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ABSTRACT 

Ureilite meteorites are the second largest class of achondrite meteorites. 
They are perhaps the most enigmatic of all classes of meteorites and the dilemma 
over how they were formed has perplexed the meteoritic community for over a 
decade. This research was undertaken to illuminate the details of the petrogenesis 
of ureilites through the collection of trace element data. The results presented here 
indicate that many of the petrogenesis hypotheses promoted are no longer tenable 
and that the available data on ureilites are not sufficient to unravel the mystery of 
their origin. 

This dissertation discusses the data collected using two techniques: neutron 
activation analysis and inductively coupled plasma-mass spectrometry. Specific 
procedures required to study the ureilites (due to low concentrations of some trace 
elements) are delineated. Results are presented for the following elements: Ca, Co, 
Zn, Ga, eu, Cs, Rb, Sr, Mo, Y, Ba, REE, Hf, W, Re and Ir. 

The results lead to the conclusion that the ureilites must be considered a 
mixture of materials - an original ultramafic rock formed by melting of processed 
source material combined with carbonaceous material added after the ultramafic 
formation. This conclusion explains the trace element chemical signatures and is 
supported by the age information obtained from Sm-Nd and Rb-Sr isotopic systems. 
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CHAPTER ONE: INTRODUCTION 

1.1 INTRODUCTION 

The ureilite meteorites are the second largest class of achondritic meteorites. 

There are thirty-eight known, unpaired ureilites (there are a total of forty samples 

but ALH82106, ALH82130 and ALH83014 are paired and EET87511, EET87523 and 

EET87717 are tentatively paired). Their petrogenesis is currently under much debate 

due to conflicting data concerning element concentrations and age (Clayton and 

Mayeda, 1988; Goodrich et aL, 1987; Goodrich et aL, 1990). 

The ureilite meteorites are carbonaceous olivine pyroxene achondrites 

(Vdovykin, 1970; Berkley et aL, 1976). The major mineral phases in the majority of 

ureilites are olivine (Fo 76-92) and clinopyroxene (uninverted pigeonite in most 

samples, clinobronzite in Ravero (Berkley et al., 1976). Several Antarctic ureilites 

have significant orthopyroxene and/or augite: The magnesium-rich ureilites, ALH 

82130 (ALH 82106), ALHA77257, LEW 85440, META78008, Y74659 and Y791538 

contain orthopyroxene; augite is found in ALH 82130 (ALH 82106), META78008 

and Y74130 (Berkley, 1990). The carbonaceous matrix enclosing the silicates consists 

of graphite and diamond intergrowths, lonsdaleite, iron-nickel metal and sulfides 

(Grady et al., 1985). In comparison with chondrites, ureilites are depleted in metal 

and troilite. The density of samples is around 3.3 g/cm3 (Vdovykin, 1970). In 

addition to high carbon contents and diamond and lonsdaleite polymorphs, these 

mafic meteorites are further distinguished by large amounts of planetary-type noble 

gases (depleted in the light noble gases such as Ne) (Wilkening and Marti, 1976). 
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Generally, volatile and incompatible trace elements such as the rare earths are 

depleted (Berkley et al., 1980; Spitz and Boynton, 1991). The rare earth abundance 

patterns normalized to CI chondrite abundances exhibit the enigmatic, although not 

unique, v-shaped pattern manifesting enrichment in light and heavy rare earth 

elements. The consideration of mechanisms for formation of this pattern is an 

ongoing struggle to reconcile the conflicting data. 

The initial purpose of this work was to determine the petrogenesis of the 

ureilites through the investigation of trace elements with particular emphasis on the 

rare earth elements. At the time that this research began (1985), few ureilites had 

been analysed. The objective of this work was to increase the database of element 

concentrations by studying the larger population and to attempt to unravel the 

genesis of the ureilites. In the interim, however, more conflicting results have been 

determined and the additional concentrations determined for samples in this work 

tend to complicate the situation rather than elucidate 'the origin. Nevertheless, the 

work does provide significant additions to the database and intriguing correlations 

which provide clues to employ in order to come closer to a solution to the mystery. 

1.2 BASIC CHARACTERISTICS OF MAIN GROUP UREILITES 

1.2.1 Textural Characteristics 

The primary silicate minerals, olivine and pyroxene, are present as coarse 

grains (olivine 0.5-1 mm for most ureilites but up to 7 mm in some samples). 

Mineral lineation and foliation are defined primarily by the olivine grains. but 
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reinforced by the pigeonite grains. Deformation features occur in most ureilites. 

These vary from light to moderate fracturing, undulatory extinction and kink banding 

in olivine and microtwinning in pigeonite (Kenna) to extreme olivine mosaicism and 

recrystallization and brecciation (Vdovykin, 1970; Berkley et ai, 1980). Both lightly 

and highly shocked specimens display silicate grains with curved intergranular 

boundaries which converge in 120 0 triple junctions (Berkley and Jones, 1982). 

1.2.2 Silicates: Compositions and Petrography 

Olivine and pyroxene in main group ureilites show reverse zoning (Mg-rich 

rims). Average olivine core compositions are in the range of Fao-24' Clinopyroxene 

(pigeonite) core compositions for seven ureilites are Enn-81Fs13-19W03-11' The 

distribution of FeO and MgO in olivine and pyroxene shows either identical 

(MgO/FeO+MgO) values or MgO-richer pyroxene. Compositional homogeneity of 

multiple grains in a sample is apparent (Berkley et aI., 1980). 

The large grain size and homogeneity of compositions indicates slow growth 

at a high temperature (1000 0 C-1200 0 C). The lack of exsolution lamellae in 

pigeonite is evidence for rapid quenching from the high temperature. Magnesium

rich ureilites do have exsolved pigeonite but this is attributed to the compositional 

difference (Berkley et aI., 1980; Goodrich et aI., 1987). 

Minor elements in olivine display high concentrations of CaO, Cr203' and 

MnO. Pigeonite contains Cr20 3 as well as Al20 3 (Berkley et aI., 1980; Goodrich et 

aI., 1987). 
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Interstitial silicate material has been detected in most ureilites examined 

(Goodrich, 1986; Goodrich et al., 1987a; Goodrich et al., 1987c; Saito and Takeda, 

1990). This material appears as small veins in the carbonaceous matrix. It consists 

of MgO-rich pigeonite, MgO-rich augite, Si-Al-alkali glass and Si02 (Goodrich et aI., 

1987a). 

1.2.3 Reaction rims 

Reaction rims on the silicate grains, primarily the olivine, indicate the 

disequilibrium between the silicates and the carbonaceous matrix. These MgO rims 

are quite narrow, ,::100 microns and consist of Mg-rich silicates and metal. The 

reactions proposed for formation of these rims are: 

C + (FeMg}zSi04 -10 (MgFe)Si03 + Fe + CO (Marvin and Wood, 1972) 

2C + Fe2Si04 = 2 Fe + Si02 + 2 CO 

C + Fe2Si04 = 2 Fe + Si02 + CO2 (Berkley et aI., 1976). 

While Goodrich et aI. (1987) propose reduction of the silicates in a magmatic setting 

to form the rims, Others propose solid state reduction for their formation (Marvin 

and Wood, 1972; Berkley et aI., 1976; and Takeda and Yanai, 1982). 

1.2.4 Carbon 

Ureilite carbon abundances are similar to and in some cases greater than 

those of Cl (CI) and C2 (CM) chondrites (3.6 weight % and 2.3 weight % 

respectively (Dodd, 1981». Thirteen ureilites have mean carbon of 2.9 wt % (Grady 
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et al., 1985). The isotopic compositions of the carbon are also similar to these 

chondrites but only due to the small percentage of the 13C-enriched component they 

contain. Variation among ureilite samples is observed to fall into two groups at 613C 

around -10%0 and -2%0. These are distinct from the Allende (CV) value of -17%0. The 

isotopes in the diamond and graphite polymorphs within one specimen are the same 

supporting the theory that the diamond arises from a rapid, high temperature, high 

pressure event which did not fractionate the carbon isotopes (Grady et aI., 1985) 

Grady et aI. (1985) designate two groups of ureilites based on the carbon 

isotope systemmatics: the first group includes Goalpara, Hajmah, Nipena (polymict 

breccia), Havero, Novo Urei, Kenna, Dyalpur and RKPA80239 and the second group 

includes Dingo Pup Donga, ALHA78019, ALHA77257, Y74123, Y790981. These 

groups may reflect where the carbon is sited in the ureilite. Based on the isotopic 

values, Grady et al. (1985) define two other groups: group 1 with 613C from -8%0 to -

11%0 includes Dingo Pup D.onga, Dyalpur, ALHA77257 and RKPA80239j group 2 

with 613C from -1%0 to -3%0 includes Goalpara, Hajmah, Havero, Kenna, Nilpena, 

Novo Urei, ALHA78019, Y 74123 and Y790981. The necessity for two to three or 

more parent bodies for ureilites and their relationship to enstatite chondrites and 

lAB irons based on these carbon isotopic values are postulated by Grady et al. 

(1985). 

Miyamoto et al. (1989) have recently proposed that the diamond formation 

occurred in the nebula rather than on the ureilite parent body during a shock 

producing event such as an impact. This hypothesis is based on the observation of 
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diamonds in carbonaceous chondrites and the speculation that these formed from the 

vapor phase in the nebula (Lewis et aL, 1987). This hypothesis does not, however, 

address the presence of lonsdaleite or other shock effects in ureilites. As pointed out 

by Lewis et aL (1987), none of the meteorites in their study displays "strong shock 

effects, high post-shock temperatures, or both, that characterize other diamond

bearing meteorites". It seems likely, therefore, that the more plausible explanation 

for diamonds found in ureilites is that they are, in fact, due to shock pressures of 

between 300 to 600 kbar (Vdovykin, 1970). 

1.2.5 Oxygen 

The oxygen isotopic composition pattern of the ureilite group is unique among 

achondrites and does not fall on the terrestrial fractionation line nor on a line 

parallel to it of ~ slope on a three isotope oxygen plot of 0170 versus 0180 (Taylor 

et al 1965; Clayton et ai, 1976; Clayton and Mayeda, 1988). The ureilites scatter 

along the extrapolation of a line defined by the 160 mixing line for refra~tory 

inclusions in Allende and other CV3 chondrites (Clayton and Mayeda, 1988). This 

line has a slope of one. The isotopic compositions and the relationship among the 

different ureilites have been used to support the idea of a primitive origin for 

ureilites (Clayton and Mayeda, 1988; Takeda et aL, 1990). The argument is that any 

igneous processing of the ureilites on a parent body would overwrite the primitively 

established ureilite oxygen isotope concentrations and produce the ~ slope 

fractionation line (Clayton and Mayeda, 1988). Upon closer examination, however, 
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the oxygen isotope data are not as simple nor as compelling an argument for a 

primitive history for these rocks. This issue is discussed further in Chapter 6. 

1.2.6 Nitrogen 

Nitrogen falls into discrete components which represent either discrete sites 

of trapping or bonding (Wasson et aI., 1976; Grady et aI., 1985). Main group 

ureilites' S15Nvaries from -80%0 to +20 %0 (Grady and Pillinger, 1988). The isotopic 

composition of Goalpara is similar to that of Kenna, Dyalpur and ALHA77257 

(unlike the carbon and oxygen isotopes). Nitrogen concentrations for the main 

group ureilites range from 25 to 150 ppm and the variation in the nitrogen isotopic 

group is large. Several discrete components exist. C/N ratios are less than those of 

carbonaceous chondrites. A tentative link between the nitrogen concentrations and 

the siderophile element concentrations was noted (Grady et aI., 1985). 

The polymict ureilites (EET 83309, Nilpena and North Haig) contain an 

isotopically unusual component. They are enriched in 15N with measured values of 

S 15N up to +540 %0. The polymict breccia North Haig has the highest concentration 

of nitrogen, 150 ppm, approximately four times that found in the main group. Grady 

and Pillinger (1988) conclude that the isotopically heavy nitrogen was introduced into 

the polymict ureilites during an impact. They surmise that the impactor was a 

carbonaceous chondrite-like projectile with high 15N similar to a clast analyzed from 

Nilpena (Grady and Pillinger, 1988). 
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1.2.7 Noble Gases 

Ureilites, with the exception of the polymict breccias, contain large amounts 

of trapped noble gases (Weber et al., 1976; Wilkening and Marti, 1976; Ott et al., 

1985). These high concentrations are similar to those of carbonaceous chondrites 

(Wilkening and Marti, 1976) and display the "planetary-type pattern" (depletion in 

the light noble gases such as Ne). While North Haig and Nilpena do display this 

pattern, EET 83309 displays a solar wind type pattern different from all other 

ureilites (Ott et aI., 1990). 

Binz et al. (1975) reported depletions of volatile elements including Bi, Cd, 

Tl and In 01'0.01 to 0.1 CI chondrite. In other meteorites heavy rare gas abundances 

correlate with the volatiles whereas in ureilites, volatile trace elements are depleted 

but the noble gas concentrations are high (Wilkening and Marti, 1976). 

Recent results on the graphite in the unshocked ureilite, ALHA78019, 

conclude that such gases were present in the ureilites prior to shock events which 

produced the diamonds in ureilites and indicate that the carrier is probably a fine

grained component (Wacker, 1985). Wacker stated that the high noble gas 

component was indigenous to the ureilites as it is associated with the carbon 

(graphite) he considered as indigenous to the ureilites. Begemann and Ott (1983) 

suggested that noble gas data showing inhomogeneous distribution of trapped gases 

between carbon phases and low 40 Ar abundance in the trapped argon, implies that 

the carbon-rich matrix acquired the gases in an extra-ureilitic enviroment prior to 

mixture with the ultramafic ureilites. The question remains, therefore, whether the 
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graphite and the noble gases are truly indigeneous to ureilites or an exotic 

component introduced to the initial ultramafic rocks. 

1.2.8 Metal 

Metal exists primarily in the carbonaceous matrix of ureilites but" is also seen 

as spherule inclusions in the silicates and as small blebs in the MgO-rich rims of the 

major silicates (Wasson et ai., 1976; Boynton et al., 1976; Goodrich and Berkley, 

1986). The matrix metal is highly variable in composition with Ni contents ranging 

from approximately two to nine percent (Berkley et ai., 1980). High Si contents of 

metal are prevalent (Berkley and Jones, 1982). The spherules contain cohenite and 

the nickel content is similar to that of the matrix metal, 5.2 % (Berkley and Jones, 

1982). The metal blebs in MgO-rich rims is nearly pure Fe (Berkley, 1986). 

1.2.9 Siderophile Elements 

Siderophile abundances in ureilites range from less than ~.002 to 1.2 times CI 

abundances. The CI abundances (for elements other than the rare-earth elements) 

used in this work are from Anders and Ebihara (1982). Least depleted are the 

refractory siderophiles, Re, Ir, Os and W (Higuchi et ai., 1976; Janssens et ai., 1987; 

Spitz and Boynton, 1991). The differences in siderophile element to metal ratios and 

in iridium to other siderophile element ratios have led to the invocation of more than 

one component as the carrier of these elements (Boynton et al., 1976; Higuchi et ai., 

1976; Wasson et ai., 1976). Boynton et al. (1976) proposed three components: a 
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silicate enriched in Co vis-a-vis Ni; an indigenous metal phase enriched in Ir, 

depleted in Au and equal to the silicate in Co/Ni; and carbon-rich vein material of 

variable composition. Wasson et al. (1976) and Janssens·et al. (1987) suggested that 

the silicates were low in Ie and that metal in the carbonaceous matrix provided the 

high Ir component. 

1.2.10 Rare Earth Elements 

The rare-earth element (REE) abundances and abundance patterns of the 

main group (non-polymict breccia) ureilites are distinctive forming, at times, v-shaped 

or convex-downward REE patterns when normalized to CI chondrite abundances. 

The CI chondrite values used in this work are from Evenson et al. (1978). REE 

abundances in ureilites range from approximately 0.004 to 0.08 times CI, low in 

comparison to meteoritic and terrestrial samples. 

Samples which have been acid-treated (with HN03) and some bulk samples 

of Kenna, RC027 and several of the Antarctic samples show little to no LREE 

enrichment (Boynton et aI, 1976; Goodrich et ai, 1985; Spitz and Boynton, 1991). 

These samples display the REE pattern expected for an ultramafic rock consisting 

of olivine and clinopyroxene. The LREE host is minute and heterogeneously 

distributed in the ureilites. The issue of the LREE host phase and its heterogeneous 

distribution are discussed more fully in Chapter 2. The polymict breccias contain 

REE abundances greater than 1 x CI, with a light REE enrichment and no apparent 

Eu anomaly (for the samples analyzed for Eu) (Jaques and Fitzgerald, 1982; Warren 
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and Kallemeyn, 1989; this work). The available analyses are of bulk samples and 

represent the contributions of non-ureilitic components in the breccias. 

1.2.11 Polymict Breccias: Mineralogy 

The three polymict breccia ureilites, Nilpena, North Haig and EET 83309, 

have been described by Jaques and Fitzgerald (1982), Prinz et al. (1987) and Warren 

and Kallemeyn (1989). Jaques and Fitzgerald (1982) stated that Nilpena contains 

polymineralic fragments of olivine and pigeonite, lithic fragments of olivine, enstatite, 

plagioclase and orthopyroxene. EET 83309 contains ordinary monomict ureilite and 

enstatite mineral clasts and lithic clasts of olivine, high calcium pyroxene, plagioclase, 

and suessite (Fe3Si), a lithic clast of ADOR-like rocks, feldspathic melt clasts and 

small chondritic clasts (black matrix clasts) (Prinz et aI., 1987; Prinz et al.,1989). The 

dominant component in the polymict breccias is the coarse-grained main group 

ureilite. The breccias display a wide range of olivine and pyroxene core 

compositions. For example, North Haig fayalite content ranges from 0 to 39 (Berkley 

et al., 1980). 

1.2.12 

1.2.12.1 

Ages 

Exposure Ages 

Ureilites display a distinctive pattern of production rates for lOBe and 26Al 

different from other meteorites (Aylmer et aI., 1990). This pattern suggests that 

ureilites came from near the surfaces of the parent meteoroids and that many of 
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these were small (Wilkening and Marti, 1976; Aylmer et al., 1990). Exposure ages 

range from 1.1 million years (my) for Hajmah to 32.3 my for Kenna (Aylmer et aI., 

1990). 

1.2.12.2 Formation Ages 

Goodrich et al. (1991) have reported Sm-Nd and Rb-Sr isotopic data for seven 

ureilites. Sm-Nd isotopic systemmatics divide these ureilites into three groups. 

Group 1 includes ALHA82130, META78008 and peA 82506 and has whole rock 

samples with model ages of 4.55 Ga and introduction of Sr at a later date. Group 

2 includes ALHA77257, Kenna and Novo Urei with whole rock samples falling on 

an isochron of 3.74 ±.02 Ga. The Sr systematics for Novo Urei and Kenna are 

different. The researchers speculate that this problem reflect Rb terrestrial 

contamination. Group 3 consists of LEW85440 which has neither a model age of 

4.55 Ga nor falls on an isochron of 3.74 Ga which demonstrates that it has not 

experienced a closed system vis-a-vis these isotopic systems since that time (Goodrich 

et aI., 1991). 

1.2.13 Classifications of ureilites 

Several classification schemes have been proposed for the ureilites. These 

range from the early schemes based on degree of shock (V dovykin, 1970) through 

groupings based on Mg number (Berkley et aI., 1980) to oxygen isotope 

categorization (Clayton and Mayeda, 1988). The problem with such classifications 
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is that with almost every new study, new groups are defined and they do not correlate 

with one another. For example, the Sm-Nd dating relationships define different 

groupings from the oxygen isotope data. These groups are different from the 

nitrogen isotope data groups (Grady et al., 1985) which are different from the trace 

element groups. Consequently, such classifications have not proved very useful. In 

this work, the classifications are referred to only in the context of how the trace 

element data complement or oppose any particular grouping rather than as a way of 

defining more substantial petrogenetic conditions (as opposed to simp~y observational 

or descriptive terms). 

Additional problems with many of the classifications of the ureilites based on 

observed characteristics is the inconsistency of the observations. For example, while 

one researcher might classify Kenna as a low shock ureilite based on the texture and 

comparison with other highly shocked specimens, another researcher might maintain 

that because Kenna has diamonds, it has experienced medium to high shock. Some 

of this confusion is due to the fact that the significant number of specimens from the 

Antarctic collection programs since 1980 has redefined the spectrum of ureilite 

characteristics and this calls for a need to review the characteristics of all the 

ureilites to determine the relatively correct designations of characteristics. Table 1.1 

presents all known ureilites, their olivine fayalite amount (Fa), qualitative degree of 

shock, and weathering classification. 

Difficulties also exist with the weathering classification of ureilites. Literature 

references for non-Antarctic ureilites use terms such as "highly weathered" or 
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Table 1.1 Known Ureilites1 

Fayalite Analyzed in 
Ureilite Content (%) Shock Degree Weathering This Work 
Dingo Pup Donga 16.4 L severe 
Dyalpur 15.7 M 
Goalpara 21.4 H 
Hajmah 15.5 H(?) * 
Havero 20.7 H 
Kenna 21 M * 
Lahrauli 21 L 
Nilpena 21.4 breccia 
North Haig 0-39 breccia severe * 
Novo Urei 21.1 M * 
Roosevelt Cty. 027 20-23 vL significant 
ALHA77257 9-23 L A * 
ALHA78019 13.8-23.3 vL B/C * 
ALHA78262 22 L B/C * 
ALHA81101 10-22 H NB * 
ALH 82106 1-10 L B 
ALH 82130 1-10 L B * 
ALH 83014 18 L B * 
ALH 84136 0-5 B 
EET 83225 8-13 vH B/C 
EET 83309 2-38 breccia C 
EET 87511 14 L B * 
EET 87517 8 L B/C 
EET 87523 14 L C 
EET 87717 10-15 L B/C 
LEW 85328 20 M B/C * 
LEW 85440 9 L B * 
LEW 86216 1-10 H C 
META78008 22 M B * 
PCA 82506 20 L NB * 
RKPA80239 16 L B 
Y 74123 12-23 M B 
Y74130 23 M C 
Y 74659 8.6 L B 
Y75154 H A 
Y 790981 21 M B/C * 
Y 791538 8 L C 
Y 791839 25 H C 
Y 82100 16-19 LIM 
Y8448 21.5 L 
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The information in this table is taken from the following sources: Antarctic 
Meteorite ata Sheet (1979), Antarctic Meteorite Data Sheet (1980), Antarctic 
Meteorite Data Sheet (1981), Antarctic Meteorite Data Sheet (1982), 
Antarctic Meteorite Data Sheet (1983), Antarctic Meteorite Data Sheet 
(1984), Antarctic Meteorite Data Sheet (1985), Antarctic Meteorite Data 
Sheet (1986), Antarctic Meteorite Data Sheet (1987), Antarctic Meteorite 
Data Sheet (1987), Berkley J.L (1986), Berkley et al. (1976), Berkley et al. 
(1980), Goodrich et al. (1987a), Goodrich et al. (1987c), Meteoritics (1978), 
Meteoritics (1980), Meteoritics (1981), National Institute of Polar Research 
(1983), National Institute of Polar Research (1984), National Institute of Polar 
Research (1985), National Institute of Polar Research (1986), Saito and 
Takeda (1990), Smithsonian Contributions to the Earth Sciences (1981), 
Smithsonian Contributions to the Earth Sciences (1982), Smithsonian 
Contributions to the Earth Sciences (1984), Takeda (1989), Takeda and Yanai 
(1982), Vdovykin (1970). 
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"significantly weathered" while the Antarctic collection programs have tried to 

established a more quantitative system which has not been applied to the non

Antarctic meteorites. 

is: 

Of course, this "quantitative"system is inadequate itself. The simple system 

A = "metal flecks have inconspicuous rust halos, oxide stain along cracks 

is minor" 

B = "metal flecks show large .rust halos, internal cracks show extensive 

oxide stain" 

C = "specimen is uniformly stained brown, no metal survives" 

(Marvin and Mason, 1984). Of course, some ureilites have classifications such as 

"Na" or "B/C" which still do not allow the necessary detail for adequate description 

of the samples. 

These problems of inadequate and inconsistent classifications must be kept 

in mind when discussing or trying to order the chaos of the ureilites. The 

classifications employed in this work are based upon the literature descriptions 

because no better option is available at this time. 

1.2.14 Petrogenesis 

Interpretation of the characteristics of the ureilites have led to contradictory 

theories about their formation and history. Initially, the two competing theories of 

formation were as partial melt residues (Boynton et aI., 1976; Wasson et aI., 1976) 
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and as cumulates (Berkleyet aI., 1980; Goodrich et aI., 1987). In the past few years 

with additional data new hypotheses have been proposed. The arguments today 

center on whether the ureilites are the result of limited processing and are, therefore, 

examples of primitive meteorites (Clayton and Mayeda, 1988) or are the result of 

igneous processing as proposed by the partial melting residue and cumulate 

proponents. ,Refinements include impact produced ureilites (Rubin, 1988; Warren 

and Kallemeyn, 1989) and exotic ideas proposed by Takeda (1987, 1989). 

