TbOy YbLu Sc lifTaTh

Figure B-1 Trace element abundances in Allan Hills polymict

eucrites.
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50

2.0

ra-

* MIA 78132,28
+ ALBA 78132, 39 WO,

(X10)

1.0
1

K 8a Sr La Ca NJ Sp Eu GJ 111 Ho Tallim

REE Sc IONIC RADII

Fig. B-2, K, REE and Sc abundances of two clasts separated from the same eucrite indicating obvious

polymict compositions.
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APPENDIX C

REPORTED CHEMICAL ABUNDANCES FOR WELL DETERMINED NORMAL EUCRITES,

CUMULATE EUCRITES AND DIOGENITES.



Sioux
County

refs.d (3,9,18)

(SC)

Bereba
(Re)

(1,12)

Cachari
(Ca)

(1,2)

Table C-1 Reported

Jonzac

(Jo)

(3,4,5)

chemical

Juvinas
(du)

(3,6,7,13,18)

abundances in non-cumulate eucrites.

Nuevo
Laredo

(01)

(4,9,11,18)

Stannern

(St)

(3,11,
12,14,18)

lbitira

(lb)

(8)

Haraiya Pasamonte

(Ha) (Pa)

(4,3) (9,10,18)

Yamato
74-450

(Vm)

(10)

Chervony
Kut

(CK)

(3,4)

Major and Minor Oxides (t)

S102 49.5 49.4 48.8 50.7 49.1 48.3 49.9 48.3 49.5 49.5 49.5 49.0
TiO2 0.58 0.17 0.6 0.92 0.63 0.55 0.7 0.9 0.66 0.95 0.7 0.78

A1,03 12.9 12.8 13.0 12.2 13.2 12.2 12.7 11.4 12.6 11.9 12.5 12.6

Ee0 (tot.) 18.6 18.8 19.2 18.0 18.4 19.3 19.0 18.6 18.9 19.2 19.5 18.1

M90 6.9 6.5 6.6 6.9 6.9 6.9 6.3 7.58 7.0 5.5 6.9 7.1

Ca0 10.5 10.6 9.8 10.5 10.5 9.9 10.3 9.95 10.6 10.5 10.6 10.9

Na20 0.41 0.45 0.48 0.42 0.45 0.4 0.48 0,513 0.45 0.52 0.58 0.19

K20 0.04 0.04 0.05 0.05 0.045 0.03 0.05 0.054 0.033 0.05 0.08 0.014

Mn0 0.54 0.553 0.55 0.47 0.52 0.55 0.55 0.53 0.58 0.56 0.54 0.498

Cr203 0.33 0.33 0.33 0.35 0.32 0.31 0.31 0.396 0.323 0.28 0.33 0.363

Trace Elements

Sc ppm 29.7 31 30.6 32 28 31 33.9 30 32.9 38 32 31.5
V ppm 90 75 68 71 75 83 60 68 75 68 --

Co ppm 5 7 4.8 6.7 5 3 6.5 12 5.6 2 7 14.3
Ni ppm 13 -- -- -- 5 12 5 -- 11 5 --

Rh ppm 0.218 0.21 0.203 -- 0.38 0.45 0.352 0.74 0.125
Sr ppm 73 73 70 70 65 74 80 85 65 -- 95 --

Cs ppb 8.5 6.7 7 -- 9.5 19 13.8 15.2 8.3
Ba ppm 27 33 35 43 30 34 45 38 40 64 --

La ppm 2.04 2.74 2.9 3.1 2.6 2.43 3.5 4.79 3.4 4 5 2.9
Ce ppm -- 7.3 8 7.2 -- 9 12 9 11 13

Nd ppm -- 5.1 -- 5.6 6 8.8 -- 11 ....