Problems with the data upon which these theories are based include age data 

uncertainties (Goodrich et aI., 1990), the lack of any complementary surface samples 

such as basalts, the lack of candidates for the ureilite parent body (UPB) in the 

asteroid belt from asteroid studies, discrepancies in equilibration temperature data, 

and the general lack of correlation of any grouping derived from different studies. 

1.3 SUMMARY 

The objective of the research presented here was to investigate the trace 

element concentrations of the ureilite meteorites in order to illuminate the 

petrogenesis of these enigmatic rocks. This work was to provide a greatly enlarged 

database of trace element concentrations which would expand the spectrum of 

ureilite trace-element characteristics and bring order from the chaos of ureilite 

research. 
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CHAPTER 2: NEUTRON ACTIVATION ANALYSIS 

2.1 INTRODUCTION 

This work was undertaken in order to further characterize the ureilites, to 

illuminate the origin of the components of this class of meteorites and to clarify the 

apparent paradoxes of the available data. This neutron activation analysis (NAA) 

research provide the trace-element concentrations of six ureilites, several of which 

had not been analyzed previously. This work was reported in preliminary form by 

Spitz and Boynton (1986, 1988). The emphasis is on the determination of siderophile 

and rare-earth element (REE) data. I collected trace-element data on Kenna, Novo 

Urei, Allan Hills A77257, Allan Hills A81101, Allan Hills 82130 and Pecora 

Escarpment A82506 (hereafter Allan Hills will be designated as ALH and Pecora 

Escarpment as PCA) using instrumental neutron activation analysis (INAA) and 

radiochemical neutron activation analysis (RNAA). The non-Antarctic meteorites, 

Kenna and Novo Urei, have been analysed previously for trace elements (Boynton 

et aI., 1976; Wasson et al., 1976; Higuchi et aI., 1976; Janssens et al., 1987) and, 

therefore, serve as a control for the data. The Antarctic meteorites, ALHA77257, 

ALHA81101, ALH82130 and PCA82506 had not been analysed for trace elements 

prior to the commencement of this work. Results for ALHA77257, ALHA81101, 

ALH82130, LEW85328, LEW85440, META78008, Y791538 and Y8448 appear in 

Spitz and Boynton (1988) and Ebihara et al. (1990). 
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Table 2.1 Neutron Activation Analysis - Analyzed Ureilites 

Sample Fo# Shock Degree &180%0 &170%0 

peA 82506 78.3(1) low 7.02 2.72 
Novo Urei 78.9 (1) medium 7.21 2.76 
Kenna 79.2 (1) medium 7.54 2.90 
ALHA81101 78-90 (2) high 8.09 3.97 
ALHA77257 84.9 (3) low 6.91 2.51 
ALH 82130 94.9 (3) low 4.65 -0.01 

Note: These forsterite content values are at some variance to the fayalite 
contents of ureilites presented in Table 1.1. This is because the values 
were obtained from different studies and are used here "to illustrate the 
variable nature of ureilite data. 
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These samples represent a range of ureilite compositions with respect to Fa 

content in olivine, oxygen isotopic composition and degree of shock (Table 2.1). The 

Fa content in olivine and degree of shock were determined from literature references 

(Berkley et al., 1980; Goodrich and Berkley, 1986; Goodrich, 1986). The oxygen 

isotopic composition is given in Clayton and Mayeda (1988). ALHA81101 is the only 

one of the samples with a high degree of shock, and it also has a distinct oxygen 

isotopic composition (Clayton and Mayeda, 1988). The three other Antarctic 

specimens have low-to-medium degrees of shock and sample each of the three 

oxygen isotope-iron content groups of Clayton and Mayeda. ALH82130 is the 

ureilite with the highest MgO content, has one of the highest pyroxene- to-olivine 

modal ratios (1:1) and contains approximately 10% augite (Delaney and Prinz, 1987). 

2.1 EXPERIMENTAL TECHNIQUE 

Three neutron activation analysis (NAA) experiments were performed. The 

first experiment included only INAA, while the second and third included both INAA 

and RNAA. 

2.1.1 Experiment 1 - University of Arizona INAA Run 

Bulk samples of Kenna and Novo Urei (both acquired from 

USNM/Smithsonian), ALHA77257, ALHA81101, ALH82130 and PCA82506 (from 

the Meteorite Working Group of NASA), three olivine-pyroxene separates from San 

Carlos nodules (supplied by Michael J. Drake), U.S.G.S. Twin Sisters dunite, DTS-1 
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(split 61, position 8) and U.S.G.S. Cazadero peridotite, PCC-l (split 71, position 2) 

(supplied by Paul E. Damon) with masses of approximately 500 mg were selected and 

crushed to powder/granular form in an agate mortar. The samples were irradiated 

twice in the University of Arizona TRIGA reactor at a flux of 0.7 x 1012n/cm2sec at 

100 kilowatts, first for 10 minutes and later for 3 hours. Chemically prepared mixed 

standard solutions and samples of the standard rocks, CRB-l (Columbia River Basalt 

supplied by R.A. Schmitt), NBS SRM688 (Basalt Rock), NBS SRM1633a (Coal Fly 

Ash) and NMNH Allende, of similar sizes were also irradiated. 

2.1.2 Experiment 2 - University of Missouri INAA/RNAA Run 

Three bulk samples of Kenna, PCA82506, U.S.G.S. standard dunite, DTS-l 

(split 61, position 8) and U.S.G.S. standard peridotite, PCC-1 (split 71, position 2) 

were selected and crushed. The masses were approximately 100 mg each. They were 

irradiated in the University of Missouri reactor at a flux of 4.9 x 1013 n/cm2sec for 

37 hours. Chemical standards and samples of the standard rocks, CRB-l, NBS 

SRM688, NMNH Allende (each approximately 1-2 mg) and TocapiIla (supplied by 

Daniel Malvin; approximately 0.6 mg) were also irradiated. Upon return from the 

reactor, the irradiated sample of each ureilite was split into portions for bulk INAA 

analysis and leaching.' The leachate was then split into portions for INAA and 

RNAA analyses as depicted in Figure 2.1. There was no bulk sample in the RNAA 

portion and no residue sample in the INAA portion and no leachate in the RNAA 
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segment of the experiment. Chemical standards were dissolved with the appropriate 

acids and aliquants taken for counting. The appropriate acids are those in which the 

chemical standards were originally prepared as solutions prior to drying for 

irradiation. These were HCl, HN03 and HF. 

2.1.3 Experiment 3 - University of Missouri INAA/RNAA 

Three bulk samples of ALHA77257, ALHA81101 and ALH82130 with masses· 

of approximately 150 mg each were selected and crushed. These were irradiated at 

the University of Missouri reactor at a flux of 4.9 x 1013 n/cm2sec for 47 hours. 

Chemical standards and samples of the standard rocks, CRB-l, NBS SRM688 basalt, 

Allende (all about 2 mg) and Tocapilla (about 0.4 mg) were also irradiated. Upon 

return from the reactor, the samples were split in the manner depicted in Figure 2.2. 

Bulk samples were analysed using both INAA and RNAA. Residues and leachates 

produced from the acid leaching procedure were analysed using both INAA and 

RNAA. Chemical standards were dissolved and aliquanted as in experiment 2. 

2.1.4 Leaching Procedure 

Because of indications in earlier work (Boynton et al., 1976) that leaching with 

HN03 removed the carrier of the light rare-earth elements (LREE) in ureilites, 

leaving a residue thought to more closely represent an original partial melt residue 

or cumulate, we decided to duplicate the Boynton et al. (1976) procedure. These 

leached samples would then provide compositions more representative of the residue 
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or cumulate material--the ureilite's ultramafic (olivine + pyroxene) silicate 

component--on which rare-earth element petrogenetic modelling should be based. 

Prior to the irradiations, a 0.5 cm2 slab of Kenna was subjected to various 

strengths of RN03 for a sequence of time intervals (one minute to fifteen minutes) 

and examined with both the optical microscope and the electron microprobe to 

determine the effect of different time exposures on the different textural components 

of the meteorite. From these experiments, we determined that a IS-minute leach 

with concentrated nitric acid would be appropriate. 

A crushed sample (grain sizes from powder to .8 mm diameter) was placed 

in a beaker and concentrated nitric acid added. The beaker was agitated at one

minute intervals for 15 minutes and then poured through a filter paper which was 

then rinsed with concentrated RN03 once, distilled water three times and acetone 

one time. The water and acetone were discarded (based on the assumption that the 

acid leached all the elements and no material would, therefore, be lost to the water 

and acetone rinses). The leachate was then divided for INAA (placed in a counting 

vial) and RNAA (sent through the RNAA procedure). After the filter paper and the 

residue on it were dry, the residue was split to INAA (into counting vial) and RNAA 

(sent through procedure). Because of the difficulty in completely removing the 

sample from the filter paper, the filter papers were also counted. The samples were 

weighed at all stages in the procedure, i.e. at each split into parts and upon final 

encapsulation. The masses of the leachates were determined by subtraction of the 

residue masses from the bulk masses. They range from 0.56 mg to 1.72 mg (1 % to 
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40% of the original weights). Because the mass loss was small and the weighings 

were made on the filter paper, the masses of the leachates, and hence the 

concentration, are somewhat uncertain. An estimate of this uncertainty cannot be 

given but may be as high as one hundred percent. 

2.1.5 Radiochemistry Procedure 

Weighed samples were added to nickel crucibles containing mixed rare-earth 

element carriers and fused with Na202' The fusion cake was dislodgec,l with H20 and 

HCl and the REE were then isolated by centrifuging as hydroxides, first with 

NH40H, then with NaOH. After centrifuging, the hydroxides were dissolved and 

precipitated with HP, centrifuged and dissolved with HB03 and HN03• After 

another hydroxide isolation, the sample was passed through an anion exchange 

column with 6N HCl to remove Fe. It was then passed through a second anion 

exchange column with NH4SCN to remove Sc: the solution was converted to SCN

in the cr column. Both anion exchange columns are Dowex AGlx8 (er), 100-200 

mesh. The final sample was gamma counted as a 1.0 ml solution in HN03• 

At the end of the gamma counting period (approximately two months within 

which two or three series were counted), the samples were re-irradiated for chemical 

yield determinations. A solution prepared from the standard solution of REE at the 

time of the initial irradiation was sent with the samples for a second irradiation. This 

monitor was used to determine the yield of the sample through the RNAA 

procedure. The yields varied for individual elements and samples but ranged from 
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a low of approximately 24% to a high of 73%. Most yields were in the range of 40 

to 46%. 

2.1.6 Gamma Counting and Data Processing 

INAA and RNAA samples and standards were counted on one of two gamma

ray detectors: Detector B is a Ge(Li) detector with an efficiency of 17% and 

resolution of 1.75 keY at 1332 keY; detector C is a high-purity Ge detector with an 

efficiency of23% and resolution of 1.80 keY at 1332 keY. Detector C is surrounded 

by a large (33 cm x 36 cm diameter) NaI(Tl) scintillation detector. Pulses from the 

Ge detector are analyzed and stored in one of two memories depending on whether 

the event is in coincidence with an event in the NaI(Tl) detector. This Compton 

suppression mode provides an increase in signal-to-noise ratio of about a factor of 

fifty in samples such as those that are dominated by 46SC and 192Ir, two nuclides that 

emit coincident gamma rays. The samples and standards were counted several times 

over a period of about two months. Every element reported in Tables 2.2 and 2.3 

has been determined a minimum of two times--with either multiple gamma-ray 

energies or multiple count intervals. 

Discrepancies (1-20%) between multiple counts on detector C and between 

detector C and detector B counts of the same sample became evident during the data 

processing. This problem was attributed to the malfunction of the Boynton lab 

sample changer which normally maintains reproducible geometry to within ± 1% but 

no confirmation exists of this. The detector C data were corrected by normalizing 



TABLE 2.2 Element abundances (in ppm) in ureilites via INAA 

Semple M ... (mgl C.(%I Sc Cr Mn Fel%1 

AlHA77267 490.26 0.7 7.6 6260 3619 11 

4.03 1.3 B.6 6660 11.6 
residue 4.4B 1.3 9.2 6660 10 
leachate 0.67 0.1 0.62 2660 14 

AlHA61101 IbulkiCC 600.6 0.6 7.3 6240 3600 16 
bulk 4.27 1.7 7.2 4997 18.6 
residue 4.2B 1.4 9.8 6965 14.1 
leachate 1.72 0.1 0.77 960 9.3 

AlHA82130 IbulkiCC 632.83 1.7 11.7 4130 40BO 6.4 
bulk 2.9 1.4 11.3 4438 6.6 
tesidue 2.88 3.8 17.9 3897 3.6 
leachate 0.66 1.3 10010 29 

PCAB250S IbulkiCC 540.13 0.69 7.5 5230 3440 14 
leachate 0.77 0.64 1340 3.9 

Kenna IbulkiCC 552.62 0.765 8.0B 4890 3660 16 
leachate 0.6 2.34 900 3.3 

Novo Urei IbulkiCC 511.21 1.03 9.09 6100 3720 14.9 

Average % error 13 
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TABLE 2.3 Element abundance (in ppb) in ureilites via RNAA 

Sample Type Masslmg) La Ce Nd Sm Eu 

ALHA77257 bulk 53.96 13.8 39.2 16.2 6.4 1.24 
residue 70.9 21 59 23.9 6.1 1.44 
leachate 5.1 148 421.5 177.4 33.4 7.52 

ALHA81101 Ibulk 39.46 9.9 23.4 10.6 3 0.96 
residue 58.17 1.4 3.9 2.3 0.51 
leachate 0.58 23.5 62.5 23.6 4.5 1.74 

ALH 82130 IbUlk 59.83 7.9 43.8 50.7 31.3 3.89 
residue 87.16 6.9 32.9 46.8 29.6 3.44 
leachate 5.06 23.5 71.1 50.9 19.3 8.94 

peA 82506 reSidUe 106.79 0.6 3.3 3.3 2.4 0.63 

Kenna residue 81.17 0.2 0.9 1.09 1.13 0.18 

Average % error for element 
based on counting statistics: 3 7 10 3 

Gd Tb Dy Ho 

12.4 4.1 40.6 10.6 
10.4 2.3 22.1 5.8 
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to Fe values determined on detector B. Problems with chemical standards due to 

incomplete dissolution or. other unknown causes were corrected by using the standard 

rocks as our primary standards for elements. 

The data reduction portion of this work required the completion of a software 

operation manual prior to (and during) this phase of the research. In order to run 

the programs written for the PDP-11 computer in the Boynton Lab, the specific steps 

of operation were detailed. In addition to the software operating procedures, 

information about hardware and data manipulation are -included. A copy of this 

manual is available upon request from the author, Anna H. Spitz. 

2.3 RESULTS 

2.3.1 Rare Earth Elements 

I obtained trace-element results for bulk, residue and leachate samples of 

ALHA77257, ALHA81101 and ALH82130 and for residue and leachate samples only 

of Kenna and PCA82506 [Table 2.2, Figure 2.3]. As with previously studied ureilites 

(Boynton et aI., 1976; Wanke et al., 1972; Goodrich et aI., 1987c), the absolute 

abundances of the rare-earth elements were found to be low: heavy rare-earth 

elements (HREE) < 0.8 x CI and light rare-earth elements (LREE) < 0.3 x CI. The 

v-shape REE pattern is much less pronounced than in previously studied non

Antarctic ureilites. The LREE in bulk ALHA77257 and ALHA81101 are less 

enriched than in many previously studied samples, and ALHA82130 displays no 

LREE enrichment at all. The LREE concentrations for those three samples are less 
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42 

than for any other bulk non-Antarctic ureilite except for one of two splits 

ofRoosevelt County (RC) 027 (Goodrich et aI., 1987c). The HREE absolute 

abundances for ALHA77257 and ALHA81101 are within the range of previously 

analyzed ureilites. The REE pattern of the bulk ALHA77257 sample I analysed 

displays LREE enrichment but that analysed by Ebihara et al. (1990) does not. This 

is reminiscent of the difference found between two bulk samples of RC027 by 

Goodrich et al. (1987c). The HREE abundances of ALH82130 are the highest of 

any ureilite yet analyzed. This result is expected since this meteorite has a high 

pyroxene content and contains augite. The results of Ebihara et al (1990) are similar 

in this respect for other Mg-rich and augite-containing ureilites (e.g. LEW 85440, 

META78008 and Y 790981). 

As stated above, in addition to crushed bulk samples, I also leached a slab of 

Kenna. It was examined using both optical and electron imaging before and after 

treatments with nitric acid to document our acid-leaching of powdered samples. The 

microprobe examination included major silicates, interstitial silicate (as defined by 

Goodrich et al., 1987c) and carbon-rich areas. The acid leaching of the slab 

indicated that carbon-rich areas were attacked to a significant extent, major silicates 

to a small extent and the interstitial silicate not at all. Because this analysis of acid

leached powders and leachates showed more LREE in the leachate, the probable 

location of the LREEs is the carbon-rich areas. These conclusions are corroborated 

by preliminary ion probe work on ALHA78019, Kenna and RC027 in which the 

LREE were detected only in the carbon-rich areas and not in graphite (ALHA78019 
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only), sulfides, major silicate minerals or interstitial pyroxene (Spitz et ai., 1988). 

The results of the leaching experiments are given in Table 2.3 and Figure 2.4. 

In each case the leach selectively removed the light REE in preference to the heavy. 

This is so, although to a lesser extent, even for ALH82130 which has no light REE 

component discernible in the whole rock analysis (Figure 2.3). In no case, however, 

were the majority of the light REE in the leach; the ALHA77257 leach contained 

about 35% of the light REE, but the other two had around 15%. I must note that 

measurement of the leachate weights may be suspect due to the non-trivial analytical 

task of measuring such small quantities and dealing with problems of moisture 

evaporation and static discharge during weighing. This can explain why the leachate 

and residue concentrations (as measured) do not bracket those of the bulk sample -

for both the LREE and HREE; errors may exist in the weights of the bulks and 

residues and, therefore, the calculated leachates. This issue is not trivial and not 

easily resolved. In order to lessen its impact on the study, emphasis is placed on 

elemental patterns and ratios rather than absolute concentrations. 

The residue samples of Kenna and PCA82506 showed LREE depletion as 

expected but when mass balance calculations for bulk samples were done (no bulk 

samples were counted) I was perplexed initially as they indicated no significant 

LREE enrichment (i.e., comparable to measured bulk samples of Kenna and other 

ureilites (Boynton et al., 1976)). No leachate REE concentrations are plotted for 

Kenna or PCA82506 because of the suspect nature of the concentrations. The results 

of the leaching experiment on the other three Antarctic samples appeared even more 
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puzzling at first: the leachates generally show the LREE enrichment but the 

relativebehavior of bulk and acid residues was not as simple as expected. For 

example, ALH82130 residue is similar to the bulk; ALHA77257 residue has more 

LREE than the bulk; we had expected a residue depleted in the LREE and a 

leachate highly enriched in the LREE. 

I do not believe that this is an artifact of the technique nor an error in the 

procedures but an indication of the inherent difficulties of the leaching technique in 

separating the different components of the ureilites. The depletion of the LREE is 

due more to sampling than to the nitric acid treatment: because the LREE host 

phase is so heterogeneously distributed, and such a minor part of any given bulk 

ureilite, it is easily possible to obtain a bulk sample without LREE carrier. This is 

seen most clearly in the comparison of the bulk and residue samples for ALH82130 

wl)ich show very similar abundance results for the bulk sample and the acid-treated 

(residue) sample. Acid leaching also removes HREEs from bulk samples - perhaps 

the minor damage done to the olivine and pyroxene grains is evidence for the major 

silicates as the source of the HREEs in the leachates. Recent isotopic work by 

Goodrich et al. (1991) has amplified these observations on the heteorgeneity of the 

LREE component. 

Future work should address some of the uncertainties: attempts to leach 

components with Hel and other acids and to employ mechanical separation 

techniques to compare the acid effects and to eliminate the ambiguities inherent in 

the acid-leaching technique. Because different minerals are sensitive to different 
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acids, the LREE host phase may be determined by comparing the leachates resulting 

from exposure to different acids. For example, if the LREE host phase is a 

phosphate, the leachate produced from treatment with HCI would show high LREE 

concentrations. Although this work indicates that any chemical treatment of ureilites 

prior to analysis may produce puzzling results, it has revealed that the amount of 

LREE-enriched component varies from sample to sample and that HN03 does 

remove the LREE-enriched component. 

2.3.2 Siderophile Elements 

The siderophile data for bulk samples indicate results similar to those of other 

workers (Higuchi et aI., 1976; Janssens et aI., 1987; Wanke et aI., 1972), but with a 

wider range of variability (Table 2.3, Figure 2.5). For the refractory siderophiles, Re, 

Os, Wand Ir, the absolute abundances range from 0.1 x CI to just over 1.0 x CI. 

The volatile siderophiles, Ni, Co, Au and Ga, range from 0.068 x CI to 0.281 x CI--a 

much narrower range of composition than that for the refractory siderophiles. 

Duplicate bulk samples of ALHA77257, ALHA81101 and ALH82130 analysed during 

our second University of Missouri experiment are in close agreement with those 

given here and, therefore, are not duplicated in the table. Ranking of samples on 

the basis of element concentration patterns (Higuchi et aI., 1976; Janssens et al., 

1987) has less significance than it was given in these earlier studies which used 

smaller sample populations. 
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2.3.3 Other Elements 

I also determined lithophiles, Ca, Sc, Cr and the chalcophile Zn for bulk 

samples. Neither of these groups of elements show the patterns evident in the 

siderophile abundance rankings. Calcium, Sc, Cr and Zn have abundances around 

1.0 x CI chondrites. 

2.4 DISCUSSION 

2.4.1 Rare-Earth Elements 

Generally, ureilites display a v-shaped REE pattern showing enrichment in 

both the light and heavy rare-earth elements and variable negative Eu anomalies 

when normalized to CI chondrites (Figure 2.3). All the REEs reported or calculated 

here are normalized to CI chrondrite values from Evensen et al. (1978). Because the 

mineral/melt distribution coefficients of the rare-earth elements are a smooth 

function of atomic number (with the exception of Ce and Eu which have two valence 

states), no single phase could produce such a pattern. The major silicate phases 

(primary constituents of ureilites )--olivine and pyroxene--are the hosts for the HREE, 

but the major host phase of the LREE is unknown. Acid treatment of bulk samples 

produces LREE-enriched leachates and LREE-depleted residues. These acid-treated 

residues represent the olivine-pyroxene assemblage which is probably a product of 

igneous processes -- partial melting or crystallization and accumulation. The attempt 

to fit the REE patterns using constraints proposed in the models is found in Chapter 

3. 
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2.4.2 Siderophile Elements 

Siderophile element behavior/relationships are also useful in providing 

constraints on ureilite formation conditions. Correlation diagrams are useful in 

discussing the results presented for these elements. Again, the values for previously 

studied ureilites, Kenna and Novo Urei, are compatible with these prior studies and 

gives confidence in the results produced in this work. The leaching procedure I 

employed appears to effect the volatile siderophiles to a far greater extent than the 

refractory siderophiles (note the difference between 7 and 7L on Figure 2.6 for 

A.J..liA77257 bulk and ALHA77257 leachate). Correlations of the refractory 

siderophiles (for example Ir) with the more volatile siderophiles (for example, Ni and 

Au) confirm the distinct host phases of these elements determined previously 

(Boynton, et aI, 1976; Janssens et al., 1987) (Figure 2.6) As with the REE results, 

however, the results of the leaching experiment have some ambiguity - concentrations 

of siderophiles in residues and leachates are not identical in the different samples. 

As suggested by others (Boynton et aI., 1976; Higuchi et aI., 1976; Janssens et 

aI., 1987), these correlations may represent mixing between a low-iridium component 

(ultramafic rock) and a high-iridium component (carbonaceous matrix or "vein" 

material). These two components can be represented by the value for ALHA81101 

and data for the matrix material (Boynton et al., 1976; Higuchi et al., 1976; Wasson 

et aI., 1976; Janssens et aI., 1987). A.J..liA81101, the ureilite with the highest 6170% 

(Clayton and Mayeda, 1988), extends the ureilite range closer to the low-iridium end 

member. It should be noted that the leachate sample of ALHA77257 is higher in Ir 
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which seems to corroborates the idea suggested by Janssens et al. (1987) that the 

high Ir component is in the carbonaceous matrix. 

The three-element plot of siderophiles normalized to CI chondrite values and 

to nickel further delineates the host components of the siderophile elements and 

mixing trends (Figure 2.7) and suggests more than a simple two end-member model 

is required to explain the siderophile element relationships. The low content of vein 

material for ALHA81101 is again evident for each of the elements. The refractory 

siderophiles' (Re, Os, Wand Ir) concentrations display tight corre~ation with one 

another; the volatile siderophiles (Co and Au) less so. These correlations must be 

considered carefully, however. As discussed in Chapter 4, siderophile element data 

correlations are much less distinct with the addition of more data collected during 

the ICP-MS analysis. 

Addition of the Antarctic ureilites to the data base does not significantly effect 

the correlation coefficients for the elements considered yet provides some intriguing 

questions. For example, for nickel versus iridium the correlation coefficient drops 

from .89 to .86 and for gold versus iridium from .87 to .84. There is no effect, 

however, on the confidence limit which remains .9999 and so this may be a further 

reflection of the increased variability brought to the abundance data by the Antarctic 

samples, or simply statistical fluctuation. The patterns identified in previous work 

using only non-Antarctic samples in previous work (Boynton et aI., 1976; Janssens et 

aI., 1987) are confirmed. Although the sample population determined from NAA is 

too small for meaningful statistical analysis, it provides an intriguing suggestion that 
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differences in trace element concentrations exist between non-Antarctic and Antarctic 

samples: Antarctic samples lie closer to the CI end-member on the correlation plots 

than do non-Antarctic samples with the exception of Goalpara. If this is an 

indication of true effects, it must be determined whether it is due to differential 

terrestrial weathering conditions or is indigenous to the meteorites. Such differences 

do not correlate with other ureilite characteristics but petrographic distinctions have 

been noted between Antarctic and non-Antarctic ureilites (Berkley, personal 

communication). More detailed analysis of the differences between the Antarctic 

and non-Antarctic ureilites are discussed in Chapter 5 which call into question the 

"intriguing suggestion" of differences in populations. 

Goodrich et al. (1987b) modelled the siderophile elements of bulk ureilites 

and concluded that complex processing was required. This model relied on 10-25% 

partial melting in the absence of metal, i.e. under oxidizing conditions, with 

siderophiles partitioned between solid silicates and liquid. In the second stage, early 

mafic cumulates were remelted to produce ureilite parent magmas with siderophile 

partitioning based on the same distribution coefficients as in stage one. Finally, these 

magmas were reduced to make 20-30% metal with siderophile elements partitioning 

between solid and liquid silicates and metal. The partition coefficients used were for 

a sulfur-rich system. 

The refractory siderophile data presented here, however, present problems for 

this scenario. The similarity of the chondrite-normalized abundances of tungsten and 

the other refractory siderophiles, Re, Os and Ir, requires that W is in the metallic 
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phase - not the silicate - when fractionation occurs. The tight correlation of W with 

the other refractory siderophiles (Figure 2.7) does not permit W to fractionate into 

the silicate phase, yet the first two stages of the Goodrich et al. (1987b) model 

require this. The solid silicate/liquid silicate distribution coefficients for Wand Ir 

are 0.01 and 1.7 respectively (Goodrich et al., 1987b). 

Because of the wide divergence of the distribution coefficients, the W /lr ratio 

becomes highly fractionated following stage one of the Goodrich et al (1987) model. 

The only way for the ratio to return to an unfractionated state following the second 

stage is for the degree of melting in the second stage to be exactly that required to 

reverse the fractionation. Such a circumstance is highly unlikely to occur especially 

when we consider that the abundance information applies to several different ureilite 

specimens which may represent similar processes in different places rather than co

magmatic samples. Instead, what the data show is that the refractory siderophile 

abundances are more simply determined by solid metal/liquid metal distribution 

coefficients (for a sulfur-rich system) - the Dsm/lm for a log f02=-12.2 at 1250°C are 

Re=83, Os=83, Ir=83 and W=36 (Goodrich et aI., 1987b). The volatile siderophile 

abundances indicate, however, that this model is too simplistic. The Dsm/lm for the 

same conditions are Ni=1.3, Pd=0.9, Au=1.3 and Ge=lO (Goodrich et al. 1987) and 

the observed concentrations do not match model calculations based on such 

coefficients. 

In summary, the addition of the four Antarctic ureilites to the siderophile 

database provokes additional questions about ureilite groupings proposed by others 
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(e.g. Janssens et al., 1987) and does not aid in correlating the conclusions drawn from 

studies of other elements. The behavior of W with respect to the other refractory 

siderophiles precludes fractionation under oxidizing conditions and limits complexity 

but the volatile siderophiles (in addition to the REE abundances) call for some 

complexity. Additional data (Chapter 4) and other considerations (Chapter 5) must 

be used in addition to the trace element data to come closer to a petrogenic model 

for the ureilites. 
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CHAPTER 3: RARE-EARTH ELEMENT MODELLING 

3.1 INTRODUCTION 

Rare-earth element modelling is useful in distinguishing among the 

petrogenesis models now extant. The hypotheses that we have attempted to model 

are: the Ostwalt [sic] ripening model of Takeda (1987) and variations (Takeda, 1988, 

personal communication), the partial melting residue model of Boynton et al. (1976), 

the three-stage model of Goodrich and Jones (1987) and the four-stage model of 

Goodrich et al. (1987b). These are the most constrained of the recently proposed 

models, cover a wide range of possible petrogenetic processes and allow simple REE 

modelling. 

3.2 MODELLING PARAMETERS 

In all models this work considers, the source material is chondri tic with 

respect to mineralogy and trace-element abundances. Chondritic source material was 

chosen because, as the canonical source material in cosmochemical modelling, it was 

employed by each of the authors in their models. I have evaluated a range of modal 

mineralogies which can be considered "chondritic" and the representative one 

presented in these model calculations is: 59% olivine, 24% clinopyroxene, 3% 

orthopyroxene and 14% plagioclase. Other chrondritic compositions were employed 

and produce similar results. For example, we used 53% olivine, 32% clinopyroxene 

+ orthopyroxene, and 15% plagioclase. Changes in the relative amounts of the 

pyroxenes and plagioclase, however, do affect the final result of the models in that 
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the Eu anomaly is dependent on the amounts of clinopyroxene and plagioclase. For 

example, until plagioclase is exhausted in melting models, europium is enriched in 

the residue. Other than this constraint, various "chondritic" source materials are 

appropriate (from carbonaceous chondrites to ordinary chondrites) for all models 

evaluated. This modelling employed trace-element data from both CI (Evensen et 

al., 1978) and CV chondrites (Allende - Jarosewich et aI., 1985) for completeness: 

CI chondrites are most often considered to have elemental abundances which 

approximate the source material for igneous meteorites, but CV chondrites (or CV

like) have been proposed for the ureilite precursor material (Boynton et aI., 1976; 

Janssens et al., 1987). The difference between the two with respect to REE is simply 

one of absolute amounts rather than relative differences among the REE. 

The distribution coefficients are for oxygen fugacity and temperature 

appropriate to conditions of ureilite formation: log f02 of between -11 and -14 and 

temperature of approximately 1200°C. These oxygen fugacity values are similar to 

those determined for eucrites (Stolper, 1977). Calculations based on iron content of 

silicates give log fOz between -12.8 and -13.9 (Goodrich et aI., 1987a). Temperatures 

for crystallization of ureilites have been estimated from pyroxene geothermometers 

(Takeda, 1987), oxygen geothermometers (Clayton and Mayeda, 1988) and 

petrogenetic considerations (Goodrich et aI., 1987a). The petrogenetic considerations 

and the pyroxene geothermometers provide temperatures of approximately 1200oC, 

while comparisons using oxygen isotope equilibration temperatures yield much lower 

temperatures of 600 0 C to 1100 0 C (Clayton and Mayeda, 1988). Resolution of the 
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discrepancy is necessary. There is some evidence that the oxygen isotopes are 

questionable measurements of the conditions at time of ureilite petrogenesis. First 

this is a consequence of the linear dependence on Temperature2 making the 0-

isotope fractionation relatively much more susceptible to retrograde adjustments (or 

lower closure temperatures) than is element fractionation (Ganguly and Saxena, 

1987). In addition, as pointed out by John Jones (personal communication), the 

equilibrium temperatures derived from the O-isotope measurements are backwards 

with the magnesium-rich assemblage of lower equilibration temperature - in 

opposition to magmatic equilibria and subsolidus kinetics. Clearly, the O-isotopes 

in ureilites are not completely understood and the results and conclusions drawn 

from their values must be tempered. 

The distribution coefficients are from McKay and Weill (1977), McKay (1982), 

McKay (1986), McKay et al. (1990) and McKay et al. (1991). They are listed in 

Table 3.1. The clinopyroxene distribution coefficents used are for pigeonite. 

3.3 MODELLING CALCULATIONS 

The modelling uses a program I wrote which allows calculations of partial 

melting and fractional crystallization processes using the initial source material 

discussed above, distribution coefficients and variations in the model conditions such 

as source and product materials, amounts and types of melting or crystallization, and 

melting proportions of minerals. A copy of this program is found in App,endix I. 

The results of the modelling presented here employ eqUilibrium partial melting 
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Table 3.1 Distribution Coefficients used in Rare-earth Element Modelling! 

Olivine Clinopyroxene Orthopyroxene Plagioclase 

DLa 0 .002 .006 .055 
Dee 0 .004 .0075 .05 
DNd .00007 .019 .012 .035 
DSm .0005 .031 .019 .03 
DEu .000565 .0279 (.0068) .019 1.2 
DGd .0014 .043 .029 .03 
DYb .02 .13 .12 .009 
DLu .0335 .13 .14 .008 

IThese distribution coefficients were taken from McKay et al., 1982, McKay et al. 
. 1990 and McKay et aI., 1991. The DEu in parentheses is the revised 

distribution coefficient found in the 1991 work and is the one employed in the 
calculations shown in the figures of this chapter. 
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equations because fractional partial melting calculations using this program produce 

patterns far too depleted in LREE to model actual ureilites. The actual conditions 

of ureilite formation are, no doubt, intermediate to these two paradigms. 

The program has flexibility in accounting for changes in modal mineralogy 

with melting and formation of cumulates from fractional crystallization. For example, 

I assume that melting of the chondritic material begins at the peritectic point in the 

system olivine-anorthite-silica at which the composition remains until the plagioclase 

is exhausted. After each stage in the calculations, new melting proportions of the 

remaining minerals are supplied. For crystallization, percentages of crystallizing 

phases and, if applicable, proportions of minerals in the cumulate are supplied. 

I originally modelled the Takeda hypothesis (1987) as a partial melting residue 

model (Spitz and Goodrich, 1987). This hypothesis called for 5.0% partial melting 

of chondrite source material which resulted in a mafic silicate residue and the 

extraction of the partial melt by gravitational "squeezing out". The ureilites then 

grow from the remaining residue of mafic silicates and the partial melt in a model 

which Takeda termed "Ostwalt(elsewhere Ostwald in the literature) Ripening". With 

such a small degree of melting, however, all the plagioclase is not removed from a 

chondri tic source region. The result is a rare-earth pattern unlike those of any 

ureilite--it displays a positive Eu anomaly and abundances 10-100 times those of the 

observed ureilites (Figure 3.1). 

Revised models (Takeda, 1989) incorporate multi-stage aspects and term the 

process "Ostwalt Ripening" and "planetesimal collision". Chondritic source material 
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undergoes a large degree of partial melting leaving a mafic silicate residue. This 

melt is extracted. Another rise in temperature produces additional melt: smaller 

crystals melt and from this melt the larger crystals grow in the Ostwald Ripening 

process Takeda envisions. In his multi-stage model, the first stage requires between 

20 and 25% partial melting of chondri tic source material to produce a residue of 

mafic silicate that has a negative Eu anomaly similar to the pattern produced by the 

residue model (Figure 3.2). The mafic silicates then undergo a second stage of 

melting--the amount of which is determined by the model's requirement that total 

melting is 26%. This limitation to the partial melting amount is required in order 

to preserve the orientation of the grains (Takeda, personal communication). The 

growth of the larger crystals from the melt in this stage does not change the 

abundances of the elements - material is melted and then crystallizes, reaggregating 

to the grains in a closed system. Additional problems with this model/hypothesis 

include Takeda's claim that this model represents primitive processes which would 

preserve primitive (Le. non-igneous signature). oxygen isotope relationships (26% 

partial melting makes this difficult to accomplish) and the initial force to produce the 

grain orientation which he then claims is preserved in this model (Cyrena Goodrich, 

personal communication). 

The Boynton et aI. (1976) residue model proposed generation of the ureilites' 

HREE pattern as a result of high degrees of partial melting. As proposed initially, 

this model required fractional partial melting to achieve steep enough REE patterns. 

With revised distribution coefficients (McKay 1982, 1986, 1990), however, fractional 
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melting is not necessary and equilibrium partial melting is applicable. For these 

calculations, plagioclase is exhausted between 20 and 25% partial melting of a 

chondritic source. Consequently, using the 25% value as representative, calculated 

patterns display REE abundances with negative Eu anomalies; they also have heavy

to-light rare-earth ratios and abundances comparable to analysed ureilites (Figure 

3.2). Once plagioclase is exhausted in the source region, it is only the pigeonite 

distribution coefficient which controls the Eu distribution and which provides the 

changes in the negative Eu anomaly. The result is that the anomaly is small. Using 

recently determined coefficients for Eu distribution in pigeonite (McKay et aI., 1990; 

1991) alleviates this somewhat; the negative anomaly is greater (Sm/Eu is 7.8 rather 

than 2.9). Even if the initial oxidation conditions were more reducing (log f02 were 

lower) causing the Eu distribution coefficient of plagioclase to increase, or after the 

exhaustion of plagioclase, causing the pigeonite distribution coefficient to decrease, 

the anomaly remains largely unaffected--I cannot produce quite the magnitude of 

observed anomalies found in some ureilites (for example, the Sm/Eu ratio of 

ALH82130 is 8.04, the RC027 Eu anomaly is even greater). This suggests that the 

source region may have had a negative Eu anomaly prior to formation of the ureilites 

although with the new Eu distribution coefficient the anomaly approaches most of 

those observed for ureilites. Additionally, this modelling does not account for the 

influence of augite possible in an Mg-rich system at high temperature which may be 

represented by the REE patterns of the Mg-rich ureilites. 

The next simplest scenario, remelting of the residue to create a second 
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Figure 3.2. Modelling Results - Partial Melting. Partial Melting Residue Model 

calculations. 
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residue, does not produce the REE abundances seen in ureilites either. Again, the 

fractionations among the REEs, i.e. Eu negative anomaly, is not of quite the degree 

seen in the actual samples although it is closer to the anomaly of the actual rocks. 

Just as simple partial melting residue models do not reproduce the observed 

range of REE patterns of ureilites, neither can one-stage cumulate models. A one 

stage cumulate model with approximately 20% partial melting of a chondritic source 

material followed by 5% crystallization, produces concentrations approximately one 

order of magnitude higher than those observed in ureilites (e.g. Sm in ALHA77257 

is 0.0064 ppb and in this model calculation it is 0.065 ppb; the Sm/Eu ratio for the 

calculation is only 1.2). Clearly, some additional complexity is required to produce 

these meteorites. 

Goodrich and Jones (1987) proposed a model which combined partial melting 

and fractional crystallization steps motivated by Ca/Ai ratios. The basic outline of 

this model is: 25-30% partial melting of a chondritic source to produce a 

plagioclase-free residue (as in the Boynton et al. (1976) model); this initial melting 

is followed by ~ second, 4-13%, partial melting of the residue to produce ureilite 

parent magmas; and finally, after the assimilation of small amounts of plagioclase 

into these magmas--to account for the high Ca/Ai ratios observed in ureilites--there 

is 1-5% crystallization of olivine and pigeonite to produce cumulate ureilites. Again, 

the large degree of partial melting produces heavy rare-earth enrichment and 

negative Eu anomalies in the residues. Liquids derived from melting the residue in 

the second step retain the Eu anomalies as can the final solids. With the assimilation 
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of completely melted plagioclase, however, the Eu anomaly disappears and the 

calculated patterns no longer mimic those of ureilites--instead, they show a positive 

Eu anomaly. Absolute abundances are low compared to ureilites (Figure 3.3). 

The more recent revision of this multi-stage model prompted by these Eu 

anomaly inconsistencies adds to the complexity of the ureilite evolution (Goodrich 

et aI., 1987b). This model proposes four steps: 1) 10-20% partial melting of a 

chondritic source to produce a liquid; 2) 1-5% fractional crystallization of this liquid 

with the formation of an olivine-pigeonite cumulate; 3) 2-10% partial melting of this 

cumulate to produce ureilite parent magmas; and 4) 1-5% fractional crystallization 

of these magmas to form a cumulate with minerals in the proportions found in 

ureilites--80% olivine and 20% pigeonite. These calculations do not account for the 

presence of augite in Mg-rich ureilites as the quantities are so small. Calculations 

based on this complex history provide low absolute abundances and the negative Eu 

anomalies displayed in ureilite analyses. It can, in fact, mimic even the RC027 or 

ALH82130 Eu anomalies which are the largest seen (Figure 3.4). 

The most apparent discrepancy is seen in the LREE pattern and can be 

explained simply if these analysed samples are not completely devoid of the LREE 

host phase--a very small amount of trapped liquid is all that is required to increase 

the LREE abundances dramatically and this is not accounted for in the model 

calculations. A final point is that because this model calls for different magmas on 

the ureilite parent body, it can also provide the variety of abundances and range of 

Eu anomalies seen in samples. Significant problems with this -model are not 
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Figure 3.3. Modelling Results - Multistage Processing - I. 3 Stage Partial 

Melting/Fractional Crystallization Model calculations. 
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Figure 3.4. Modelling Results - Multistage Processing - II. 4 Stage Partial 

Melting!Fractional Crystallization Model calculations. 
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apparent in the REE modelling but will be discussed vis-a-vis other aspects of 

ureilites. The low abundances may be a reflection of modelling versus real rock 

constituents as discussed above. 

3.4 DISCUSSION 

Modelling of the REE. patterns shows that both the residue of a partial 

melting event and complex, multi-stage processing can produce LREE-depleted 

patterns which match those displayed by the ureilites (acid-leached and unleached 

specimens with low LREE abundances). To produce the extreme negative europium 

anomaly (possibly comparable using the new Eu distribution coefficient) and the 

variability of this anomaly, multi-stage processing is invoked. The lack of correlation 

between the degree of Eu anomaly and iron content in olivine (a measure of the 

amount of reduction) of the various samples indicates that the anomaly cannot be 

controlled simply by changing oxygen fugacity. For example, Kenna with fosterite in 

olivine of 79.2 has Sm!Eu of 5.15 and ALHA77257 with fosterite in olivine of 84.9 

has Sm!Eu of 5.19. LREE depletion also is not directly correlated with the anomaly 

degree. Additionally, the lack of correlation of the Eu anomaly with fayalite shows 

that it cannot be controlled by the degree of melting or crystallization (Cyrena 

Goodrich, personal communication). 

REE modelling does suggest that large degrees of partial melting are required 

and that a combination of igneous processes is necessary in the petrogenesis of 

ureilites. Simple one-stage models do not suffice to produce the variety (starting with 
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the same initial material and with only one melting episode less outcomes are 

possible) but multi-stage models do not produce the REE absolute abundances as 

closely. 

Consideration of the enriched LREE abundances in the ureilites presents 

more of a problem and allows less quantitative consideration. V-shaped REE 

patterns have been noted in some terrestrial rocks such at DTS-1 and PCC-1 (Frey 

et aI., 1971). Even for these terrestrial rocks, for which we have potentially much 

better control because of placement information, such enrichments promote 

controversy. Metasomatism, alteration and metamorphism, and formation from a 

magma with high LREE/HREE have been suggested as possible causes of terrestrial 

LREE enhancements (Frey, 1984). Because the ultramafic rocks have such low 

abundances of REE, small amounts of "foreign"material such as metasomatic fluids 

can provide significant enrichments. A simple calculation for ureilites, indicates that 

S 1% of an early formed partial melt added to calculated partial melt residue 

abundances is sufficient to produce the LREE abundances seen in samples. This 

implies that the LREE host phase is minute as also implied by abundance variations 

in samples and evidenced by the difficulties in finding it (Spitz et al., 1987). 
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CHAPTER 4: INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY 

4.1 INTRODUCTION 

Inductively coupled plasma mass spectro~etry (ICP-MS) was used to 

determine elements in the chondritic meteorites, Allende and Leedey, and the 

ureilite breccia, North Haig and other ureilites. These specimens all have very low 

concentrations of rare earth elements (REE) and the so the first step in this analyses 

was to develop a technique to allow measurement of such low concentrations. The 

samples were dissolved in hydrofluoric acid (HF) and the fluorine added by the HF 

was evaporated with boric acid (H3B03). The use of boric acid instead of the more 

commonly used perchloric acid (HCI04) for the evaporation of the fluorine provides 

a better dissolution of the sample. Samples were analyzed after bulk separation of 

the REE with cation exchange chromatography and as whole rocks without 

separation of the REE. The dissolution technique allows for analysis of small 

samples (150 mg) and samples with low concentrations of the elements «20 ppb) 

without the need for more complicated acid dissolution procedures, fusion techniques 

or cation-exchange columns. 

4.2 TECHNIQUE DEVELOPMENT 

4.2.1 Introduction 

This stage of the research was undertaken to enable me to determine rare

earth and other elements of the ureilites in a reasonable period of time in order to 

answer questions of petrogenesis and to achieve a database large enough to compare 
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ureilites from different geographical locations and weathering and shock histories. 

Some elements behave differently under post-genetic conditions. For example,' 

elements such as Ce and element ratios such as RblSr can provide clues to the 

terrestrial history of the meteorites in question. ICP-MS has the potential to 

determine these petrogenetically useful elements and elements which indicate 

terrestrial effects rapidly, precisely and accurately. 

The technique most often used to determine trace element concentration in 

meteorites is neutron activation analysis (~AA). The drawbacks of this technique 

are long analysis times, complex interelement interferences and high costs. In 

comparison, ICP-MS is a relatively simple technique. It uses an Ar inductively 

coupled plasma as an ion source for a quadrupole mass spectrometer. Samples are 

generally analysed as liquids although laser ablation of solids and electrothermal 

evaporation methods of solids are also possible. At present, the best data are 

obtained when the sample is dissolved since the laser ablation and electrothermal 

techniques are still not well-developed. The dissolution is generally accomplished 

with acids but fusions have also been used (Crock et al., 1984). Using the ICP-MS 

at the University of Arizona with data reduction software developed by the 

manufacturer, VG Elemental, this work produced results in a short analysis time. 

The typical experiment from the time of initial sample preparation to final data 

reduction took approximately ten to eleven days but seven days of this experiment 

time is high temperature/high p~essure bomb dissolution when samples require no 

attention. ICP-MS is a powerful new technique to determine accurate and precise 
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concentrations for samples, meteoritic or terrestrial, with low concentrations of trace 

elements. 

In developing the technique we selected well-characterized standard terrestrial 

rocks with high concentrations of the elements in which we were interested. The 

meteorites which we analysed were chosen based on available material and other 

considerations. I chose Allende because it is a well-studied CV chondrite which 

would provide ample comparison for the concentration determinations. The 

concentrations of REE are about two times CI chondrite (i.e. La =:= 0.2446 ppm) 

(Jarosewich et al., 1985). Leedey is an 1.6 chondrite with REE concentrations slightly 

above CI chrondrite values and only scarce literature data (Masuda et al., 1973). 

W2, a terrestrial standard rock is widely used and well-characterized and is often 

used in the ICP-MS laboratory at the University of Arizona. In the later stages of 

the technique development, I chose North Haig because it is a ureilite polymict 

breccia with few analyses and possibly with REE concentrations orders of magnitude 

higher of main group of ureilite meteorites (comparable to the chondrites). This was 

to be a first attempt to use the ICP-MS technique to analyse these rocks with very 

low trace element concentrations. 
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4.2.2 Procedure 

4.2.2.1 Sample Preparation 

Samples were ground to powder in the case of North Haig while standard 

already-prepared powders of Allende and Leedey were used. The approximate 

weight of the samples was 150 mg, but less sample (100 mg) can be used. 

MInimizing sample size is important in the study of meteorites because the material 

is scarce. But this must be balanced with the need for a sample large enough to 

provide homogeneous and representative material. 

A sample is dissolved in a multi-step process based on established procedures 

(Patchett and Ruiz, 1987; Robert and Ruiz, 1989). All acids used in the procedure 

are distilled in quartz subboiling stills except for HF which is distilled in a Mattinson

type two teflon bottle still. First, HF/HN03 is employed to dissolve the silicate 

structure: the solution is placed in a high temperature/high pressure bombs (Parr 

dissolution bomb) and put into the oven at 150 ° C for one week. The acid solution 

is evaporated upon removal from the oven. The fluorides formed during this first 

step are insoluble in HCI which is the acid used to dissolve the sample and run it 

through the ICP-MS. H3B03 added to the sample combines with fluorine to form 

BF3 which is very volatile (boiling point = -99.9°C) and is evaporated from the 

sample. The boric acid was purchased from Aldrich Chemicals and prepared as 

follows: Approximately 100 grams of H3B03 is added to 1 liter of HCI in a teflon 

bottle; this is heated then cooled to saturate. The amount of H3B03 solution added 

to the sample is a function of the sample size. Approximately 2 ml of 6N HCI and 
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1 ml of the H3B03 solution is added per 100 mg sample. The sample is finally 

dissolved completely with 2N HCI. Ureilite samples, however, have graphite which 

is not dissolved. This material was filtered from the sample with Whatman 42 filter 

paper. 