Soi ppm 1.36 1.7 1.8 1.98 1.8 1.7 1.98 2.78 2 2.e 3.1 1.75
Eu ppm 0.54 0.61 0.64 0.585 0.63 0.58 0.64 0.7 0.58 0.75 0.82 0.67
Gd ppm __ -- __ 2.5 2.73 3.4 -- 4.5 --

Tb ppm -- 0.42 0.44 0.4 -- 0.5 0.66 0.52 -- 0.72 --

Yb ppm 1.38 1.66 1.8 1.7 1.6 1.59 2.2 2.61 2.1 2.34 2.6 1.84
lm ppm 0.24 0.26 0.2/ 0.29 0.26 0.31 0.32 0.36 0.31 0.3 0.41 0.42

Hf ppm 1.17 1.2 1.3 1.6 2.1 1.56 2.3
Ta ppm 0.14 0.15 0.2' 0.2 0.3 0.22 0.45
Th ppm 0.3 0.42 0.58 0.75 r--,

Au ppb
U Mu

2.5 5

0.095
8
--

17 3 0.27
0.163

3

--

-- 3.2
0.081

00
00

asee Table C- 3
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Table C-2 Reported chemical abundances in dieuenites.

Shalka Johnstown Rada Yamato 74-013 Elemeet
lbbenburen

referencesa (9) (3,9,13,14) (3,11) (9,13) (3,9) (10) (10)

Major and Minor Oxides (2)

Si02 55.1 53.3 -- 51.6 51.9

7102 (1.07 0.05 0.12 0.06 0.03

A120, 0.76 0.51 0.67 1.38 1.84 0.72 1.02

FeO (tot.) 16.2 15.3 16.4 15.9 16.6 16.8 17.2

MO 25.8 21.7 21.1 27.1 26.2 24.7 25.8

Ca0 1.20 0.78 0.81 1.30 1.90 1.30 1.10

Na20 0.013 0.020 0.011 0.020 0.035 0.014 0.035

K20 0.001 0.0004 0.002 0.002 0.015 0.0006 0.063

MnO 0.50 0.49 0.53 0.47 0.48 0.52 0.54

Cr20, 0.73 0.73 1.25 0.80 0.79 1.47 1.70

Trace Elements

Sc ppm 13.2 12.4 9.6 15.0 16.8 11.7 14.5

V ppm 95 140 260 105 109 165 264

Co ppm 16 20 21 29 23 30 27

Ni ppm -- 18 -- 120 68 23

Rb ppm 0.05 0.17

Sr ppm 0.7 0.9

Cs ppm 0.002 0.005

Ba ppm 0.2 0.6

(a ppm 0.016 0.015 0.040 0.47 0.018 0.024

Ce ppm -- -- -- -- -- 0.13

Sin ppm 0.04 0.001 0.01 0.05 0.28 0.02 0.02

Eu ppm 0.004 0.001 0.004 0.009 0.046 0.007 0.005

Tb ppm -- -- -- -- -- 0.005 0.006

0Y ppm -- __ __ -- 0.048 0.57

Yb ppm 0.18 0.07 0.02 0.24 0.42 0.07 0.07

fu ppm 0.033 0.020 0.006 0.050 0.077 0.013 0.011

Au ppb 6 0.3 2.4 4 0,4 1.1

a) References listed in fable C-3



Table C-3. Reported Chemical abundances of cumulate eucrites.

Serra de Mage
(SdM-1)

Serra de Mage
plag-rich
(SdM-2)

Moama
(Mo)

Moore County
(MC)

Binda
(6i)

refs. (1) (4,15) (4.12) (3,4,7) (4,7,12,16)

Major and Minor Oxides (%)

Si02 48.5 46.7 48.8 48.2 50.5

TiO2 0.13 0.11 0.22 0.3 0.25

A120, 14.8 19.2 14.2 14.0 7.5

FeO (tot.) 14.4 11.8 15.5 17.0 17.1

Mg0 10.7 8.0 12.3 9.3 17.7

Ca0 9.76 11.4 9.4 10.2 6.2

Na 20 0.25 0.27 0.24 0.41 0.19

K20 0.013 0.008 0.01 0.03 0.013

Mn0 0.48 0.39 0.51 0.51 0.51

Cr203 0.63 0.54 0.69 0.45 0.70

Trace Elements

Sc ppm 22.1 16.0 23.4 23.0 20.7

V ppm 111 73 114 114 95

Co ppm 9.5 6.5 8.6 10 18.8

Ni ppm -- 7

Rb ppm 0.11

Sr ppm 55 74

Cs ppm 0.003

8a ppm 31

La ppm 0.58 0.26 0.18 1.24 0.40

Sm ppm 0.35 0.12 0.17 0.89 0.29

Eu ppm 0.33 0.35 0.36 0.57 0.22

Dy ppm 0.6
Yb ppm 0.39 0.15 0.43 I.o 0.46

Lu ppm 0.066 0.034 0.075 0.20 0.069

U ppm 0.020 0.023

References:

1) Palme et al. (1978) 7) Duke and Silver (1967) 13) Chou et al. (1976)

2) this study 8) Wanke (1974) 14) McCarthy et al. (1972,1973)

3) Jerome (1970) 9) Fukuoka et al. (1977) 15) Ma and Schmitt (1979)

4) Mason et al. (1979) 10) WAnke et al. (1977) 16)) Lovering and Morgan (1964)

-5) Schnetzler and Philpotts (1968) 11) Schmitt et al. (1963) 17 Stolper (1977)

6) Schnitt et al. (1964) 12) Mittlefehldt (1979) 18 Papanastassiou and Wasserburg (1969)
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APPENDIX D

DISTRIBUTION COEFFICIENTS AND CHONDRITE NORMALIZATION VALUES USED

IN THIS STUDY.



Table D-1

Element

Mineral /liquid distribution coefficients
a

for low oxygen fugacity (f
02

=10 ), low

Ti (< 2%), tholeiite hasalts.

Plagioclase Orthopyroxene Pigeonite
b

Augite Olivine

K 0.1 0.009 0.012 0.020 0

Rb 0.044 0.0 8 0.013 0.015 0

Sr 1.63 0.014 0.014 0.10 0

Ba 0.30 0.011 0.015 0.015 0

La (0.065) (0.001) (0.012) 0.071 (0)

Ce 0.05 0.0026 0.02 0.111 0.00006

Nd (0.04) 0.006 0.049 0.234 (0.0002)

Sm 0.029 0.013 0.07 0.335 0.0004

Eu 1.15 0.14 0.068 0.159 (0,0007)

6d 0.020 0.032 (0.155) 0.425 0.00105

Tb (0.017) (0.043) (0.19) 0.433 (0.0025)

Dy (0.014) 0.054 0.225 0.433 (0.0035)

Er (0.012) 0.076 0.318 0.323 (0.010)

Yb 0.0095 0.09 0.40 0.314 0.019

Lu 0.008 0.11 0.45 (0.300) 0.027

Scc 0.002 0 1.2 ,-,2. 0.2

fe0 0.06 1.07 1.07 0.60 1.60

Mg0 COY 3.12 3.62 (2771) 470-

a Values obtained from McKay and Weill (1976,1977), Schnetzler and Philpotts (1970), Philpotts

and Schnetzler (1970), Arth and Hanson (1975), Grutzeck et. al (1974), and McKay (1982)

with values in parentheses inter- or extra-polated from measured REF distribution.

b Pigeonite values are not well known. The values reported (Arth,1976) are from a single deter-

mination. Actual values may range from opx to augite Ds depending on Ca content.

c Scandium values are approximated (see text).

d Fe0/Mg0 Kd from tonghi(1978), Stolper(1977) and Lindstrom (1976). MgO value for augite assumes

Kd = 0.22.
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Figure D-1. Distribution
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values reported in Table D-1 vs REE
radii.
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Table D-2. Average ordinary chondritic valuesa

used as normalization constants.

Element Concentration
(ppm)

Sc 7.9
V 71

Sr 11

Ba 3.8

La 0.329
Ce 0.863
Pr 0.130
Nd 0.620
Sm 0.206
Eu 0.077
Gd 0.269
Tb 0.048
Dy 0.332
Ho 0.080
Er 0.227
Tm 0.038

Yb 0.211

Lu 0.036
Hf 0.18
Ta 0.022
Th 0.041

U 0.011

a Reproduced from Table 2 in Ma et al., 1981.