Because I wanted to develop the technique to analyse meteorites with 

extremely low concentrations of the REE, I also ran samples through the calibrated 

cation-exchange columns to separate out the REE for analysis to provide a simpler 

matrix for the sample. The concentrations of REE in ureilites are on the order of 

a few parts per billion. The determinations of the ICP-MS sensitivity (see ICP-MS 

Running Procedures section) indicated that column separation would be required for 

such low concentrations. 

Multiple counts were made of each sample during a run and multiple runs 

were made for each sample to determine reproducibility. Bulk concentrations and 

column sample concentrations were compared to verify the separation chemistry. 

4.2.2.2 Column calibration 

The columns were calibrated using standard techniques (Jarvis, 1988; Roberts 

and Ruiz, 1989). Four columns were packed with AG 50W-X8 ion exchange resin 

from BioRAd and four with AG 50W-X12 ion exchange resin from BioRAd. The 

25 centimeter (cm) high, 1 cm diameter glass columns were packed to give 

approximately 12 to 13 cm height when resettled. Standard rock powders of the 

Allende (CV chondrite), BIR-1 (Icelandic basalt), DNC-1 (North Carolina Diabase) 



76 

and W2 (CentelVille diabase) were employed. 1.7, 2.0 and 2.5 N HCI were tested 

to determine the best separation of the REE from other elements. Use of HCI 

rather than HN03 is preferred because of the ease with which HCI is purified. With 

HCI as eluent, we determined that the combination of the 2.0N HCL and the 

AG50W-XI2 resin provided the optimum separation: The eluted fractions contained 

all of the major elements and many of the trace elements - these were discarded in 

the normal course of the procedure. The REE and other trace elements, most 

notably Ba, were eluted with 6N HCI (Figure 4.1). This acid was then evaporated 

and the sample dissolved in 2N HCI for analysis on the ICP-MS. 

4.2.2.3 Standards Preparation 

Multi-element standards were prepared for each analysis. Single element, 

1000 ppm, standards obtained from SPEX Industries, Inc. were combined to make 

a 1 ppm multielement stock standard. This stock solution was then diluted to 250 

ppb, 100 ppb, 10 ppb and 5 ppb. On some runs only the REE were in the standard: 

La, Ce, Nd, Sm, Eu, Gd, Th, Ho, Er, Tm, Yb and Lu. In later runs, analysis was 

made for: Co, Zn, Cu, Ga, Cs, Rb, Sr, Mo, Ba, Hf, W, Re and Ir. New element 

solution standards, including the 1 ppm stock solution, were ~ade for each analysis 

run. 
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Figure 4.1. Separation of rare-earth and other elements by hydrochloric acid 

elution. The dissolved sample used in this calibration was W2 

(Centerville diabase). 
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4.2.2.4 ICP-MS Running procedures 

The machine used for this work was the VG Isotopes plasmaquad inductively 

couple plasma- mass spectrometer (PQl) in the Department of Geosciences at the 

University of Arizona. The running conditions are shown in Table 4.1. 

It was determined that the ICP-MS could detect accurately concentrations of 

one to five parts per billion (ppb) of an element in simple solutions. Below this 

concentration, the values obtained were meaningless. This detection limit of between 

1 and 5 ppb with a simple matrix solution indicated that the use of column separation 

would be required to analyse samples such as ureilites in order to remove as much 

as possible of the rock matrix. 

Monitors or spikes (In, Ta and Re) were used to correct for machine drift or 

other changes in the analyses due to matrix effects. The known amount of the 

element added to the sample (10 /.LI of 1000 ppm solution) allowed correction of the 

concentrations measured for the samples. Rhenium was the most successful for the 

higher mass elements such as the heavy REE, Hf, and Ir but Ta was appropriate 

when we wished to analyse for Re in the samples. Because Ta is more difficult to 

maintain in solution, Re was preferred. Indium provided appropriate values for 

elements of lower mass than the REE such as Co, Zn, Ga, Se, Rb, Sr, Y and Ba. 

All three monitor elements behaved similarly - element concentration results 

determined with each were similar. Blank solutions were run with each experiment 

run and subtracted out prior to concentration determination of standards and 

samples. 



Table 4.1: ICP-MS Running Conditions 

Incident Power 

Reflected Power 

Auxiliary Gas 

Coolant Gas 

Nebulizerl Gas 

General 

Scanning Parameters 

Start Mass 

End Mass 

Dwell Time 

Number of Channels 

Acquisition Time 

lMeinhardt Concentric Nebulizer Type C 

1500 watts 

o watts 

40 l/minute 

110 l/minute 

720 l/minute 

113.9 

184.2 

160 J..£sec 

1024 

66 seconds 

(approximately) 

79 



80 

4.2.3 Results and Discussion 

The problems typically associated with the use of Hel, fluorides and 

interferences were surmounted by use of boric acid and selection of particular 

isotopes of elements. The use of boric acid was suggested by Dr. Kenneth Collerson 

of Arizona State University. 

The REE concentrations were determined in both the bulk and column

separated samples of Allende, Leedey and North Haig. REE concentrations in DTS-

1 and PCC-1 were too low for detection. The results are within ten percent of 

average literature values (from neutron activation analysis) for the chondrites and 

similar to other ureilite breccias for North Haig (Warren and Kallemeyn, 1989). The 

column-separated concentrations are lower than the bulk values usually by no more 

than five percent. Standard deviations of multiple analyses of the samples within one 

run are usually under one percent and never more than four percent. The results are 

produced in Table 4.2. 

Figure 4.2 displays the chondrite-normalized values for the meteorites. 

Allende and Leedey chondrite-normalized values are as expected for chondrites. The 

North Haig breccia displays values similar to results obtained for other ureilite 

breccias (Figure 4.3). Such values are several orders of magnitude above the 

concentrations of the main group of ureilites. This implies a mixture of non-ureilitic 

material in the breccia. Because this sample is a breccia, a heterogeneous mixture 

of material, different concentrations are obtained from analyses of multiple splits of 



Table 4.2: Rare Earth Element Concentrations (parts per million) 

Allende Leedy North Haig 

bulkl a column2 a3 bulk a column a 1\vo runs 

La .63 .08 .62 .07 .38 .05 .36 .01 .17, 1.10 

Ce 1.48 .23 1.44 .16 .89 .09 .88 .01 .38,2.56 

Nd 1.16 .20 1.08 .08 .69 .06 .54 .13 .15, 1.17 

Sm .39 .07 .35 .02 .22 .02 .21 .01 .04, .21 

Eu .12 .02 .12 .01 .08 .01 .08 .01 .003, .05 

Gd .38 .17 .42 .02 .30 .02 .29 .01 .04, .19 

Tb .18 .15 .07 .01 .06 .01 .05 .01 

Ho .11 .02 .10 .01 .08 .01 .08 .01 .01, .03 

Er .34 .05 .32 .02 .25 .02 .24 .01 .04 .12 

Tm .06 .01 .05 .01 .03 .04 .01 .003, .01 

Yb .34 .04 .32 .02 .22 .29 .03 .05, .11 

Lu .05 .01 .05 .01 .04 .01 .04 .01 .01, .02 

lSample directly analysed in ICP-MS after dissolution in 2.0 N Hel. 

2Sample analysed in ICP-MS after REE separation. 

3Standard deviations of multiple analyses are given as absolute values. 
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Figure 4.3. Chondrite-normalized concentrations of ureilite breccias. Data for 

North Haig is from this work. Data for EET 83309 is from Warren 

and Kallemeyn (1989). Data for Nilpena is from Jaques and Fitzgerald 

(1982). 
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the sample. 

The Tm anomaly displayed in the North Haig samples is perplexing: it cannot 

be easily attributed to volatility or igneous processing. It appears to be real as the 

results for Allende and Leedey area as expected and do not display the Tm anomaly. 

Additionally the anomalies which occur using ICP-MS are positive which are due to 

interferences. Tm depletions are not mentioned in the literature to any great extent. 

The only sample which shows such are some inclusions in carbonaecous chondrites 

(e.g. Mason and Taylor, 1982). 

Other samples with low concentrations of REE such as DTC-l and PCC-l as 

well as main group ureilites (ureilites' concentrations are an order of magnitude or 

more less than those of the terrestrial ultramafics) remain below detection limit of 

the ICP-MS using these dissolution and column-separation procedures for the sample 

sizes available here. The attempts to determine the concentrations were not 

successful even employing the columns' for separation prior to instrument analysis. 

At this time either larger samples or almost no dilution (which is impractical) are 

required to obtain concentrations below 20-30 ppb. Nevertheless, the signals were 

significantly improved using the procedure and with larger sample sizes and/or less 

dilution, the concentrations could be determined. 

ICP-MS provides an alternative technique to NAA to determine trace 

elements in terrestrial and extraterrestrial samples. Although NAA still remains the 

preferred technique for very small (~ 10 mg) or very low concentration (~ 40 ppb) 

samples, ICP-MS is a superior technique for other samples. The sample preparation 
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is simpler. The standard preparation is simpler. No radioactive wastes are created. 

4.3 DATA REDUCTION AND ANALYSIS 

Eleven ureilites were analysed using the ICP-MS: Hajmah, Kenna, North 

Haig, ALHA78019, ALHA78262, EET 87511, LEW 85328, LEW 85440, 

META78008, PCA82506 AND Y790981. Table 4.3 lists the ureilites analysed with 

their fosterite content, weathering index (Antarctic samples only) and number of runs 

on the ICP-MS. 

Trace elements analysed on the ICP-MS for the main group ureilites were: 

Co, Cu, Zn, Ga, Se, Rb, Sr, Y, Mo, Cs, Ba, Hf, W, Re, Ir and Pb. These elements 

were chosen because of their geochemical properties and the ability of the ICP-MS 

to determine their concentrations. In order to be analyzed, the element must have 

an isotope or isotopes which do not have interferences with other element isotopes 

or with molecular ions. Table 4.4 displays the concentrations obtained for the 

samples, the average value, the standard deviation and the range of concentrations. 

Table 4.5 displays all available trace element c;Iata for ureilites: those determined in 

this work are in the standard font, those determined by other researchers and taken 

from the literature are shaded. Table 4.6 shows the variabilty of the data: it 

presents the ranges of concentrations for each element for individual ureilites, for 

Antarctic ureilites, for non-Antarctic ureilites, for highly shocked and lightly shocked 

ureilites and for significantly weathered and insignificantly weathered ureilites. 
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Table 4.3 Inductively Coupled Plasma/Mass Spectrometer -
Analyzed Ureilites 

Number of 
Ureilite Fo# Shock Degree Weathering Analyses 

Hajmah 84.5 high 3 
Kenna 78~9 medium 4 
North Haig 61-100 breccia 11 
ALHA78019 76.7 very low B/C 1 
ALHA78262 78.0 low B/C 1 
EET 87511 86 low B 3 
LEW 85328 79.2 medium B/C 2 
LEW 85440 91 low B 3 
META78008 78 medium B 2 
PCA 82506 79.5 low NB 2 
Y 790981 79.8 medium B/C 2 

lThis does not include analyses for Rare-earth element concentrations. 

Sources of these data are the same as Table 1.1 and 2.1. 



TABLE 4.4 ICp·MS element concentrations 

Meteorite 

KeMI 
Kenna 
Kennl 
Kennl/CG 

AVERAGE 
STD.DEV. 
'JbDEV. 
Range 

Halmah 

Hajman 
Hajmah 

AVERAGE 
STD.DEV. 
'JbDEV. 
Range 

North Haig 

ALHA7B019 

ALHA1B262 

EETB7511 
EETB75111a 
EETB75111b 

AVERAGE 
STD.DEV. 
%OEV. 
Range 

LEWB632B 
LEW8632B 

AVERAGE 
STD.OEV. 
')(,OEV. 
Range 

LEWB4460 
LEWB4460 
LEWB4460 

AVERAGE 
STD.DEV. 
%OEV. 
Range 

Expt. 

AHS19 
AHS20 
AHS21 
AHS21 

AHS19 
AHS21 
AHS22 

AHS20 

AHS22 

AHS21 

AHS20 
AHS22 
AHS22 

AHS19 
AHS22 

AHS17 
AHS20 
AHS22 

Ca·59 
ppm 

Cu·83 
ppm 

lBl.96 6.7 

B6.64 

161.41 

101.9 

16.24 
B.17 

10.04 
3.73 

37.14 
6.7-16.24 

4.1 

5.02 
4.66 
0.46 

10.09 
4.1·5.0 

16.63 

8.691 

4.6 
4.46 4., 
0~6 

1~2 

4.~~ 

11.4 
23.36 
20.39 

2.98 
14.62 
11·23 

10.48 

15.81 
13.15 

2.61 
20.27 

Zn·88 
ppm 

205.09 
22B.37 
22B.28 
260.94 
228.17 

16.21 
7.10 

205·260 

262.18 

283.09 
267.64 

16.46 
6.77 

262·283 

336.7 

344.52 

316.83 

261.82 
260.88 
200.41 
240.91 

28.68 
11.90 

200·262 

284.01 
300.52 
292.30 

8.23 
2.81 

284·300 

233.81 
240.66 
219.56 
261.36 

20.13 
8.01 

234·280 

0.·1111 
ppm 

2.68 
2.94 
2.98 
3.88 
3.12 
0.45 

14.46 
2.1·3.9 

1.89 

2.24 
2.01 
0.18 
8.41 

1.8·2.2 

3.22 

2.58 

2.32 
1.19 
1.39 
1.83 
0.38 

20.18 
1.4·2.3 

3.21 
3.15 
3.21 
0.06 
1.81 

3.2·3.3 

2.44 
3.29 
3.29 
3.01 
0.40 

13.33 
2.3·3.3 

G.·71 
ppm 

3.898 

4 

2.71 

1.16 
1.94 
0.18 

40.05 
1.2'2.1 

2.99 
3.66 

3.27 
0.28 
8.66 
3·3.6 

5.·7B 
ppm 

0.76 
2.9 

6.17 
4.56 
3.35 
1.71 

51.06 
.76·6.2 

0.399 

3.74 

2.17 

2.41 

2.66 
7.14 
4.86 
2.29 

47.22 
2.6·1.1 

3.334 
4.79 
4.06 
0.73 

17.92 
3.3~.8 

Rb-S5 
ppb 

24.1 
62.298 
124.72 

10.46 
62.89 
44.13 
83.43 

10.6·124.7 

47.97 

46.79 
47.38 

0.59 
1.26 

5.-SB 
ppb 

76.3 
116.28 

237.9 
63.91 

123.60 
68.77 
66.64 

64·23B 

46608.62 

64609.21 
66607.92 

9001.30 
16.22 

41-48 46600·64600 

198.85 

66.22 

61.02 

21.62 
26.76 
30.44 
26.27 

3.62 
13.77 

21.6·30.4 

118.92 
206.2 

182.66 
43.84 
26.86 

119·206 

43.8 
37.73 
86.18 
66.67 
21.08 
37.94 

43.8·86.2 

3409.28 

182.03 

382.6 

420.63 
629.96 
329.33 
426.60 

82.02 
19.23 

329·630 

894.97 
1182.2 

1028.69 
133.82 

12.99 
894·1162 

490.2 
468.43 

619.1 
645.91 

94.60 
17.33 

468·679 

Y-B9 
ppb 

194.86 
268.05 
265.03 
323.36 
262.78 

46.87 
17.38 

195·323 

194.02 

262.46 
226.24 

34.22 
14.99 

194·262 

563.29 

B3.64 

327.B9 

266.34 
230.77 
169.62 
21B.64 

44.06 
20.16 

160·266 

690.2B5 
570.36 
660.32 

9.96 
1.12 

610·690 

611.99 
31B.B7 
465.43 
146.56 

31.49 
319·612 

Mo·95 
ppm 

0.8 
0.724 

1.27 
0.681 

0.B7 
0.24 

27.11 
.7·1.3 

0.569 

1.004 
0.1B 
0.22 

28.47 
.6,1.0 

0.442 
0.434 

0.44 
0.00 
0.91 

.43·.44 

0.3599 
1.034 
0.70 
0.34 

48.3B 
.36·1.0 

0.42 
1.14 
0.18 
0.36 

46.16 
.42·1.14 

C.·133 
ppm 

13.14 
1.02 

1·13.14 

0.12 

2.36 
1.64 
0.B2 

63.09 
.1·2.4 

2.21 

6.17 

6.2B 
12.1 
9.19 
2.91 

31.86 
6.3·12.1 

1.97 

0.98 
1.4B 
0.60 

33.66 
.9B·2.0 

00 
-J 



TABLE 4.4 ICp·MS element concentrations !contlnuedl 

Meteorite Expt. Co·69 Cu·63 Zn·68 G.·69 G.·71 
ppm ppm ppm ppm ppm 

META7B008 AHS19 210.06 7,61 340.8 4.6 1.1 
META7B008 AHS21 7.27 309.41 6.31 

AVERAGE 7.44 326.11 4.S6 
STD.DEV. 0.17 16.70 0.36 
'lI>DEV. 2.2B 4.B3 7.16 
Ringe 7.3·7.6 309·341 4.6·6.3 

PCAB2606 AHS17 
PCAB2606 AHS20 294.96 3.44 4.12 

AVERAGE 
STO.DEV. 
'lI>DEV. 
Range 

Y7S0S81 AHS19 268.71 29.76 373.19 4.41 
Y7909Bl AHS22 27.34 30B.7B 3.6 

AVERAGE 2B.66 340.99 4.01 
STD.DEV. 1.20 32.20 0.41 
'J(,DEV. 4.22 9.44 10.11 
Range 27·30 309·373 3.6·4.4 

%Oev.Avg. 13 11 

6.·78 Rb-86 Sr-88 
ppm ppb ppb 

78.02 603.46 
3.61 267.77 912.32 

172.90 767.89 
94.BB 164.43 
64.B7 20.3B 

78·28B 603·912 

6243 36.26 108.3 

4.66 116.29 641.24 
6.93 369.17 901.3 
6.B9 237.23 721.27 
1.04 121.94 180.03 

17.66 61.40 24.96 
4.9·6.9 116·360 641·901 

34 39 24 

Y-89 
ppb 

686.87 
937.96 
801.92 
138.06 

16.97 
866·938 

31B.9 

632.26 
271.21 
461.73 
180.62 
39.96 

271·632 

20 

Mo·96 
ppm 

0.733 
1.92 
1.33 
0.69 

44.74 
.73,1.9 

0.14 

2.07 

33 

C.·133 
ppm 

6.7 

4.7 

40 

00 
00 



TABLE 4.4 ICP'MS elemenl concenlrllions (conlinued) 

Meteorite 

Kennl 
Kennl 
Kennl 
Kenna/CG 

AVERAGE 
STD.DEV. 
'X.DEV. 
Ringe 

Hajmlh 
Hljmah 
Hajmah 

AVERAGE 
STD.DEV. 
'l6DEV. 
Ringe 

North Haig 

ALHA78019 

ALHA7B262 

EETB7611 
EETB7611/. 
EET87611/b 

AVERAGE 
STD.DEV. 
'X.DEV. 
Ranoa 

lEW86328 
lEW86328 

AVERAGE 
STD.DEV. 
'X.DEV. 
Range 

Upl. 

AHS19 
AHS20 
AHS21 
AHS21 

B.·136 
ppb 

90.72 
347.3 

661.17 
66.79 

284.00 
206.07 

77.68 
66·661 

AHS19 14670 
AHS21 
AHS22 1140 

AHS20 

AHS22 

AHS21 

AHS20 
AHS22 
AHS22 

AHS19 
AHS22 

7866.00 
6716.00 

86.49 
1140·14670 

4668 

279.02 

610.49 

68.03 
167.04 
113.48 
112.85 

36.34 
6.40 

68·167 

301.85 
361.46 
331.66 

29.80 
8.99 

302·361 

B.·137 
ppb 

397.1 

4706.1 

96.61 

H'·ln 
ppb 

0.943 

1.64 

2.06 
1.86 
0.21 

11.36 
1.6·2.1 

6.61 

3.62 

9.04 
34.9 

16.43 
27.07 
21.76 

H'·17B 
ppb 

1.84 

3.41 

1.1 
2.26 
1.16 

61.22 
1.1·3.4 

3.08 

1.08 
B.B2 

29.43 

13.92 
30.71 
22.32 

6.32 8.40 
24.46 37.62 

16.6·27.1 13.9·30.7 

W·182 
ppb 

109.71 
113.07 

94.62 
106.BO 

B.02 
7.6B 

96·113 

66.824 
23.26 

98.824 
62.63 
30.94 
49.39 
23·89 

61.964 

76.6 

148.86 

21.99 
24.6 

23.26 
1.26 
6.40 

22·26 

104.43 
14.191 

69.31 
46.12 
76.07 

14·104 

W·1B3 
ppb 

112.67 
107.96 

93.16 
104.69 

B.32 
7.96 

93·113 

69.924 
19.798 
87.94 
66.66 
27.92 
60.26 
20·99 

60.24 

67.83 

147.28 

18.27 
20.22 

19.26 
0.98 
6.07 

18·20 

101.66 

R.·186 
ppb 

63.07 
49.1 

87.81 
62 

63.00 
16.07 
23.92 
49·88 

6.68 
12 

18.74 
12.14 
6.33 

43.93 
6.7·19 

20.21 

29.96 

79.19 

11.37 
7.63 
9.60 
1.87 

19.66 
7.6·11.4 

9.699 
8.27 
8.93 
0.66 
7.44 

8.3·9.6 

Re·187 
ppb 

67.71 
66.96 
62.34 

6.38 
8.62 

67·68 

9.604 
16.86 
12.68 
3.18 

26.06 
9.6'16.9 

27.63 

66.64 

10.94 
8.13 
9.64 
1.41 

14.74 

Ir·191 
ppb 

303.16 
426.78 
487.77 

433.6 
412.80 

67.68 
16.37 

303·488 

87.66 
83.964 
161.16 
107.69 

30.84 
28.67 

84·161 

178.316 

262.69 

492.67 

66.42 
63.99 
46.23 
61.88 

4.81 
9.26 

8.1'10.9 46.2·66.4 

8.91 
67.34 
69.64 
68.44 

1.10 
1.61 

67.3·69.6 

"·193 
ppb 

287.6 
426.48 
482.18 

428.1 
401.07 

67.11 
16.73 

288-462 

82.66 
89.376 
164.03 
10B.66 

32.21 
29.64 

83·164 

173.2726 

267.77 

496.17 

61.02 
61.18 

44.1 
62.10 

7.01 
13.46 

44.1·61.2 

62.66 
66.61 
64.64 

1.98 
3.06 

62.6·66.6 

Pb·20B 
ppb 

1479.04 
303.66 

Pb·207 
ppb 

1604.04 
30B.69 

Pb·208 
ppb 

137.78 
446.07 

1654.01 
319.9 

303·1479 309·1604 320·1664 

293.11 
347.9 

320.61 
27.39 

B.66 
293·34B 

647.33 

668.93 

384.22 
193.96 
289.09 

96.13 
32.91 

194·384 

396.12 

300.38 
362.26 
331.32 

30.94 
9.34 

300·362 

668.48 

67B.03 

3BO.21 
207.6 

293.91 
86.31 
29.36 

208·380 

388.9 

316.06 
296.62 
371.27 
327.96 

31.66 
9.66 

297·371 

1437.29 

682.19 

673.66 

18336 
40638 
206~9 

266.14 
9~86 

37~6 

184-406 

326.05 
368.49 
366.77 

26.90 
7.26 

325·388 

00 
\0 



TABLE 4.4 ICP'MS eloment concentration 'continued' 

Meteorite Expt. B.·136 B.·137 H'·177 HI·178 W·182 
ppb ppb ppb ppb ppb 

lEW84450 AHS17 54.9 140.1 4.94 
lEW84450 AHS20 142.3 143.91 36.73 
lEW84450 AHS22 304.14 12.92 B.37 99.83 

AVERAGE 167.11 142.01 B.93 67.78 
STD.DEV. 103.25 1.90 3.99 32.05 
%DEV. 61.79 1.34 44.68 47.29 
Range 55·304 140·143 4.8·12.9 35.7·99.B 

META78009 AHS19 106.9 6.42 7.07 134.73 
META78008 AHS21 281.03 89.36 

AVERAGE 193.97 112.04 
STO.OEV. 87.07 22.69 
%OEV. 44.89 20.25 
Range 1()7·281 89-135 

PCA82506 AHS17 
PCA82506 AHS20 73.52 138.26 22.84 

AVERAGE 
STO.DEV. 
%OEV. 
Range 

Y790981 AHS19 178.59 B.66 9.71 102.38 
Y790981 AHS22 701.85 13.19 4.25 10.99 

AVERAGE 440.22 10.92 6.98 56.69 
STD.OEV. 261.63 2.27 2.73 45.70 
"X.OEV. 59.43 20.79 39.11 BO.61 
Ringe 179·702 8.7·13.2 4.3·9.7 11-102 

%Oev.Avg. 53 26 38 41 

W-183 Re-186 Re-187 1r-191 
ppb ppb ppb ppb 

175.26 
31.09 10.21 148.94 
97.76 16.1 18.66 150.57 
64.43 13.16 158.26 
33.34 2.95 12.04 
51.74 22.39 7.61 

31.1·97.B 10.2-16.1 151-176 

134.87 45.6 226.54 
95.03 57.42 52.79 281.56 

114.95 51.51 254.05 
19.92 5.91 27.51 
17.33 11.47 10.83 

95-135 45.6·57.4 227·282 

121.65 
16.62 7.293 121.73 

121.69 
0.04 
0.03 

121.66·121.73 

98.4B lB.23 132.76 
20.37 17.33 156.49 
19.30 144.63 

1.07 I1.B7 
5.54 B.20 

lB.2-20.4 133·166 

27 11 17 11 

1r-193 Pb·206 
ppb ppb 

142.72 
164.14 711.1 
153.43 

10.7\ 
6.98 

143-164 

234.5 
275.25 474.93 
254.88 

20.38 
7.89 

235·275 

124.4 

131.74 
162.48 829.76 
147.11 

15.37 
10.46 

132·162 

11 30 

Pb·207 
ppb 

753.99 

477.47 

843.B2 

30 

Pb·208 
ppb 

204.68 
772.83 

205-773 

188.01 
459.26 

116·459 

370.12 

226.61 
864.24 

226·864 

30 

\0 
o 



TABLE 4.5 Literature and experiment ureilite data 

Ureilite Carbon Forsterite Fayalite 

Dingo PupDonga 1.7 83.6 16.4 
Dvalpur 2 84.3 15.7 
Goalpara 0.2 78.6 21.4 
Hajmah 5.4 84.5 15.5 

Havero 1.8 79.3 20.7 

Kenna 2 78.9 21 

Kenne 

Lahrauli 79 21 
Nilpene 2.5 77-81 21.4 
North Haig 5.9 0-39 

Novo Urei 2.3 78.9 21.1 

RC027 79.5 20-23 

ALHA77257 3.5 84.9.85.1 15 
ALHA78019 2.9-3.2 76.2.76.7 13.8-23.3 
ALHA78262 77.7.78 22 
ALHA81101 78.5 10-22 
ALH 82106 97 1-10 
ALH 82130 94.9 1-10 
ALH 83014 82 18 
ALH 84136 0-5 

Shock Weathering 

~ 

L hiahlv 
M 
H 
H 

H 

L 

L 
breccia 
breccia 

L 

vL highly 

L A 
vL BIC 
L BIC 
H AlB 
L B 
L B 
L B 

L(7) B 

Ca Sc Cr 

rr 

0.77 8.1 4890 

1 9.1 5700 

.7.1.3 7.5.8.6 5260\5650 

.6.1.7 7.3.7.2 5240\4997 

1.7.1.4 11.7. "'.3 4130\4438 

Mn 
.-.---

3560 

3720 

3519 

3500 

4080 

\0 -



TABLE 4.5 literature and experiment ureilite data (continuad) 

Ureilite Carbon Forsterite Favalite 
....... -

EET 83225 87 8·13 
EET 83309 2.14 2·38.16·20 
EET 87511 14 

EET 87517 8 
EET 87523 14 

EET 81717 10·15 

LEW 85328 79.2 20 
LEW 85440 9 

LEW 86216 85.6 12-18 

META78008 22 

PCA 82506 78.3.79.5 20 

RKPA80239 82.8.84 16 
Y 74123 2.9 79 12-23 
Y 74130 76 23 
Y 75154 
Y 74659 91.4 
Y 791538 8 
Y 791839 75.1 24.9 
Y 790981 1.9 17.5.79.8 21 
Y 82100 16·19 
Y 8448 

- -- - --- ~.~---- ---

Shock Weathering 
-- ._-

vH BIC 
breccia C 

L B 

L BIC 
L C 

L B/C 

M BIC 
L B 

H C 

M B 

L AlB 

L B 
M B 
M C 

H A 
L B 
L C 

H C 

M BIC 
LIM 

L 

Ca Sc 
.- r"'L."" 

.7 •• 8 7.5 

Cr 

~f""':'" 

5230 

Mn 
,..,.. ... 

3440 

\0 
tv 



TABLE 4.5 Literature and experiment ureilite data (continued) 

Ureilite 

Hajmah 

Havero 

Kenna 

Kenna 

Novo Urei 

RC027 

Fe 
% 

15 

14.9 

Co Ni Cu Zn 

1430 

1340 

Gil Se 

.76\2.9\4.6\ 
5.9 

1.0 
W 



TABLE 4.5 Literatura and experiment ureilite data (continuedl 

Ureilite Fe Co Ni 

-- --- ....... -

EET 83225 
EET 83309 
EET 87511 

EET87517 
EET 87523 

EET 87717 

LEW 85328 151 
LEW 85440 102 

LEW 86216 

META78008 210 

peA 82506 14 92 800 

RKPA80239 
Y 74123 
Y 74130 
Y 75154 
Y 74659 
Y 791538 
Y 791839 
Y 790981 258 
Y 82100 
Y 8448 

Cu Zn 
--- r'" 

4.5\4.6 200\260\262 

17.4\23.4 284\301 
10.48\ 15.8 234\241 \280 

7.3\7.6 309\341 

27.3\29.8 309\373 

Go 

---

1.4\ 1.8\2.3 

3.2\3.3 
2.4\3.2\3.3 

4.6\5.3 

3.8 

3.6\4.4 

Se 

---

2.4 

2.6\7.1 
3.3\4.8 

3.6 

4.8\6.9 

\0 
~ 



TABLE 4.5 Literature and experimant ureilite date (continued) 

Ureilite Rb 

Havero 

Kenna 

Kenna 

Sr 

238 

y 

194\265\ 
268\323 

Mo Cs 

.7\.8\1.3 1.02\13.1 

Ba 

57\91\372\ 
561 

Hf 

~ 



TABLE 4.5 Literature and experiment ureilite data (continued) 

Ureilite 

EET 83225 
EET 83309 

Rb 
ppb 

Sr 
ppb 

y 

ppb 

EET 87511 21.6\26.8\30. 329\421\530 1 60\265\231 
4 

EET 87517 
EET 87523 

EET 87717 

LEW 85328 I 118.9\206.2 895\ 1162 570\590 
LEW 85440 Ir:mttnM:j3~5::1:ttmAt:::::::::a34.~ 319\612 

37.8\43.8\85. 468\490\679 
LEW 86216 

META 78008 It::@W:ttt:::::7~t6:tt:)t::%ffr::J~1~i 666\938 
78.2\267.8 604\912 

peA 82506 M}tfteili6\Bd:f::fft::::57:'2\9:'i~t! 
36.3 108.3 

RKPA80239 
Y 74123 
Y 74130 
Y 75154 
Y 74659 
Y 791538 
Y 791839 
Y 790981 115.3\359.2 541\901 271\632 
Y 82100 
Y 8448 

Mo 
ppm 

.43\.4~ 

.4\1.03 
.42\1.14 

.73\1.9 

0.13 

2.1 

Cs 

ppm 
Ba 
ppb 

82\113\ 157 

6.3\ 12.1 302\362 
.98\ 1.97 140\143\304 

6.7 107\281 

106 

4.7 179\702 

Hf 
ppb 

8.9\32.3 

15.2\28.9 
4.9\10.7 

6.3 

8.7\9.2 

\0 
0\ 



TABLE 4.5 Literature and expariment ureilite data (continued) 

Ureilite 

Hajmah 

Havero 

Kenna 

Kenna 

Novo Urei 

RC027 

w 

21.5\62.4\ 

93.9\110.5\ 
110\111.3 

90 

Re as 

710 

40 530 

Ir Au 

40 

Pb 

297\316\ 361 

138\311\ 
446\1545 

\0 
-..l 



TABLE 4.5 Literatura and experiment ureilite data (continuad) 

Ureilite w Re Os Ir 
..... - ...... - ...... - -

EET 83225 
EET 83309 
EET 87511 20.1\22.4 7.9\11.2 44.7\53.7\ 

57.6 
EET 87517 
EET 87523 

EET 87717 

LEW 85328 102.9 8.6\9.6 65\68 
LEW 85440 33.4\98.8 10.2\17.4 146\ 157\ 175 

LEW 86216 

META78008 92.2\136 45.6\55.11 231\278 

peA 82506 19.7\40 7.3\20 240 122\123\180 

RKPA80239 
Y 74123 
Y 74130 
Y 75154 
Y 74659 
Y 791538 
Y 791839 
Y 790981 99.4 18.2\18.8 132\160 
Y 82100 
Y 8448 

Au 

... -

20 

Pb 

...... -

184\203\ 390 

325\388 
205\746 

188\471 

370 

226\846 

\0 
00 



TABLE 4.6 Ureilite data ranges 

Ca Sc Cr Mn Fe Co Ni Cu Zn 

Ureilites % ppm ppm ppm % ppm ppm ppm ppm 

Non·Antarctic .8·1 8.1-9.1 890-5700 560-3720 11.3-15.6 71.5-175.3 340-1430 4.6-18 84-335 

(number) 

Antarctic 

(number) 

Kenna 

(number) 

Ureilites 

Non-Antarctic 
(number) 

Antarctic 
(number) 

Kenna 
(number) 

(2) (2) (2) (2) (4) 

.7-1.55 7.25-11.5 284-5455 440-4080 6.0-14 

(41 (4( (4) (41 (4) 

Sr Y Mo Cs Ba 
ppb ppb ppm ppm ppb 

1524-2900 228-262 .78-.87 1.5-23.4 176-5250 
(4) (2) (2) (7) (2) 

1.5-7.1 
(6) 

88-798 84-802 .13-2.1 1.5-9.2 106-611 
191 17) 16) (51 18) 

64-3990 194-323 .68-1.27 .02-13.02 45-561 
(14) (4) (4) 12) (8) 

(8) (2) (3) (8) 

86-258 800-155 4.6-28.5 155-317 

(81 (41 (71 (101 

160-195 

(4) 

Hf 
ppb 

1.4-1.9 
(2( 

3.6-22.1 
161 

W 
ppb 

59-180 
(41 

10-148 
110) 

6.7-15.2 

(3) 

Re 
ppb 

6.8-60 
(6) 

9.1-72.4 
[91 

93-111 49.1-17.8 
(4) (6) 

173-251 

(7) 

Os 
ppb 

530-710 
(21 

160-240 
131 

Ga 

ppm 

1.2-2.9 

(6) 

1.3·4.9 

1101 

2.2-3.9 

)6) 

Ir 
ppb 

68-651 
(7) 

45-494 
(11 ( 

560-760 
(5) 

Se Rb 

ppm ppb 

.4-3.4 16.4-56.3 

(7) (6) 

2.2-5.9 11.5-237 

(61 (10( 

.76-5.2 5.5-124.7 

(4) (10) 

Au Pb 
ppb ppb 

40-41 298-609 
(2) (2( 

20-35 258-666 
(31 18) 

137-1545 
14) 

\0 
\0 
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4.3.1 Data Normalization 

As in the NAA technique, ICP-MS employs standards against which to 

examine the concentration values determined for each element for the samples. In 

this work, I used Allende, Leedey, W2 and for some experiments, Kenna as a 

standard against which to normalize the data. This was necessary in order to account 

for systematic errors in standard preparation or sample preparation, e.g. weighing 

errors or dilution errors. 

The normalization factors are given in Table 4.7. A systematic trend exists 

for normalization: as the mass number of the element increases, the normalization 

factor tends to· approximately 1 at Y; as the mass number increases past Y, the 

normalization factor again increases. The normalization factors varied from 

experiment to experiment but were generally similar. In experiment AHS22, 

however, it became obvious that an error was made in the spike amount added to 

the samples. This necessitated an additional normalization factor. 

Such standard rock normalizations procedures help to offset the errors that 

occur in the normal course of the experimental procedure due to the difficulty of 

experimental measurements. 

4.3.1.1 Error Sources 

In ICP-MS analysis there are several sources for error in the data collection. 

First, weighing of the samples is a non-trivial task. For samples as small as those in 

this research (usually less than 200 mg), static can present an almost insurmountable 
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Table 4.7 Normalization Factors 

Experiment Co to Sr Y Mo to Ba Hf W Re IrPb 

AHS17 1.11 1 .77 .8 .5 1.66 
AHS19 1.4 1 .84 .8 1.6 .5 1.66 
AHS20 1.3 1 .73 .8 1.58 .5 1.66 
AHS21 1.2 1 .83 .8 1.75 .5 1.66 
AHS22 1.05 1 .74 .8 .5 1.66 

The measured concentrations were divided by these factors to produce the final 
reported concentrations. For experiment AHS22, an additional fa~tor of 1.87 was 
needed because of a pipet malfunction which gave a spike of .01966 JLI (.02 JLI) rather 
than .01 J.Ll. This additional factor is included in the normalization factors in the 
table. 

This normalization of results to the standard rocks accounts for systemmatic trends 
in measurement erros that are observed among the experiments. 
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problem. Although a static gun was used prior to weighing the samples, on some 

days, the balance was difficult to "settle down". To overcome this problem it was on 

several occasions necessary to delay the weighing and, therefore, the experiment, 

until less fluctuation of the balance was observed. This problem also occurred for 

weighing of solutions in later steps of the experimental procedure. 

Second, this technique calls for solution. sample preparation. Chemical 

standards are prepared from individual element solutions and diluted on a volumetric 

basis. A volumetric measurement error made at any point in this procedure can 

cause systematic errors in the element concentrations determined for samples. 

Additionally, the spike added to samples is measured volumetrically with a pipet. 

Although the pipet calibration is checked periodically, it was incorrect in at least one 

experiment. 

Third, dissolution of the standard rocks and samples may not be complete. 

This problem appeared to be solved by the use of boric acid dissolution but must be 

a consideration in examining the data. 

Fourth, errors can occur during the instrument analysis. For example, Zn-67 

infrequently had counts that produced tremendously higher concentrations than Zn-

66. This is most likely due to a molecular ion interference not listed in the literature 

references used for this work. Such errors were obvious and dealt with by not using 

that particular determination. Comparison with other analyses of standards and 

samples allows identification of errors not as obvious. 

Fifth, the standard rocks used for normalization of the sample data have 
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errors associated with the element determinations of up to twenty percent. 

Normalizing to such "standards"can produce a systematic error in the data. 

4.3.2 Data Reproducibility and Variability 

4.3.2.1 Multiple counts 

Multiple counts of the same sample in an experiment produced results within 

5% for the majority of elements. The reproducibility for multiple counts ofthe same 

sample in an experiment equal or exceed that of NAA. 

4.3.2.2 Replicate samples 

As shown in Table 4.4, there are significant (meaning real, not statistical) 

differences among some replicate analyses of a particular ureilite. For example, Y 

for EET 87511 was analysed three times in two experiments (AHS20 and AHS22-

two different splits of the original sample obtained from NASA) and the 

concentrations determined were 265.3, 230.8 and 159.5 ppb with a standard deviation 

of 44.1 or 20%. Table 4.4 also gives the average standard deviation for each 

element. These average standard deviations are as 10".' as 7% for Zn and as high as 

40% for W. When I first reduced the data and calculated these standard deviations, 

I was quite worried about the degree of variability; I was concerned that this ICP-MS 

technique was not producing reliable and reproducible data. As a result of this 

concern, it was necessary to examine the variability of the other ureilite data in the 

literature more extensively than had been done in the past. 
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4.3.2.3 Comparison with other analysts' results 

Most of the trace element analyses of ureilites published in the literature are 

NAA data. Researchers often use only one sample of a particular ureilite per 

experiment and usually only one experiment per paper. Additionally, few ureilites 

except Kenna have been analyzed more than one time. As stated above, Table 4.5 

displays the available literature data (italics) in addition to the data obtained in this 

work. Not only are systematic differences noted among different laboratories but 

within one laboratory, differences for one ureilite are evident. This variability is 

most apparent with the Rb and Sr data of Goodrich et ale (1990). Here, the range 

of values for bulk samples of Kenna are 15.5 to 57.2 ppb for Rb and 646 to 3390 ppb 

for Sr. The variability noted for the LREE results of single ureilites apparently 

extends to other elements as well. Such variability indicates that it is not that the 

ICP-MS results presented in this work are unreasonably unreproducible but that 

element concentrations in ureilites are more heterogeneous than in other groups of 

meteorites. 

4.3.2.3 Implication for Data Management and Interpretation 

Such variability presents a problem in managing and interpreting data. For 

example, in order to be able to manage the data and to properly represent individual 

samples, it is common practice that element concentration data be averaged. This 

allows balanced representation of samples (for instance, Kenna is not represented 

several times and ALHA78019 only one time) - a customary wish. It also permits 
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easier manipulation of the dataset simply because the dataset is smaller. 

Averaged data are then used to create a model of the rock's formation and 

history. The act of averaging highly variable results discounts the effect of some 

possible formation processes, however. For example, if a rock formed by the 

addition of a metasomatic fluid carrying incompatible elements and this fluid entered 

any particular small area in a erratic fashion, separate samples could have quite 

different concentrations of these elements. Now, suppose that only one sample of 

this rock was analysed or several analyses were averaged to give on~ concentration 

value for an element - the signature of the metasomatic fluid's variable mix with the 

rock is lost. In so doing, it is possible to lose valuable petrogenetic information 

about the rock. 

Nevertheless, averaging of data appears to be the most logical and useful 

choice for presentation and manipulation of the trace element results. Variability 

still appears when different samples are compared and so all information about this 

characteristic is not lost. Caution must be taken, however, in making too much of 

variability among different ureilites or between groups of ureilites when in fact 

individual ureilites display significant trace element concentration variability for 

replicate samples. 

4.4 RESULTS 

Chalcophile, lithophile and siderophile element concentrations were 

determined for a total of eleven ureilites: ALHA78019, ALHA78262, EET87511, 
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LEW85328, LEW 85440, PCA82506, Y790981, Hajmah, Kenna and North Haig. 

North Haig, a polymict breccia was the only ureilite for which the rare-earth element 

concentrations were determined (See Section 4.1 above). The results are given in 

Table 4.4. The concentrations normalized to CI chondrite are presented in Figures 

4.4 through 4.15. 

4.4.1 Lithophile Elements (Rb, Sr, Y, Ba, Hr, REE) 

The lithophile elements measured include both volatile .and refractory 

elements. The element concentrations range from about .005 to .9 x CI with no 

apparent difference based on volatility. In fact, when Rb (a volatile lithophile 

element) is plotted against Ba (a refractory lithophile element) the ratio is constant 

(both are incompatible elements). This relationship is presented in Figure 4.16. The 

range of lithophile element concentrations is greater than that for the chalcophile 

and siderophile elements. 

As with the results of Goodrich et al. (1990), the Rb and Sr values determined 

here are variable by two to three orders of magnitude for one ureilite. This is a 

reflection of the heterogeneity of ureilites discussed in Section 4.2.2.1. 

No results are given for Hajmah for Cs, Sr or Ba because the values were so 

exorbitantly high as to be completely unreasonable (e.g. Sr 43,000 and 64,000 ppb 

versus the highest Kenna value of3990 ppb). The extreme concentrations most likely 

reflect terrestrial contamination. 
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The Cs values are suspect for all ureilites analysed. Cs was only determined 

for a few samples and the difficulty of determination reflected by the lack of values 

measured adds to the unease about the values determined. Additionally, Cs does not 

display the correlation with Ba evidenced by the Rb concentrations as one would 

expect based on its similar geochemical behavior. This result causes further question 

about the reliability of the Cs data. 

4.4.2 Chalcophile Elements (Se, Zn, Cu, Ph) 

Zn is the most consistent of all the elements measured for ureilites. The 

concentration for all ureilites is approximately 1.0 x CI. Such consistency is at first 

surprising as Zn is considered a volatile element. But such consistency is not 

unknown in other meteorites and can be attributed to a closed system during 

petrogenesis. Additionally, Zn can substitute for Pe2+ or Mg2+ in olivine and, 

therefore, its constancy is not surprising in the olivine-dominated ureilites. Zn has 

been termed a signature element for groups of meteorites (Wasson, et al., 1976) and 

the similarity of its concentration in ureilites to that in CV chondrites implies a link 

between the two groups. 

Average values of Pb and Se have similar ranges of values for the ureilites 

while Cu has a somewhat more extensive range. Cu varies from approximately .03 

to .2 x CI. Pb varies from approximately .05 to .5 x CI. Se values range from .04 to 

.4 x CI. Such depletions may reflect volatility as well as igneous compatibility 

constraints. No other studies have analysed for Pb concentrations so no previous 
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data for other ureilites are available with which these can be compared. 

Based on regression analysis, no statistically significant correlations exist 

among the chalcophile elements. The Cu versus Zn and Se versus Zn plots show no 

correlation between the element pairs (Figures 4.17 and 4.18) When viewed 

graphically, some correlation might be argued for Pb which appears to show a weak 

positive correlation trend with Zn (Figure 4.19). 

Although North Haig has higher lithophile element concentrations, Zn is 

similar to the other ureilites and Se and Pb are greater than in the main group. 

4.4.3 Siderophile Elements (Co, Ga, Mo, W, Re, Ir) 

The refractory siderophile elements determined in this study, Mo, W, Re and 

Ir, vary from .1 to 3.0 x CI. These are comparable to ureilite concentrations 

determined using other techniques. 

The volatile siderophile elements, Co and Ga are more depleted. Co was 

determined for only some of the samples and ranged from .2 to .8 x CI. Ga ranged 

from .2 to .9 x CI - a much narrower range than for the refractory siderophile 

elements. 

Running a simple regression analysis on these data indicated that no 

correlations existed among the siderophiles for all ureilites. This was in contrast to 

the correlations determined for the NAA siderophile data. The reason for this 

became obvious when visual examination of element correlations was made 

graphically. 
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Although Ni has not been determined for most of these samples and, 

therefore, no siderophile eiement/Ni correlation graphs can be plotted, simple 

concentrations graphs employing all available ureilite data can be (Binz et aI., 1975; 

Boynton et al., 1976; Higuchi et aI., 1976; Wasson et al., 1976; Janssens et aI., 1987; 

this work). When these are plotted, Re versus Ir shows a positive correlation trend 

as two refractory siderophiles are expected to based on nebular, not igneous 

considerations. There is, however, significant scatter of the data points (Figure 4.20). 

Co versus Ir shows somewhat of a separation of ureilite groups (Figure 4.21). Ga 

versus Ir presents a distinctive plot: the ureilites fall into two distinct groups - two 

positive correlation trends (Figure 4.22). The first trend is: 

ALHA77257 -> Havero -> Dyalpur-> Novo Urei -> ALHA78262 -> Kenna 

of value Gallr = 9 

and the other less defined one with 

EET87511 -> Hajmah -> ALH 82130 -> LEW 85440 -> LEW 85328 -> 

PCA 82506-> Y790981 -> META78008 

of value Gallr = 27 

The groups display some overlap in these ratios (e.g. Havero is 19.44 and ALH 

82130 is 16.00) but the averages of the groups are quite different. Goalpara and 

ALHA81101 form the low Ga, low Ir end members of these trends. Black 

carbonaceous matrix separates from Havero (Wanke et aI., 1972) plot off the 

diagram with Ir concentrations of 1600 and 2000 ppb and Ga concentrations of 1.5 

and 1.1 ppm. Metal in Havero from the matrix has concentrations of Ir = 14000 ppb 
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and Ga = 18.3 ppm and from the silicates has concentrations of Ir = 4600 ppb and 

Ga = 12.6 ppm. Figure 4.22 includes both data from this research and data from 

other sources (Wanke, 1972; Wasson, 1976). 

The Mo versus W positive correlation seen in rocks which have undergone 

igneous processing in the absence of metal segregation, is not really evident in the 

ureilites (Figure 4.23). At best only a very weak trend is seen. This is expected as 

there is metal in ureilites. 

When siderophile elements are compared with lithophile elements and 

chalcophile elements using correlation diagrams, no correlations are evident. No 

figures are presented in this case. 

North Haig siderophile element concentrations are comparable to or below 

those of the main group ureilites. 

4.4.4 Leachates 

Leachates of Kenna provided by Dr. Cyrena Goodrich were analysed along 

with the bulk ureilites. The results for these solutions are found in Table 4.8. 1\vo 

leachates were produced with 2.5 N HCl, one with 2.0 N HN03 and one with HF. 

Generally, the HCL and the HN03 leachates showed elevated concentrations 

(relative to the bulk ureilites) of Zn, Ga, Se, Rb, Sr, W, Re, Ir and Pb (all the 

elements analysed for in the ICP-MS work). The HF solution was unanalysed for the 

lower mass elements due to an instrument malfunction and analysis of higher mass 

elements shows no enrichment for W, Re, Ir or Pb. 
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Table 4.8 Leachate Concentrations 

Element HN03 2.5 HCL 2.5 HCL HF Kenna 

Zn 92S.4 639.8 2S0.9 
Ga 32.8 21.6 3.9 
Se SO.8 28.7 4.6 
Rb 0.19 0.07 0.01 
Sr 0.60 0.27 0.06 
Y 0.74 0.82 0.32 
Mo 0.79 0.68 
Hf 
W 0.17 0.OS4 0.S99 0.11 
Re 0.24 0.13 0.049 0.S7 
Ir 0.68 2.73 0.82 0.377 0.43 
Pb 0.99 0.76 0.031 0.30 

All concentrations are given in parts per million (ppm). 
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As in the REE experiments described in Chapter 2, these experiments were 

an attempt to isolate the LREE-component and to characterize (geochemically) its 

host phase. These leachates demonstrated that the leaching procedure 

primarilyremoves the carbonaceous matrix portion of the rock including, metal and 

other components. These analyses failed to illuminate the LREE host's geochemical 

character. 

4.5 DISCUSSION 

The trace element data obtained from the ICP-MS analyses coupled with data 

for the elements analysed found in the literature do little to clarify the enigmatic 

history of the ureilites. No consistent patterns of correlation emerge from the data 

and no groupings easily matched to other data groupings are obvious. The data, 

however, do extend the range of analyses and fill in the continuum of values for this 

group of meteorites. The correlations which are evident with these new data may be 

significant and the ratios of elements as contrasted to these ratios in chondrites 

indicate geochemical processing. 

Figure 4.4 displays element concentrations normalized to CI for lithophile, 

chalcophile and siderophile elements. The order of increasing volatility within each 

group is as follows: 

lithophile elements: Hf -+ Y -+ Rb (with Sr and Ba refractory) 

chalcophile elements: Cu -+ Se -+ Zn -+ Pb 

siderophile elements: Re -+ W -+ Ir -+ Mo -+ Co -+ Ga 
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No pattern based on volatility is obviously apparent. Volatile elements are not less 

abundant than refractory elements in any of the three element groups. The 

interesting pattern to note, however, is that the refractory siderophile elements ( Re, 

W, Ir, Mo) display more variability among the ureilites than do the volatile 

siderophile elements (Co and Ga). This observation is less justifiable for the 

lithophile or chalcophile elements. Such a variation may reflect the contribution of 

varying amounts of the high-Ir component for each ureilite. 

The ratios of various element pairs for the ureilites, CI chondrite and Allende 

can be compared. RelIr is higher for ureilites than either CI or CV chondrites, 

GalIr lies between the Ga/Ir ratios for the CI and CV chondrites, ColIr is usually 

higher, Cu/Zn and Pb/Zn are lower, and PblIr is usually lower. These reveal that 

volatiles in the ureilites may have been lost in processing of the ureilites on the 

parent body. Purely nebular-produced (i.e. volatility-controlled) ratios would match 

chondritic ratios more closely. 

It has been noted (Basaltic Volcanism Study Project, 1981) that the signature 

for magmatic processes can be found in element correlations. For example, the 

Ba/Rb ratio for lunar samples is 60, the ratio for achondrites is 130 (Figure 4.24). 

Ureilites present a fairly constant ratio of about 4 (Figure 4.24). This strong 

correlation of the volatile and refractory Iithophiles was not expected: both the Ba 

and Rb concentration ranges for the individual ureilites are large and so their 

reliability as indicators of petrogenetic processes (rather than an overprint of 

weathering or contamination) was thought to be questionable. Only the ratio for 
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ALHA78262 is far from the constant value. Apparently, however, this correlation is 

real and is superchondritic (average chondritic Ba/Rb = 1) indicating that the 

ureilites have undergone igneous processing rather than simple formation from the 

nebula as proposed by Takeda (1987, 1989) in which volatilities would determine the 

concentrations. This also belies the assertion that the Rb found in ureilites analysed 

for RblSr isotopes is a terrestrial contaminant (Goodrich, et al., 1991) - unless both 

the Ba and Rb are contaminated to similar extents, the observed correlation could 

not be produced by terrestrial contamination. It should be noted, however, that 

Allende (CV chondrite) also displays ratio of 4 (Figure 4.24) and that the ureilite 

ratio does not, therefore, rule out a correlation due to component mixing rather than 

igneous processing. 

The most intriguing ratio of all these data is that displayed by the Ir versus 

Ga concentrations: two distinct groups of ureilites are evident (Trend 1 = Kenna 

to ALHA77257; Trend 2 = META78008 to ALHA81101). A plot of the available 

Ir and Ga literature data for various chondrites reveals groups of different chondrites 

but no pattern or constant ratio such as that displayed in the ureilites. This clearly 

indicates some processing mechanism, be it mixing or igneous, which relates the 

ureilites within each group. Indications of the two ureilite groups are also shown less 

clearly in the Cu versus Zn data and the Ir versus Co data. These groups do not 

correspond to groups based on nickel content, Fa content, oxygen or nitrogen isotopic 

groupings, weathering or shock classifications. Some of the members of these groups 

do correspond, however, to the Sm-Nd systematic groupings of Goodrich et al. 
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(1991): Kenna, Novo Urei and ALHA77257, Goodrich et aI. Group 2, lie on Trend 

1 here; ALH82130, LEW 85440, META78008 and PCA82506, Goodrich et aI. Group 

1 lie on the Trend 2. No Ga concentration is available for Kenna vein 

(carbonaceous matrix) separates but Havero matrix separates lie along to the left and 

along the Trend 1 at concentrations far off the scale of the plot at Ir = 2000 ppb and 

Ga = 1.5 ppm and Ir = 1400 ppb and Ga = 1.1 ppm (Wanke et ai, 1972). This is 

the first instance of any groupings found in one line of research agreeing with the 

groups determined in another area of study. 

If the correlation lines between siderophile elements represent mixing lines 

as previous research has indicated (Boynton et al., 1976; Higuchi et al., 1976; Wasson 

et aI., 1976; Janssens et aI., 1987) and they show different contributors to the 

siderophile components in ureilites, these two trends may indicate separate 

contributors at possibly different times in the ureilite parent body history, e.g. two 

siderophile-rich components but one more refractory-rich, one more volatile-rich. 

These trends may be recording the contribution of impactors to the original 

ultramafic ureilite rock. Alternatively, they could indicate different parent bodies for 

these meteorites (an unattractive but not inconceivable option as the complex ureilite 

product would be difficult to duplicate on different bodies in addition to the fact that 

no indication exists from this data that two ultramafic components are required). 

Whether these correlation lines can be signatures of igneous processes rather 

than mixing lines depends on the partition coefficients of the elements between the 

pertinent liquids and solids. Canonical starting material for calculations is chondritic: 
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The Ir concentration in CI chondrites is 473 ppb, the Ga concentration is 10 ppm; 

Ir in CV chondrites (Allende) is 740; Ga is 6.0. The first process modelled was for 

partitioning between a solid silicate and a liquid silicate. The partition coeffients 

used were DsslSI(Ir) = 1.8 (Briigmann, et al., 1987) and DssIIs(Ga) = 0.024 (Malvin 

and Drake, 1986) where the silicate is represented solely by olivine. Neglecting the 

other minerals found in ureilites produces only a rough model, but for first order 

considerations, this is acceptable. The distribution coefficients reflect the fact that 

Ir is compatible in olivine and Ga is incompatible under conditions, without metal 

present. The trend produced for the partial melting residue in this system is one in 

which the Ir concentration increases in the olivine with greater degrees of melting 

and the Ga concentration decreases (Figure 4.25). Clearly, this does not produce the 

trend observed in ureilites. In fact, no igneous processes do produce the two trends 

seen in the ureilite Ir versus Ga data. Only a residue of a solid metal/liquid metal 

(using distribution coefficients for high sulfur content from Jones and Drake, 1983) 

produces a trend line of similar slope and direction. Additionally, Ir is only faintly 

correlated with MgO content in olivine which would be expected if the solid 

silicate/liquid silicate distribution coefficients applied (Figure 4.26). Consequently, 

these two trend lines most likely represent mixing lines of high Ir and high Ga 

components. 

Figure 4.22 displays the ureilite Ir and Ga concentrations and the CV and CI 

chondrite concentrations. Trend 2 lies along a a line with one endmember near 
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ALHA81101 and one at CI chondrite. Points along Trend 1 have less scatter and 

one endmember lies at ALHA77257 and one at Kenna rather than at the CV point 

which lies to the right of Kenna. It is tempting to hypothesize that the CV chondrite 

underwent partial melting to produce a residue enriched in Ir but depleted in Ga 

(plotting above Ke on Figure 4.22) and that the ureilites in Trend 1 reflect different 

components of this residue containing different amounts of metal. Trend 2 seems 

to reflect varying amounts of a siderophile component similar to that found in CI 

chondrites. When the ureilites for which Ni concentrations are known are plotted 

(see Chapter 2), the trends seem to remain on a Ir/Ni versus Ga/Ni plot although 

only PCA82506 designates the Trend 2 in this case. 

The interesting aspect to these two groups is that members of two Sm-Nd 

groups (Goodrich, et al., 1991) coincide with these groups: Kenna, Novo Urei and 

ALHA77257 lie along the Trend 1 line and ALHA82130, PCA82506 and 

META78008 lie along the Trend 2 line. This could indicate that the disturbance 

reflected in the Sm-Nd of the first group at 3.74 Ga is reflected in the siderophiles 

as well. A significant impact which may have caused the metasomatic activity on the 

ureilite parent body reflected in the age data may also have established a different 

siderophile ratio trend. The other ureilites represented by Trend 2 were not affected 

by this event (due to location on the parent body or perhaps because they were no 

longer contiguous with the parent body of the Trend 1 ureilites or because they 

represent another ureilite parent body). 

In conclusion, the ICP-MS work has provided a vast increase in the data 
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available on the ureilites. It has not made the history of the ureilites any clearer but 

has pointed out more variability in the group that is not easily explained by any 

petrogenetic models unless ad hoc scenarios continue to be called upon. What the 

work does provide are a few mO.re tantalizing pieces to the puzzle such as the 

indication that siderophile content might be related to the Sm-Nd age data and, 

therefore, lead to ideas about what caused the changes to the Sm-Nd system. 



CHAPTER 5: ANTARCTIC VERSUS NON-ANTARCTIC POPUlATIONS 

5.1 INTRODUCTION 
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Until the late 1970s fewer than ten ureilites were known. With the discovery 

of the meteorites on the blue ice fields in Antarctica, the number of specimens has 

grown dramatically. In fact, the majority of ureilites now studied are from 

Antarctica. This windfall is not without some concerns. Since 1986, several studies 

have intimated that differences exist between the Antarctic and non-Antarctic 

populations of meteorites (Dennison et ai, 1986; Dennison and Lipshutz, 1988; 

Samuels, 1990; and Samuels and Lipschutz, 1991). Differences have been noted in 

petrologic characteristics and element concentrations for ureilites as well as other 

meteorites (Berkley, personal communication; Spitz and Boynton, 1988). The 

question is whether such differences indicate different parent populations for non

Antarctic and Antarctic samples or, as Cashore et al. (1988) stated, there are no 

statistically valid differences. 

The chemical compositional differences apparent in non-Antarctic and 

Antarctic samples have been attributed to weathering, shock and petrogenesis. In 

order to determine the cause, the data must be evaluated in two steps. First, it must 

be determined if the two populations are distinct. Second, if they are, it must be 

decided whether the causes of the distinctions are due to pre-terrestrial or terrestrial 

processes. Only after the terrestrial effects are accounted for in the data can the 

data be evaluated to reveal information about the petrogenesis of the rocks. Ureilite 

data pose several difficulties for this endeavor. 
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The first problem with the ureilite data is the variance of concentrations 

determined for replicate samples of one specific ureilite. This problem is discussed 

in more detail in the chapter on the ICP-MS work (Chapter 4). Multiple analyses 

of one ureilite, different aliquots of the same gram-sized sample, produce highly 

variable results for some elements. For example, as shown in Table 4.4, the standard 

deviation of W values is 33.7% and of Rb is 38.5%. Table 4.6 shows the ranges of 

values for the ureilites. Averaging of such data in order to compare and contrast the 

non-Antarctic and Antarctic meteorites discounts these variabilities ~nd, in a sense, 

glosses over the natural and extensive variation of one particular sample as well as 

the entire class. Nevertheless, in order to make the database manageable, such 

grouping is required. Additionally, if the data are not averaged, ureilites such as 

Kenna which have been analysed numerous times over the years are overrepresented 

in the values. The data as they are used for the statistical studies and general 

considerations of this chapter are found in Table 4.5. This table combines all 

information about element concentrations available from the literature (italics) and 

from the ICP-MS study. The averaged data employed in the calculations are found 

in Table 5.1. 

The second problem with the ureilite data is the lack - still - of an extensive 

database. Although this work extends the trace element analyses of ureilites 

tremendously, the class is not completely analysed and only a very few samples have 



TABLE 6. I Data summary: Averaged data used for statistics 

Ureillt. Carbon Faraterite Fayellt. Shack Weathering Co Sc Cr Mn F. Co NI Cu Zn Ga 

wt'llo Degree 'lIo ppm ppm ppm 'lIo ppm ppm ppm ppm ppm 

Dingo Pup Dang. 1.7 B3.6 16.4 highly 172 230 
Dyalpw 2 B4.3 16.7 M 11.3 106 276 1.9 
Goalpara 0.2 78.6 21.4 H 71.6 84 1.2 
Hajmlh 6.4 B4.6 16.6 H 89 4.6 267.6 2.1 
Hlvero 1.9 79.3 20.7 H 116.6 18 188 1.8 
Kennl 2 78.9 21 0.77 8.1 4890 3660 16 172.3 1430 10.1 212.3 2.92 

Lahrauli 79 21 134.3 
Nilpena 2.6 77·81 21.4 breccia 

North Haig 6.9 0·39 breccia 112 336 3.2 

Novo Urei 2.3 78.9 21.1 1.03 9.1 6700 3720 16.2 134.3 1340 243 2.6 
RC027 79.6 20·23 vl highly 176 336 

AlHA77267 3.6 84.9,86.1 16 A 8.1 6466 6466 10.7 100 1060 297.1 1.8 
AlHA78019 2.9·3.2 76.2,76.7 13.8'23.3 vl B/C 16.6 346 

AlHA78262 77.7,78 22 l B/C 8.7 377 2.6 
AlHA81101 76.6 10·22 H AlB 1.16 7.26 6119 6119 16.3 B6.6 1028 166.1 1.3 

AlH 62106 97 1·10 B 
AlH 82130 94.9 1·10 B 1.66 11.6 4284 4284 6.96 118 1666 267 2.4 
AlH 83014 82 18 B 
AlH 84136 0·6 WI B 
EET 83226 87 8·13 vH B/C 
EET 83309 2.14 2·38,16·20 breccia C 
EET 8761 I 14 B 4.66 240.7 1.8 
EET 87617 8 B/C 
EET 87623 14 C 
EET 87717 10·16 B/C 
lEW 86328 79.2 20 M B/C 161 20.4 3.3 

lEWB6440 9 l B 102 13.1 292.6 2.9 

lEW 86216 86.6 12·1B H C 261.7 
META78008 22 M B 210 7.6 4.9 
PCA 82606 76.3,79.6 20 NB 0.73 7.6 6230 3440 6.96 92 800 326 3.8 

RKPA80239 82.8,84 16 B 
Y 74123 2.9 79 12·23 M B 
Y74130 76 23 M C 
Y 76164 H A 
Y 74669 91.4 l B 
Y 791638 8 C 
Y 791839 76.1 24.9 H C 
Y 790981 1.9 17.6,79.8 21 M B/C 268 28.6 341 4 

Y 82100 lS·19 liM 
Y 8448 78.6 

I-' 

t 



TABLE 6. I Dati summary: Averaged dati used for stltistics (continued) 

Ureinte Sa Rb Sr Y Mo C. Ba Hf W lie 01 Ir Au Pb 
ppm ppb ppb ppb ppm ppm ppm ppb ppb ppb ppb ppb ppb ppb 

Dingo Pup Donga 2.9 23.4 
Dyalpur 0.7 76 2.6 16 226 
Goalpara 1.2 16.4 1.9 6.8 68 
Hajmah 0.4 46.8 66608 228.3 0.8 1.6 7866 1.9 69.1 11.3 108.4 324.4 
Havero 0.8 17.1 700 1.7 180 26 209.6 
Kenna 3.4 42.9 1036.7 262.9 0.9 7.1 176.3 1.4 106.4 69.8 710 660.8 40 609.9 
lahrauli 
Nilpena 

North Haig 2.7 198.9 663.3 663.3 8.4 4631.8 4.4 61.1 20.2 176 1437.3 
Novo Ure; 0.7 66.3 624.3 1.6 90 40 630 416.3 
RC027 2900 6260 676 41 

ALHA77267 11.8 1160 40 10 180 176 20 
ALHA78019 66.2 182.3 83.6 279.02 3.6 67.8 28.8 2666.8 666 
ALHA78262 2.2 61 382.6 327.9 6.2 610.6 148.1 72.4 493.9 672.8 
ALHA81101 10 46 20 
ALH 82106 
ALH 82130 11.6 160 160 36 
ALH 83014 
ALH 84136 

EET 83226 
EET 83309 

EET 87611 2.4 26.3 426.6 218.6 0.4 117.7 20.6 21.3 9.6 62 268.8 
EET 87617 
EET 87623 
EET 87717 
LEW 86328 4.9 162.6 1073.6 680.4 0.7 9.2 331.7 22.1 102.9 9.1 66.6 366.3 
LEW 86440 4.1 62.6 617.9 466.4 0.8 1.6 196.8 7.8 66.1 13.8 169.6 476.4 
LEW 86216 
META78008 3.6 139.2 798.3 801.9 1.3 6.7 193.9 6.3 114.1 60.4 264.6 329.3 
PCA 82606 3.8 18.61 87.6 0.1 106.9 29.9 13.7 240 141.6 376.1 
RKPA80239 
Y 74123 
Y 74130 

Y 76164 
Y 74669 
Y 791638 
Y 791839 
Y 790981 4 237.3 721.3 461.8 2.1 4.7 440.2 8.9 99.4 18.6 146.9 636.8 
Y 82100 
Y 8448 

~ 

~ 
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multiple analyses of specific elements. This is particularly problematic with such 

inhomogeneous meteorites. Most rigorous statistical analyses require a minimum of 

fifty data points. The data points here, element concentrations, are at most eighteen. 

The statistical analyses applied to ureilites then constitute statistics with small 

numbers and all conclusions from the results of the calculation must be considered 

with caution. 

The third problem lies with statistical analysis methods themselves and their 

application to the non-Antarctic/Antarctic data sets. As witnessed in the controversy 

between Samuels and Lipschutz (1988) and Cashore et al. (1988) concerning the 

difference between non-Antarctic and Antarctic H chondrites, the assumptions made 

about the dataset and the specific tests employed to evaluate the data are critical to 

the conclusions drawn from the test results. If the differences between the element 

concentrations of non-Antarctic and Antarctic meteorites are real and not an artifact 

of the statistical procedure, then all statistical methods employed (if used correctly) 

should demonstrate the variation. The controversial results of employing difference 

tests pointed out by Cashore et al. (1988) is borne out in this work. 

Here, I first employed the Student's t-test to evaluate two populations. 

Second, I used linear regression analysis to consider the correlation of variations in 

specific elements. These tests were chosen because researchers testing Antarctic and 

non-Antarctic populations used these tests. In some instances, these tests produced 

conflicting results: different populations were defined by the t-test but element 

correlations based on these populations were not. To evaluate these conflicts and 
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the two methods, I then employed a simple cumulative distribution function method, 

the Kolmogorov-Smirnov 'two-sample' test. It can be argued that more complicated 

statistical analysis methods of the ureilite data are more appropriate and may provide 

better results. With the population of samples available, the intrinsic variablity of 

individual samples and the limitations of this work (i.e. it is not a statistics 

dissertation), I believe that only simple tests are warranted. It is far more useful to 

view the trends and broad picture that the data provide than pursue extensive 

numerical analyses. Nevertheless, numerical analysis of the ureilite~ is worthwhile 

in that it provides insight into the ureilite formation and into the non

Antarctic/Antarctic populations controversy. Tests were made for chemical 

compositional differences based on shock, weathering and collection site. 

5.2 STATISTICAL TESTS 

5.2.1 Student's t-test 

5.2.1.1 Method 

The first statistical analysis employed is the Student's t-test. This is used to 

test whether or not two sample means could have been drawn from the sample 

population (Cheeney, 1983). If IJ.a is the mean of the first group of data points and 

IJ.b is the mean of the second group of data points, the hypothesis to test is, within a 

certain confidence limit, is the hypothesis J.1.a=J.1.b true? Or, is the difference, J.1.a-J.1.b 

significantly different from zero? The confidence interval or level of 
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significance is determined by the researcher. In the table employed for this test to 

determine the test outcome, "Percentage Points, Student's t-distribution" (Beyer, 

1987), the percentages, F(t), are .60, .75, .90, .95, .975, .99, .995 and .9995. I chose 

the .90 to .95 level of significance to allow for a liberal determination of population 

differences using this test. This choice is somewhat arbitrary among researchers but 

the .90 and .95 levels of significance are most commonly employed. Additionally, the 

statistical analyses performed on the H chondrites (Linter et al., 1987; Dennison and 

Lipshutz, 1987) used these significance levels as well. Results are. given for each 

element indicating the level of significance determined. If the level was greater than 

.90, then /-La-/-Lb was significantly different from zero and the two populations were 

different. 

A major assumption of the Student's t-test is that the populations being 

analysed have a normal or Gaussian distribution. This probability density function 

is a symmetrical, single humped curve with tails extending to infinity in both 

directions (Cheeney, 1983). Researchers often simply assume this function is 

applicable to their data set. Such an assumption is often valid for large populations. 

It is often not valid for small populations. It is questionable for the populations of 

ureilites tested here. Consequently, the results of the t-test must be viewed with 

caution. 

Figure 5.1 displays the frequency distributions in histograms for specific 

elements for non-Antarctic and Antarctic ureilites. Gaussian distribution curves are 

fitted to several of these frequency distributions but it is obvious that such functions 
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are not appropriate to all. Although more rigorous tests for Gaussian distribution 

can be employed, their application to this data set is not practical: it would require 

extensive manual calculations or access to statistical analysis software. Additionally, 

the small data set size itself causes skepticism about the distribution and even 

employing sophisticated statistical software will not alleviate this problem. The 

solution provided in this work is to implement tests which assume normal 

distributions such as the Student's t-test and tests which do not such as the 

Kolmogorov-Smirnov test, then compare the outcomes. 

A FORTRAN computer programme was written to calculate the means, 

standard deviations, the test statistic (t) and degrees of freedom (t) for pairs of 

populations. A copy of this programme is found in Appendix II. For the calculated 

f, the t value was found in a table of the Student's t-Distribution (Beyer, 1987). 

Given these two values, determination of the confidence level was made. If the t and 

f values were not listed, those closest to the calculations were used. As stated above, 

I decided to reject the hypothesis, in other words to acknowledge that two different 

populations were tested, if the confidence level determined from the table exceeded 

ninety percent - that there was a ninety percent probability that a difference did 

indeed exist between the two populations tested. The two-tailed test was chosen as 

appropriate for the test of whether two populations differ. (It should be noted that 

the tests on the H chondrites employed a single-tailed t-test which is inappropriate.) 
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The populations tested were: 

Antarctic v. non-Antarctic 

Shock (high and medium versus low and very low) 

Weathering (A and Nfl versus B, B/C and C) 

Groupings such as these which combine different designations (i.e. high and medium 

shock) may obscure differences or gradations within the overall ureilite population. 

Additionally (as discussed in Chapter 1), ureilites are not well-categorized in terms 

of shock - one investigator's definition of "high" might be another's definition of 

"medium". A similar problem occurs for the weathering categories. Nevertheless, 

in order to manage the data and in order to have enough members of a population 

to perform statistical analysis, however, such grouping and reliance on literature 

descriptions is necessary. 

The ureilites' shock and weathering populations were: 

1. Shock 

non-Antarctic ureilites 

High/Medium - Goalpara, Hajmah, Havero 

Low - Dingo Pup Donga, Kenna, Lahrauli, Novo Urei, RC027 

Antarctic ureilites 

High/Medium - ALHA81101, LEW 85328, META78008, 



5.2.1.2 

158 

Y 790981 

Low - ALHA78019, ALHA78262, ALH 82130, EET 87511, 

LEW 85440, PCA 82506 

2. Weathering (Antarctic ureilites only) 

Group 1 (A, AlB) - ALHA77257, ALHA81101, PCA 82506 

Group 2 (B,B/C,C)- ALH 82130, EET 87511, LEW 85440, 

META78008, ALHA78019, ALHA78262, 

LEW 85328, Y 790981 

3. non-Antarctic versus Antarctic 

non-Antarctic ureilites 

Dingo Pup Donga, Goalpara, Hajrnah, Havero, Kenna, LaurauIi, 

Novo Urei and Roosevelt County (RC) 027 

Antarctic ureilites 

ALHA77257, ALHA78019, ALnu\78262, ALHA81101, 

ALH 82130, EET 87511, LEW 85328, LEW 85440, META78008, 

PCA82506, Y 790981 

High versus low shock results 

For the Antarctic ureilites, Co, Se, Rb, Sr, and Y showed differences between 

the two population mean concentration values for a confidence interval of .90 or 
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greater. For non-Antarctic ureilites, Co, Zn, Ga, Rb, and Ir showed differences 

between the two populations' means for confidence interval of .90 or greater. For 

a combination of Antarctic and non-Antarctic ureilites only Rb and Ir showed over 

.90 probability of dissimilar populations. 

This analysis does not take other differences (e.g carbon content or iron 

content) into account. The differences show in this t-test analysis may, therefore, 

reflect effects other than shock. If the populations were larger and warranted, 

therefore, more extensive statistical analysis, multivariant analysis would be more 

applicable as it takes into account the interrelationship of different variables. 

5.2.1.3 Weathering (Antarctic only) results 

The simple weathering classification system for Antarctic ureilites, defined in 

Chapter 1 of this work, is recognized as inadequate (Koeberl and Cassidy, 1991). 

Nevertheless, these simple groups serve to classify two different populations of 

Antarctic weathering - high and low. (No similar system exists for the non-Antarctic 

specimens. ) 

For Co, Rb, Wand Re, the A-NB group of ureilites (low weathering) the 

mean value of the population was less than that of the B-B/C-C group (high 

weathering). It should be noted that the A-NB weathering group usually has only 

two data points. This calls the statistical analysis results into question as discussed 

above. 
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5.2.1.4 Antarctic versus non-Antarctic results 

Using the Student's t-test calculations, Ga, Ni, Cu, Zn, Se, Rb, Sr, Y, Hf, W, 

Re, Ir and Pb all indicate that the Antarctic population calculated mean value is 

different from that of the non-Antarctic population at a confidence limit of .90 or 

greater. The mean concentrations of Cu, Zn, Ga, Se, Y, Rb, and Hf are higher in 

the Antarctic group than those in the non-Antarctic population; Ni, W, Re, Ir, and 

Pb are lower. These determinations do not account for shock or weathering effects. 

Such extensive differences determined between the two geographic populations is 

complicating in that it implies that understanding the petrogenesis of ureilites 

requires understanding the petrogenesis of two distinct populations of ureilites. Such 

a complicating factor in the data analysis made it advisable to proceed with a 

different approach to looking at the populations to be certain that this complexity is 

real. 

5.~.2 Linear Regression Analysis 

5.2.2.1 Method 

Linear regression analysis asks whether the variations in the observed values 

for one element are correlated with the variations in the values of another element. 

For example, the measurements of the concentration of elements in non-Antarctic 

meteorites are compared with the measurements for Antarctic meteorites. For 

example, is the concentration of Rb in a meteorite correlated with the terrestrial 

geographical location of that meteorite. 
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Here a standard linear regression was performed in a LDTUSR database. The 

linear correlation coefficient generated from this calculation and the number of 

samples in the sample population were then located on a graph of the linear 

correlation coefficient versus the number of observations. This location then 

provided the corresponding probability P(r,N) that the variables are not correlated 

(Bevington, 1969). 

As with the Student's t-test calculation, the assumption of a Gaussian 

population distribution is inherent in this linear regression analysis. The questionable 

applicability to the ureilites makes the results of the analysis controversial. 

5.2.2.2 Results 

The results using linear regression analysis are much less distinct than using 

the t-test analysis. Here only Se, Zn and Ba (Cs also if Dingo Pup Donga, a highly 

weathered specimen with an outlying Cs value, is excluded from the set) show 

statistically significant (greater than .90) differences between the two populations. 

When the amount of Mg in each ureilite is taken into account (Clayton and 

Mayeda's (1988) groups 1-3 for the meteorites which correspond to Berkley et al.'s 

(1980) FeD groups), additional element concentrations appear to be correlated with 

Antarctic versus non-Antarctic location. When element concentration is the 

dependent variable and location and Mg group are independent variables, Cs 

(without Dingo Pup Donga), Y, Se, Sr, Zn and Ba display probabilities greater than 

.90 of differences between the two location populations. 
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5.2.3 Kolmogorov-Smirnov 'two-sample' test 

5.2.3.1 Method 

The conflicting or equivocal results for some elements of the Student's t-test 

analysis and the linear regression analysis further demonstrate the problems with the 

underlying assumptions used in the analyses. The large population size and Gaussian 

distribution function are highly questionable to invalid assumptions. Therefore, it is 

appropriate to employ a statistical test of the data which does not rely on these 

assumptions. 

The Kolomogorov-Smirnov (K-S) tests are based on differences between 

either an observed and a theoretical cumulative distribution function (cdt) or 

between two observed cumulative distribution functions. A cumulative distribution 

function is essentially a histogram of the number of specimens in a certain class plus 

the number of specimens in the classes to the left of it on the graph (in this case, the 

specimen plus others with lower concentrations). The y-axis defines frequency and 

the x-axis the element of interest's concentration (Cheeney, 1983). Data are binned 

into ranges, for example, the Zn concentration values between 200 and 250 ppm. 

These tests are used to determine whether or not two samples could have 

come from the same population. They are used for variables on any scale of 

measurement: nominal, ordinal, ratio, continuous or discontinuous. Most important 

to their applicability to the ureilite populations, no assumptions are made concerning 

the underlying distribution in the populations, e.g. Gaussian distribution is not 

assumed and the tests may be based on small sample sizes (although twenty samples 
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per data set is cited as preferable by Press et al. (1986». The tests are sensitive to 

any kind of difference between the cdfs whether it is associated with average, 

dispersion or skewness. Finally, they are simple to perform (Cheeney, 1983). K-S 

tests are examples of 'robust estimation' - those estimates which are "insensitive to 

small departures from the idealized assumptions for which the estimator is optimized" 

(Press et al., 1986). 

The test is constructed as follows. Null and alternative hypotheses are chosen: 

• Null hypothesis: the two samples (datasets) are members of the same 

distribution. 

• Alternative hypothesis: the samples are from different distributions. 

How these populations differ is not specified - no 'direction' of 

difference is given, e.g. the Zn concentration of non-Antarctic ureilites 

can be higher or lower than that in Antarctic ureilites, the point is that 

it is different. 

• The sample sizes vary. For some ureilites, concentrations are not 

. available for certain elements. For each element, Nl and N2 are the 

two distributions being tested with N = the population size. 

• The critical region (a) is defined as the "region of the frequency 
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distribution of the test statistic which contains those extreme values of 

the test statistic associated with which, when the null hypothesis is true, 

there is a probability of occurrence of a or less". (Cheeney, 1983) In 

other words, for this case, if the test statistic falls within this region, the 

null hypothesis is rejected and the samples come from different 

populations. The critical regions most often chosen with the K-S test 

are a=0.05 and a=O.01. These correspond to the signficance levels in 

the Student's T-test of .95 and .90. 

+ The test statistic for the K-S test is D. It is a simple measurement of 

the maximum value of the absolute difference between two cumulative 

distribution functions. It is useful because its distribution in the case 

of the null hypothesis, can be calculated to a useful approximation and, 

therefore, give the significance of the observed nonzero value of D 

(Press, et al., 1986). In this work, the observed value of D was first 

measured graphically from the plots of cdfs of the two distributions for 

each specific element. The approximate critical values of D for this 

application are given by the following expressions: 

where 

for a=0.05, D=1.36N' 

for a=0.01, D=1.63N' 
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N' = [(Nt+N2)/(NtxN2)]1'z 

Nt = size of population 1 

N2 = size of population 2 
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If the observed D is equal to or greater than the critical D, the 

samples are from different distributions or populations. Second a 

FORTRAN program was used to calculate the D statistic and the 

significance level of the observed value of D (which indicates disproof 

of the null hypothesis). This program was written using subroutines 

and functions found in Press et al. (1986). The agreement between the 

graphical method using binned data and the computer calculations 

using a continuous functions was excellent and provided the same 

results for all elements. 

Results 

The results of the Kolmogorov-Smirnov test indicate no differences in 

populations for the Antarctic and non-Antarctic ureilites, differences in Rb 

(probability = 0.03) for the Antarctic high shock and low shock ureilites and possibly 

in Ir (probability = 0.065) for the non-Antarctic high shock and low shock ureilites, 

and differences in Co (probability = 0.05) for the highly weathered or mildly 

weathered Antarctic ureilites. Using the strong significance level of 0.01 or smaller, 

no evidence of samples from different distributions is seen. Only when the less 

stringent level of 0.05, do the Rb concentrations for Antarctic specimens from 
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different shock groups and the Co concentrations for Antarctic specimens from 

different weathering groups display a probability of belonging to different 

populations. If the significance level is relaxed to 0.10, Ir concentrations for non

Antarctic specimens from different shock groups show a source of different 

populations. The elements which display differences here (Co, Rb or Ir) are not 

those shown to display differences for H chondrites, L chondrites or eucrites 

(Dennison et aI., 1986; Lingner et aI., 1987; Paul and Lipshutz, 1987, 1990). The 

graphical representations of the cumulative distribution functions comparisons are 

found in Figures 5.2 (weathering populations) and 5.3 (geographic location 

populations) and the FORTRAN calculations for the test statistic D and the 

probability are found in Table 5.2. 

5.3 DISCUSSION 

Dennison et al. (1986) found that eight elements (Sb, Se, Rb, Bi, In, TI, Zn 

and Cd) showed a statistical difference between Antarctic and non-Antarctic 

populations of H5 chondrites. H chondrites of weathering index C are depleted in 

labile trace elements and taking this into account, the same authors determined that 

H4 and H6 chondrites displayed correlations similar to the H5 chondrites (Lingner 

et aI., 1987; Denison and Lipshutz; 1987). Paul and Lipshutz (1987, 1990) found 

differences in eucrite meteorites as well: non-Antarctic specimens had higher 

abundances of the mobile elements Au, Bi, Cd, In, Rb, Se, TI and U. Kaczaral et 

al. (1989) showed that mobile trace elements were lower in Antarctic L chondrites. 
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Table 5.2 Komogorov-Smirnov '1\vo-sample'Test Results 

Antarctic versus Non-Antarctic Samples: 

Element D Probability 

Co 0.254 0.964 
Cu 0.286 0.995 
Zn 0.475 0.269 
Ga 0.50 0.306 
Se 0.667 0.095 
Rb 0.333 0.799 
Sr 0.444 0.645 
Y 0.714 0.405 
Mo 0.50 0.847 
Cs 0.514 0.423 (includes DPD1) 

0.633 0.224 (excludes DPD1) 

Ba 0.375 0.978 
Hf 1.00 0.10 
W 0.50 0.473 
Re 0.222 0.994 
Ie 0.442 0.375 
Pb 0.875 0.172 

Highly weathered versus mildly weathered samples: 

Element D Probability 
Co 1.0 0.047 
Se 0.667 0.518 
Rb 0.87 0.172 
Sr 0.500 0.832 
W 0.857 0.091 
Re 0.387 0.921 
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Highly shocked versus mildly shocked samples (N= non-Antarctic, 
A=Antarctic, U=all ureilites): 

Element D Probability 
Co N 0.75 0.29 

A 0.75 0.29 
U 0.429 0.541 

Zn N 0.40 0.925 
A 0.333 0.952 
U 0.247 0.957 

Ga N 0.667 0.518 
A 0.583 0.388 
U 0.317 0.822 

Se N 0.50 0.785 
A 0.50 0.893 
U 0.285 0.955 

Rb N 0.50 0.893 
A 1.00 0.030 
U 0.429 0.465 

Sr N 
A 0.833 0.124 
U 0.667 0.171 

Y N 
A 0.75 0.29 
U 0.55 0.512 

Ir N 1.00 0.065 
A 0.464 0.643 
U 0.532 0.177 

IDPD = Dingo Pup Donga (a highly weathered find) 
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Differences have also been found in Fe, Na and S for ordinary chondrites 

(Jarosewich, 1990). 

The question arose as to whether such evidence of different populations are 

also present in ureilite data. The NAA results presented in Chapter 2, indicated a 

suggestion of a difference in REE and siderophile element concentrations for ureilite 

meteorites (Spitz and Boynton, 1991). The differences in the siderophile element 

concentrations do not remain, however, when more analyses (more samples) are 

added to the database. Ebihara et aI. (1990) stated that magnesian u~eilites' (found 

only in Antarctica at present) REE patterns are different from other ureilites. 

Finally, the positive Ce anomalies found in Antarctic meteorites (eucrites reported 

in Mittlefehldt and Lindstrom, 1991) have also been seen in some ion probe analyses 

of PCA 82506 (Spitz et aI., 1988) but not for every analysis of this meteorite. Such 

indications of variation, whether due to contamination, weathering, or pre-terrestrial 

conditions, called for more rigorous statistical investigation. 

The differences found with the Student's t-test analysis do fall into 

geochemical categories and, therefore, seemed to support the idea of different 

populations promoted by researchers looking at other meteorite classes and by the 

limited data available for ureilites. For example, the siderophile elements are more 

abundant in the Antarctic specimens; the chalcophile elements (except Pb) and 

lithophile elements are more abundant in the non-Antarctic samples. It is the 

element behaviour during igneous events rather than their mobility during weathering 

or shock events that describe the groups displayed. This implies a pre-terrestrial 
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origin for the differences rather than a terrestrial origin and, consequently a need to 

consider the ureilites not as one population but as representatives of different 

formation processes thus complicating attempts to unravel the origin even further. 

Such differences among ureilite element concentrations do not maintain 

significance when more robust methods of statistical analysis are employed as was 

suggested by Cashore et al. (1988) with respect to the H chondrite population. 

Consequently, the ureilite data must be considered as one data set rather than as 

distinct populations vis-a-vis the trace element concentrations avaUable to date: 

separate populations do not exist between Antarctic and non-Antarctic ureilite 

populations when robust statistical methods are applied to the data. 

Additionally, the broader controversy of Antarctic versus non-Antarctic 

meteorites should be considered more rigorously. As a simple check on the claims 

of population differences between Antarctic and non-Antarctic H4-H6 chondrites of 

Lingner et al. (1987) and Dennison and Lipshutz (1987), I ran the data sets provided 

in these works through the FORTRAN program for the Kolmogorov-Smirnov test 

to see if the elements fell into two separate populations. For some of the elements, 

they did but with a lesser probability. For other elements, Cs and Tl, they did not. 

This exercise reinforces the assertion that the results of statistical analysis applied to 

the Antarctic/non-Antarctic meteorite problem are equivocal and must be regarded 

with wariness. 
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CHAPTER 6: PETROGENESIS CONSIDERATIONS 

6.1 INTRODUCTION 

Ureilite petrogenesis is a subject which produces much contention among 

researchers in the field. Fifteen years ago, the controversy centered on whether 

ureilites were residues of partial melting (Boynton et al., 1976; Wasson et al., 1976) 

or cumulates (Berkley et al., 1976). Over the past four years this question of 

petrogenesis has evolved to an argument over whether ureilites are products of 

igneous processes as in these earlier models or examples of primitive meteorites 

which have not undergone significant processing on a parent body (Clayton and 

Mayeda, 1987; Takeda, 1987, 1989). Recent models have suggested that the role of 

impacts in the creation of ureilites may be more important than realized previously 

(Rubin, 1988; Warren and KaIIemeyn, 1989). The salient points of some these 

models are discussed in Chapter 3. The trace element data collected in this study 

help to evaluate these models although they do not lead to a simple or elegant 

resolution to the question of ureilite formation. 

6.2 RARE-EARTH AND OTHER LITHOPHILE ELEMENT DATA 

As considered in Chapters 2 and 3, the REE data point to processing of the 

ureilites on the ureilite parent body. Primitive meteorites do not possess REE 

patterns such as those seen in the ureilites: extreme depletion of the LREEs in the 

ultramafic component of the ureilites with a negative Eu anomaly. Additionally, 

LREEs are enriched in some samples indicating some event on the ureilite parent 
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body which imparted a component to the bulk rock not indigenous to the original 

ultramafic assemblage. Goodrich et al. (1987) have pointed out that the CaiAl ratio 

is superchondritic and requires processing of the original material which removed a 

plagioclase component. This corresponds to the need for removal of such a 

component to produce the negative Eu anomaly. 

Other lithophile data also suggest processing of the meteorites. The Ba/Rb 

ratio, a relatively constant value of 4, is significantly different from the chondritic 

value of 1 and ureilite data occupy a unique area on a plot of Rb versus Ba (Figure 

4.24). Removal of Rb due to its volatility (e.g giant impact removal of volatile 

elements), would probably not produce the Ba/Rb relationship show by the ureilites 

because loss due to volatility would not produce the positively correlated relationship 

such as is produced in igneous processing (based on known distribution coefficients). 

6.3 SIDEROPHILE AND CHALCOPHILE ELEMENT DATA 

Siderophile data present a complicated picture which can best be explained 

as the result of mixing of different components. Although the siderophile data were 

explained in the context of igneous processing by Goodrich et al. (1987), their model 

fails due to the unreasonableness of its complexity (see Section 6.4 for further 

discussion). Prior to the additional ICP-MS data, the available siderophile data 

pointed to minor processing of the ureilites, i.e. ureilites as primitive material. The 

additional ICP-MS data indicate, however, that the siderophiles do not necessarily 

lead to rejection of the processing models and acceptance of the primitive status for 
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ureilites. Instead, they indicate that the ureilites probably represent processed 

material that has undergone mixing with exotic material. The siderophile 

correlations and the distinct trends or groups evident in the Ir versus Ga data call for 

complexity in the ureilite story, albeit less complexity than is proposed by Goodrich 

et al. (1987) and Janssens et al. (1987), and support the conclusions drawn from the 

Uthophile data. 

The Ir and Ga correlation trends discussed in Chapter 4 require different 

siderophile element host components for two distinct ureilite groups. Based on 

currently available data, these groups correspond to the two groups determined from 

Sm-Nd and Rb-Sr dating (Goodrich et ai, 1990). This relationship between the two 

distinct characteristics (age and siderophile content) lead one to the conclusion that 

both reflect the same significant event in the history of the ureilites: the introduction 

of exotic material and concomitant resetting of solidification age of the original rocks. 

6.4 OTHER CONSIDERATIONS 

The models proposed for ureilite can also be evaluated with considerations 

other than trace element data. These must be used in conjunction with the element 

data in order to further define the acceptability of the choices. 

6.4.1 Yield Calculations 

In addition to the difficulties presented by the trace-element data discussed 

above, both the Goodrich et aI. (1987b) model and the Janssens et aI. (1987) 
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proposal have material yield problems. Multi-stage scenarios not only require time 

and large parent bodies but allocate only a minute portion of the original material 

to the final product. For example, the Goodrich et aI. (1987b) scenario converts only 

10-5 to 10-7 ofthe starting material into ureilites. The Goodrich et al. (1987b) model 

further proposes that the magmas are emplaced at several different depths, i.e. not 

all at one spot on the parent body, which increases the difficulty in removing 

(increasing the unlikelihood) minute amounts of material. The Janssens et aI. (1987) 

suggestion, at best, delivers only 10-3 as ureilitic material. Thus, a significant 

sampling problem exists if these complex models are accurate scenarios: not only do 

we sample a small fraction of the parent body but we see no complementary 

fractions, Le., crustal material, in our collections. 

6.4.2 Trace Element Geochemistry 

Other models now extant do not constrain parameters well enough to employ 

my computer modelling for the REE. They can, nevertheless, be considered in light 

of the general chemistry and physics that they require. 

In 1988, Kurat proposed that ureilites were products of 'primitive' processes 

rather than igneous processing on a parent body(ies). This is in opposition to the age 

data of Goodrich et aI. (1991) indicating activity at 3.74 Ga and other data which 

argue for petrogenetic processing or metasomatism of the earlier-formed material, 

such as the REE results. The Kurat model can be discussed based on REE 

considerations. First, Kurat's argument that the concentrations of HREEs in 
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peridotites vary widely, yet ureilites values do not, does not in itself prove a primitive 

and simple origin for the meteorites. Many peridotites do have fairly uniform HREE 

contents and with additional HREE values presented here, it is obvious that ureilites 

do not. Second, the HREE reside in both olivine and pyroxene and are not too high 

in abundance for olivines having attained equilibrium with a coexisting melt. As seen 

in Figure 3.2 the modelling for ureilites based on accepted coefficients (more recent 

ones than Kurat cites) are bracketed by the analysed ureilites. Third, the model 

proposes that olivine condensed from the vapor phase. In this case, the distribution 

coefficients are based on volatility -- the REE abundances in early condensates are 

determined by volatility. REE volatilities are not a smooth function of size, so, 

nebular fractionation based on REE volatility can be readily distinguished from later 

planetary fractionations (Boynton, 1989). In addition,because even the general 

fractionation between light and heavy REE is so great, it is hard to envision a 

mineral preference effect that would completely negate this nebular process. In the 

case of ureilites, the abundance pattern for olivine/pyroxene is strikingly similar to 

that produced during igneous processing not that produced during nebular 

condensation (Figure 6.1). Finally, Kurat states that during heating the LREE are 

remobilized and leave the olivines but that the HREE are not and remain in the 

mineral. No temperature is given for this process. Again, 
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if this model is correct, the resulting concentration must overprint that derived from 

nebular processes. Not only is the diffusion of LREE alone highly unlikely under 

plausible scenarios but the overprint is as well. Additionaly problems with the Kurat 

model are the growth of large silicate grains through condensation and the 

production of the oriented texture of the silicates in such a process. 

6.4.3 Physics of Impacts 

In 1989, Warren and Kallemeyn presented an intriguing model for ureilite 

petrogenesis which they termed a "partially-disruptive impact model". In this model, 

the ureilite parent body interior remains a partially molten partial melt residue when 

it is impacted by a C-rich object and disrupted. Subsequent cooling produces a 

ureilite with the composition of residues, the texture of cumulates and the C-rich 

veins due to the impactor (Warren and Kallemeyn, 1989). 

As with the Kurat model, this is also problematic to the modeller of ureilite 

petrogenesis because the parameters are ill-defined. Essentially, it is an ad hoc 

model: it presents specific elements that must occur in specific proportions in order 

to explain the concentrations which we observe in ureilites. Problems arise in the 

physical assumptions of this model. First, it is not clear that in an asteroid-size body 

the density stratification is great enough to dislodge the crust or magma ocean more 

easily than the paracumulate. While it is true that material strength is important in 

collisional disruption and that the stronger, more centrally located basalt-poor 

portions of the target will be favored in reassembly, it is unclear as to whether one 
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can expect any reassembly of such molten particles. If the material is partially 

molten, the melt will break up into smaller pieces rather than a solid material. It 

will, therefore, be less likely to reassemble. The Warren-Kallemeyn model requires 

that the partially molten material resist dissipation to great extent. 

Second, the size and impact velocity must be just right for the C-rich material 

to disperse throughout the crystal mush. It is highly unlikely that such an impact can . 

occur to melt the impactor (silicates as well as C-rich material) and not the partially 

molten crystals which represented by the silicates in ureilites today and are said to 

preserve their original orientation. 

Third, according to Warren and Kallemeyn's mass-balance calculations, the 

final mixture contains varying amounts of carbon (82.5%), oxygen (9.0%), iron 

(5.1 %), magnesium (2.8%) and aluminum (0.17%). These proportions require the 

authors to present additional constraints to resolve the problem of disposing of the 

different amounts of these elements. Again, a series of more complex and ad hoc 

events is called upon to occur - and perhaps on several different parent bodies. 

6.4.4 The Oxygen isotope dilemma 

6.4.4.1 Bulk data 

The oxygen isotope values presented to date and upon which the primitive 

origin argument is based, are only for bulk ureilites. When trying to reconcile the 

bulk data on oxygen and the major, minor and trace element data, one must consider 

that we may be confusing components from various sources and not examining the 
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primary constituent. For example, if the Warren and Kallemeyn model were correct, 

what is the projectile's contribution to the resulting body and how would this effect 

the oxygen isotopes or metasomatism on the parent body? The oxygen isotope data 

and correlations which call for a primitive origin of ureilites (no igneous process 

imprint is observable) may, in fact, reflect the effects of mixing an exotic component 

into an igneous process-derived product. Simple mass balance calculations using a 

160-enriched inclusion from Allende can produce the 0170 and 0180 of Kenna from 

those of ALHA81101 with the addition of approximately 13% of such material. This 

value is plausible in that Berkley et al. (1980) state that 22% of Kenna is 

carbonaceous material and Wilkening and Marti (1976) state that 11% of Kenna is 

carbonaceous material. 

There are few data on element concentrations of separate minerals from the 

ureilites and data on oxygen isotopes from separates of ureilites. Distinct 

components or areas of minerals could conceivably have different isotopic signatures. 

If, for instance, the olivines are zoned with respect to oxygen isotopes, it could be the 

result of reaction between original ureilitic material and exotic material. The trace

element concentrations - the differences in leaching components and· mineral 

separates - certainly makes one consider the implications for oxygen isotopes and 

models based on the'bulk data. 

6.4.4.2 Isotopic equilibration 

It has been noted that the isotopic communication in metamorphism can vary 
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considerably. In some terrestrial rocks, communication exists over thousands of 

kilometers while in others, isotopic differences are preserved within a few centimeters 

(Faure, 1977). The implications for the ureilites are that in one parent body, it may 

be possible to preserve the initial or introduced differences in the oxygen isotopes. 

Ureilites have much greater variability in the oxygen isotopes than do terrestrial 

ultramafic rocks; yet the &180 of ureilites is less variable than that of the basaltic 

achondrites. So the variability in itself does not imply a primitive history. 

However, if magmatic processes at elevated temperatures did occur to 

produce the elemental partitioning seen in the REE and other trace elements, it 

seems likely that the oxygen isotopes would equilibrate as well. This is based on the 

thermodynamics of the fractionation of isotopes: the elemental exchange reactions 

require a few kilocalories to proceed; the isotopic reactions require only a few 

calories (Ganguly, Metamorphic Petrology notes, 1986). 

While the thermodynamics imply that equilibration will occur easily for the 

oxygen isotopes, according to Goodrich and Drake (Goodrich, personal 

communications) kinetics must also be considered. The activation energy (Q) and 

the constant Do in the diffusion equation (D=Doe-Q/RT where R = the ideal gas 

constant (8.314 JK-1mor1), T = temperature in Kelvin, and Do = D at 1ff = 0) may 

be the determining factors for whether equilibration occurs (Q is actually the 

determinating factor). Using values for Do, Q and T found in Freer (1981) diffusion 

(D in m2/sec) of 180 and Fe-Mg in olivine at similar temperatures can be compared. 

D is seven orders of magnitude greater for Fe-Mg than for oxygen. This result leads 



187 

to equilibration times for oxygen of 1.5 x 1010 years and for Fe-Mg of 7 x 102 years 

for a grain size of 2 mm. This implies that oxygen equilibration will not occur in 

solid olivine during the age of the solar system. In other words, oxygen equilibration 

is only expected to occur in liquid systems - magmas, not in solids such as residues. 

Such a result lends more evidence for a residue origin of ureilites (C. Goodrich, 

personal communication). 

As was noted in Chapter 2, the oxygen isotopic systemmatics determined by 

Clayton and Mayeda (1988) indicate a lower temperature of closure than do the 

pyroxene determinations. These may reflect the occurence of later events and the 

effect of fluid on the oxygen isotopes (i.e. "resetting" of the oxygen isotope 

temperature) - a disturbance to the oxygen isotopic system cannot be ruled out and, 

in fact, the lower equilibration temperature argues for reequilibration at lower 

temperatures. The oxygen isotope data raise, therefore, a paradox: they indicate no 

processing of the ureilitic material and later disturbance of the ureilitic material. 

6.4.4.3 Shock and Weathering effects on isotopic signatures 

Weathering of Antarctic meteorites can change the isotopic signature by the 

addition of terrestrial oxygen to the meteorite. In order to remove any terrestrial 

contamination effects, Clayton and Mayeda (1988) treated some of the ureilite 

samples with HCI to remove the contaminants. This does alter the isotopic values 

moving the value for the treated ureilite along an approximately ~ fractionation line 

to higher values on the 6170/6180 oxygen isotope plot). 
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The effects of shock on characteristics other than visible petrographic aspects 

is a matter of dispute (e.g. the SNC meteorite isotopic signatures for the Rb-Sr 

system (Nyquist et al., 1986). K-Ar and Ar-Ar as well as U, Th-He ages are 

apparently reset by shock (Kirsten et ai, 1963 and Heyman et ai, 1967 cited in Dodd, 

1981). Because impacts impart energy to the target, the effects are postulated to be 

seen in isotopic characteristics. 

The difficulty with initiating such an examination of the ureilites is that the 

classification of shock level in ureilites is inadequate and in some cases contradictory. 

For example, prior to the discovery of the very low shock ureilite ALHA78019 

(without diamond and with graphite), ureilites such as Kenna and Dyalpur were 

classified as low shock. Such a designation seems in error today. Nevertheless, for 

the purposes of examining the gross patterns in the oxygen isotope data presented 

by Clayton and Mayeda (1988), the general classifications for shock (and weathering) 

will suffice. 

A plot of the oxygen isotopes (Figure 6.2) show essentially four groupings of 

ureilites along separate ~-slope lines. Those scattering along the highest line are: 

ALHA81101, Goalpara, Havero, LEW 85328, META78008, Y74123, Y74130, 

Y790981. Those scattering along the next line (and providing the best ~ 
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slope are): PCA 82506, MJIA77257, RC027, Kenna, and Novo Urei. (Clayton and 

Mayeda's plotting of the polymict breccias Nilpena, North Haig and EET 83309 is 

inappropriate as they definitely represent exotic material as well as ureilite material.) 

The next line represents a ~ slope line drawn through Dyalpur, Y791538 and LEW 

85440. The final line is drawn through ALH84136, ALH82130, and Y74659. Table 

6.1 displays the weathering and shock descriptions taken from the literature for each 

of these ureilites. As is evident, the medium-high to high shock ureilites all lie on 

the top most line. The next line represents the low to medium shock, mildly 

weathered ureilites. The lower two lines represent low shock, medium to highly 

weathered ureilites. This correlation between shock and weathering effects and 

positioning on the oxygen isotope plot need not be a coincidental occurrence. 

Disruption of the isotopic signature by shock (including the introduction of exotic 

material as well as the imparting of energy) and weathering must be seriously 

considered. Additional research should be undertaken to determine the effects of 

mixing of terrestrial (Antarctic ice) oxygen with meteorites. It should also be noted 

that the Sm-Nd group of Goodrich et al. (1990) comprising Kenna, Novo Urei and 

ALHA77257 is part of the second group displayed on this oxygen plot. The oxygen 

isotope data is equivocal and may indicate different parent bodies or disruption of 

the isotopic signature. 
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Table 6.1 Oxygen Isotope Groups 

Ureilite Shock Degree 
Weathering 
Group I: 

Goalpara high 
Havero high 
ALHA81101 high NB 
LEW 85328 medium B 
META78008 medium B 
Y 74123 medium B 
Y 74130 medium B 
Y 790981 medium B/C 

Group II: 
Dingo Pup Donga low highly 
Kenna low/medium 
Novo Urei low/medium 
Roosevelt County 027 very low 

significantly 
ALHA77257 low A 
PCA 82506 low NB 

Group III: 
Dyalpur medium ui<rnm 
LEW 85440 very low B 
Y 791538 very low C 

Group IV: 
ALH 84136 low (?) B 
ALH 82130 low B 
Y 74659 low B 

The sources of these data are the same as those for Table 1.1. 
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6.4.4.4 Summary 

The oxygen isotope results (Clayton and Mayeda, 1987) do not necessary 

imply a primitive, non-processed origin for the ureilites. Instead, they present 

paradoxical information. Questions exist about the bulk data collected, i.e. has it 

been compromised by shock or weathering effects, does it reflect the original ureilites 

or ureilites + exotic material, as well as about the behaviour of oxygen isotopes in 

meteorite parent bodies, i.e. does equilibration necessarily occur in all systems or is 

it to be expected just for liquid systems. The trace element data which demonstrate 

that the ureilites have undergone igneous processing (as residues) are not necessarily 

challenged by the oxygen isotopic data. 

6.5 SUMMARY 

The data which point to complex origins for the ureilites are: superchondritic 

CaiAl ratios in major silicates (Goodrich et al., 1987a), the Eu anomaly variability 

and degree, rare-earth elements showing two components (light and heavy rare-earth 

enrichment) and age data which suggests activity at 3.74 Ga for a subset of ureilites 

(Goodrich et al., 1987a; Goodrich et aI., 1988). Simple petrogenesis is advocated by 

researchers of oxygen isotope data for bulk meteorites (Clayton and Mayeda, 1988) 

and proponents of exotic processes such as Ostwald ripening (Takeda, 1987, 1989). 

Equivocal data are the nitrogen isotope data (Grady et al. 1985) and the siderophile 

element data and, actually the oxygen data cited as evidence for primitive origin. 
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The trace-element data presented here do not correlate with the groupings 

displayed by any other ureilite characteristics (except age data) and do not provide 

a simple or conclusive answer to the dilemma of ureilite petrogenesis. Instead, they 

do point to ureilites as mixtures of materials analogous to terrestrial ultramafic rocks. 

Similar geochemical data (especially the REE) on such rocks can, therefore, provide 

further insights on ureilite formation. 

These analyses of terrestrial samples (Table 6.2) reinforce the idea of sma~l

scale heterogeneity in ultramafic petrogenesis as suggested by Frey and Prinz (1978). 

While the data are broadly consistent with earlier analyses (Frey et aI., 1971; Frey 

and Prinz, 1978), they do promote the idea that heterogeneity of the mantle exists 

on a small scale in these localities: the three San Carlos separates that were 

analysed in the NAA experiments mimic the variety of trace-element abundances 

seen in spinel dunite, spinel lherzolite, spinel-olivine orthopyroxene + websterite and 

spinel-olivine-clinopyroxene + websterite samples (Frey and Prinz, 1978). The 

analysis of 1\vin Sisters dunite is also comparable to the earlier analyses but shows 

less LREE enrichment (La{Yb at 1.1 versus 5.2 and 4.4). The Cazadero peridotite 

analysis shows less difference from previous studies. These trace element 

abundances in the terrestrial ultramafic bulk rocks have been attributed to the 

trapping of migrating melts in 



TABLE 6.2 REE abundances (inppb) terrestrial ultramatic rocks 

Sample Type Masslmgl La Ce Nd Sm Eu Gd Tb Dy Ho Tm Vb 

DTS·l bulk 537.71 25.1 3.9 2.9 23.7 6.9 22.3 

residue 56.44 7.4 6.7 1.6 0.02 2.3 2.4 0.7 0.6 3.7 

PCC-, Ibulk 445.44 43.9 5.1 2.7 22.9 7.1 18.6 
residue 73.09 6.8 59.9 1.6 0.02 0.12 4.8 1.5 1.3 9.7 

I 
San Carlos Samples: 
PM-2-18 lon~", rioh 457.55 623.4 1440 573 129.6 48.5 24.2 209.7 79.9 
PM-2-31-A ol.pyx.rich 500.61 78.1 567.8 244.1 110.8 68.2 131.8 447.4 
PM-2-42E pyx. rich 494.1 769.6 3379 3725 1203 422.8 207.9 236.8 621.6 

Bul~ and separate samples determined by INAA. DTS·! and PCC-! errors lellthan 30%, San Carlos samples' errors I.ss than 20%. e .. ept tho.e olla and Ce for PM-2·31A which ar.lessthan 30%. 

Errors are based on counting statistics. 

Lu 

0.2 

8.9 
66.9 
79.9 

..... 
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residues which remained from a previous melting episodes (Frey and Prinz, 1978; 

Frey, 1984). The variation of the REE abundances in samples which lie in close 

proximity is then easily understandable as a reflection of the heterogeneous 

distribution of the melt within a fairly uniform residue. Extrapolating this to the 

ureilite parent body(ies), the heterogenity of trace elements within and among 

samples is not unexpected - such mixtures of material are common in ultramafic 

rocks on earth and apparently in our collections of extraterrestrial ultramafic rocks. 

This heteorgeneity and the mixing of materials may result from solely parent body 

activity or from the introduction of physical and chemical effects from an impact 

event. This viewpoint provides a revised leitmotif with which to look at the ureilites: 

considering them as mixtures of materials and designing future research in line with 

this premise, may be the only way to unravel the origin of ureilites. 

This work has provided a significant amount of new data on the ureilite class 

of meteorites. It has greatly extended the database for trace elements in lithophile, 

chalcophile and siderophile element groups thus allowing more extensive comparison 

of the ureilite group members. This comparison in some respects has raised more 

questions than it has provided answers. It has led to the conclusion, however, that 

a simple, primitive history for the ureilites is not viable. The data presented here 

provide corroboration for the ideas that ureilite petrogenesis has been complex. It 

has not been complex, however, in the manner postulated in Goodrich et at (1987) -

several episodes of melting and remelting of a parent body. It has been complex in 

the manner displayed by terrestrial magmatic residues which have been invaded by 
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exotic materials from other sources. 

The combination of the models which propose igneous processing and impact 

events as the drivers for the chemical and physical characteristics seems the most 

attractive alternative. As such, the ureilite samples in the collections may represent 

residues of partial melting activity which have mixed with material of impactors of 

one or more events. Some of the ureilites may record this secondary process more 

thoroughly than others (e.g. those which exhibit the age of 3.74 Ga and the higher 

Ir component). A complex history of igneous processing and impact-produced 

characteristics might proceed as follows: It appears from the Sm-Nd data that 

ureilites formed early in the history of the solar system, the 4.55 Ga date. The 

starting material for the ureilites sampled today does not appear to be chondritic but 

some material which passed through a stage in which REE were depleted as wen as 

some siderophiles and the CalAl ratio became superchondritic. Impacts which 

excavated and possibly quenched these proto-ureilites may have been part of this 

scenario. The ureilite parent body (or parent bodies) then suffered some later 

disturbance at 3.74 Ga. Such a disturbance could be an impact which produced 

enough energy to cause melting, disturbance of some of the isotopic regimes and 

addition of exotic components to the ureilites which cause the mixing trends for some 

trace elements, the LREE enrichment, the interstitial silicate material and possibly 

(almost certainly) the disequilibrium of bulk material which produces reduction rims 

on the olivine. Later impacts produced the debris delivered to earth which forms the 

specimens in the meteorites collections. It remains for additional research to provide 



197 

the extensive data which may allow researchers to reach an answer about the 

formation and history of these enigmatic meteorites. 
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Appendix I 

FORTRAN Code - REE Modelling 



c programme ureir.for 

c programme to calculate the element concentrations 
c in the ureilite parent body: model tests 

c this revision accounts for batch melting/removal/reclaculation of 
c modal percents and distribution coefficients in partial melting for 
c incremental equilibrium batch melting and crystallization to sim-
c ulate fractional modelling. if stel-l -> equilibrium calculations 

character *2 elem (1:8) 
character ans*l, res*l 
integer wrc 
integer i,j,pr,k 
integer a,b,c,e,f,g,h 
real fpm,fxtl,flr,td 
real fpmp,fxtlp 
real ol,cpx,opx,plag 
real mat(8,8,8),matci(8,8,8) 
real crl(1:8),cr2(1:8),crlci(1:8),cr2ci(1:8) 
real csl(1:8),cs2(1:8) 
real d(1:8),dol(1:8) ,dcpx(1:8) ,dplag(1:8) ,dopx(1:8) 
real ci(1:8),cici(1:8),cv(1:8) 
real cslci(1:8),cs2ci(1:8) 
real clal(1:8),clc2(1:8),clcl(1:8),c13(1:8),c14(1:8) 
real clalci(1:8),clc2ci(1:8) ,clclci(1:8) ,c13ci(1:8) ,c14ci(1 :8) 

c variables for step loop to account fo,-peritectic melting of cpx,plag 
real fol,fcpx,fopx,fplg.nol,ncpx,nopx,nplg,nt,fmc,tfmc,tfpm,tflr 
real sfpm,sflr,tfpmc,tflrc 
real olm,cpxm,opxm,plgm.tprop 
real olnrm,cpxnrm,opxnrm,plgnrm 
integer step,loop . 
integer flag,olflag,cpxflg,opxflg,plgflg 
character comment*4,prop*1 

c cumulate coding variables 

character cum*l 
integer cumflg 
real olcum,cpxcum,opxcum,plgcum 
real clol(1:8) ,clcpx(1:8) ,clopx(1:8) ,clplg(1:8) 
real csol(1:8) ,cscpx(1:8) ,csopx(1:8),csplg(1:8) 
real cs3(1:8),cs3ci(1:8) 

c plagioclase assimilation variables 

character plags*2 
real aplag 
real cplag(1:8) ,cplgal(1:8),cplgmc(1:8) ,cplgwr(1:8) 

c file name for output data 
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daea nll/50/ 

c elemene conceneraeions: chondritic based on CINORM/Boynton lab 

data elem/' la' , 'ce' , 'nd' ,'sm' ,'eu',' gd' ,'yb' ,'lu' / 
daea cici/0.2446,O.6379,O.4738,O.1540,O.05802,O.2043, 

* 0.1651,0.02539/ 

daea cv/0.472,l.33,O.99,O.288,O.113,O.42,O.325,O.047/ 

c plagioclase and vall rock assimi~aeion values 
c Goodrich and Jones (LPSC XVIII, 1987) plag addition to mele 
c moore county eucrite cumulate for plag - per J Jones 2/87 
c p.m. moore county co assimilate vall rock - per Boynton 4/87 
c actual plagioclase values from AlHA765 - Nakamura et al., 1983 

data cplgal/1.712,4.970,2.680,0.7650,l.647,O.9210,0.5580,O.0782/ 
data cplgmc/.9539,2.424,2.179,.7084,.4642,.9398, .8420,.1523/ 
data cp1gwr/102.05,103.46,125.2l,114.44,17.79,99.7l,64.71, 

* 76.598/ 

c distribution coefficient data: 
c olivine - McKay, 1982 and Yasson, 1986 
c clinopyroxene (pigeonite) . Mckay, 1982 and ~asson, 1986 
c orthopyroxene - Yasson, 1986 
c plagioclase - McKay 1982 and ~asson, 1986 d-l.O or 1.2 
c Eu value from Drake and Yeill, 1975 
c for f02-iv and t-1200 (>iv lovers d) 
c Drake programme dplau(eu)-.86 CAG calc. 

data doll .0, .0, .00007, .0005, .000565, .0014, .02, .0335/ 
c data dcpx/. 002, .004, .019, .031, .0279, .043, .13, .13/ 

data dopx/.006,.0075,.012,.019,.019,.029,.12,.14/ 
data dplag/.055,.05,.035,.03,l.2,.03,.009,.008/ 

c pigeonite revised values from Mckay, LPSC XXI, 1990 
c only the Eu value has changed- half of previous neg anomaly 

data dcpx/.002,.004,.019,.03l,0.011,.043,.13,.13/ 

c operator entry of scarting material 

print *,' , 
print *,' this program calculates the concentrations of REE 

* in various materials' 
print *,'op'erator entry includes source material, stage, dist 

* ribution coefficients,' 
print *,'fraction of partial melting or crystallization' 

print *,' , 
25 print *,'select source maeerial for melting or crystallation 

* calculations' 
print *,' , 
print *,'1 - chondritic (CI) concentrations' 
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print *, '2 
print *, '3 
print *, '4 
print *, '5 
print *, '6 
print *,'7 
print *,'8 
print *,'9 
print *, '10 
print *, '11 

read *,a 

print *,' , 

equilibrium partial melting residue' 
equilibrium partial melting liquid' 
fractional partial melting residue' 
fractional partial melting liquid - current' 
fractional partial melting liquid - aggregate' 
s.equilibrium crystallization solid' 
s.equilibrium crystallization liquid' 
t.equilibrium crystallization solid' 
t.equilibrium crystallization liquid' 

- chondri tic (CV) concentrations' 

print *,'enter model stage which produced the source material' 
print *,'0 initial stage, chondri tic source material' 
print *,'1 stage one - first melt or crystallization' 
print *,'2 stage two - second melt or crystallization' 
print *,'3 stage three - third melt or crystallization' 
print *,' etc.' 

read *,b 
g - b + 1 
c-b+2 

do 50 i - 1,8 
mat(l.l.i)-cici(i) 
matci(l.l.i)-l.O 
if(a.eq.11) tben 

mat(l.l,i)-cv(i) 
endif 

50 continue 

do 75 i - 1.8 
ci(i)-mat(a.g.i) 

75 continue 

c incorporation of plagioclase into magma: Ll'SC model-, stage 3 

76 print *.' , 
print *,'amount of plagioclase to incorporate into magma' 
print *,'enter fractional amount for 3rd stage assimilation' 

read *.aplag 

if(aplag.eq.O) then 
goto 90 

elseif(aplag.1t.0) then 
goto 76 

endif 

77 print *. 
print *.'enter source of plagioclase values:' 
print *.'wr- wall rock partial melt (1')' 
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prine *,'mc- moore county eucrice cumulaee bulk rock' 
prine *,'al- ALHA765 eucrice plagioclase values' 
read(6,78)plags 

78 fomae(a2) 

if«aplag.gc.O.O).and.(plags.ne.'wr').and.(plags.ne.'mc').and. 
* (plags.ne.'al'»chen 

goto 77 
elseif(plags.eq.'wr')then 

cplag(i)-cplgwr(i) 
elseif(plags.eq.'mc')then 

cplag(i)-cplgmc(i) 
elseif(plags.eq.'al')then 

cplag(i)-cplgal(i) 
endif 

if(aplag.gt.O.O)then 
do 79,i-l,8 

ci(i)-mat(a,g,i)*(l.O-aplag) + cplag(i)*(aplag) 
79 continue 

endif 

c operator enery of fraction of mineral in source maeerial or in 
c solid that is crystallizing - to determine distribution coefficient 

90 print *,' , 
print *,'enter fraction of mineral in starting maeerial (p.m.) or 

* in cryseallizing solids (cry.):' 
print *,'total must be equal to 1.00: 4 minerals: ol,cpx,opx, 

* plag' 

print *,'olivine - , 
read (6,91)01 

91 format(f3.2) 

print *,'clinopyroxene(pigeonite) - , 
read(6,91)cpx 

print *,'orthopyroxene - , 
read(6,91)opx 

print *,'plagioclase - , 
read(6,9l)plag 

td - 01 + cpx + opx + plag 

olnrm-ol 
cpxnrm-cpx 
opxnrm-opx 
plgnrm-plag 

print *,' , 
print *,'enter melting proportions in starting material (p.m.) or 

* crystallizing proportions in solids (cry.):' 
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print *.·1e. peritectic melt of chondrite w/ol.cpx.plg·cpx-.5 
* and plag-.5·cpx and plag melt in SO/50 proportions' 

print *.·olivine - • 
read *.olm 

print *.'clinopyroxene - ' 
read *.cpxm 

print *.'orthopyroxene - , 
read *.opxm 

print *.'plagioclase - ' 
read *.plgm 

if «td.ge.0.99990).and.(td.le.l.00001»then 
goto 93 

else 
goto 90 

endif 

c operator input: amounts of partial melt and crystallization 
93 print *.'enter fraction of partial melting:' 

print *.'(partial melt calculation)' 
read *,fpm 
fpmp - 100.0 * fpm 

print *.' enter fraction of crystalliz/U!ion:' 
print *.'(crystallization calculations)' 
read *. fxtl 
fxtlp - 100.0 * £Xtl 
cumflg-O 

if (fxtl.gt.O.O)then 
print *.'does this crystallization form a cumulate? 

* (y or n)' 
read(6,700)cum 
if «cum.eq.'y').or.(cum.eq.'y'»then 

cumflg-l 
print *,'enter fractions for cumulate: ol,cpx,opx. 

* plag' 

endif 

print *.'olivine - , 
read *,olcum 

print *.'clinopyroxene - ' 
. read· *, cpxcum 

print *.'orthopyroxene - , 
read *,opxcum 

print *.'plagioclase - , 
read *.plgcum 
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endif 

flr - 1.0 - fxcl 
flr - 1.0000000000000 - fxtl 

prine *,' , 
prine *,'enter seep size (fractional increments) for melting 

* and crystallization recalculaeions' 
prine *,'ie. if toeal mele - .1, step - 10 -> increments - .01' 
print *,'ie. if total melt - .3, step - 1 -> one step only' 
read *,step 

print *,' , 
print *,'indicate product to be calculated for this stage:' 
print *,'2 - equilibrium partial melting residue' 
print *,'3 - equilibrium partial melting liquid' 
print *,'4 - fractional partial melting residue' 
print *,'5 fractional partial melting liquid - current' 
print *,'6 fractional partial melting liquid - aggregate' 
print *,'7 s. equilibrium crystallization solid' 
print *,'S - s. equilibrium crystallization liquid' 
print *,'9 - t. equilibrium crystallization solid' 
print *,'10 - t. equilibrium crystallization liquid' 

read *,e 

c determine if modal mineralogy is changing with amount of melting or 
c amount of crystal fractionation - if modal mineralogy does change, 
c must go through reiteration calculati~i if modal mineralogy does 
c not change, skip to simple/one-shot equations 

tprop - olm + cpxm + opxm + plgm 

if(tprop.gt.O.O)then 
goto 95 

elseif«tprop.eq.O.O).or.(fpm.eq.O»then 
do 94, i-l,S 

d(i) - ol*dol(i) + cpx*dcpx(i) + opX*dopx(i) 
* + plag*dplag(i) 

94 continue 
goto 110 

endif 

c set up for reiteration calculations 
95 if (fpm.ne.O.O)then 

fmc-fpm/step 
else 

fmc-fxtl/step 
endif 

c reiteration calculations of distribution coefficient & concentrations 
c d(i) is the bulk distribution coefficient of the original mineral 
c assemblage of the rock that is melted (or magma crystallized) 
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sfpm - fmc 
sflr - 1. - fmc 
tfmc - fmc 
tfpm - fmc 
tflr - 1. - fmc 

96 do lOO loop-l,step 
fol - tfmc * olm 
fcpx - tfmc * cpxm 
fopx - tfmc * opxm 
fplg - tfmc * plgm 
nol - olnrm - fol 
ncpx - cpxnrm - fcpx 
nopx - opxnrm - fopx 
nplg - plgnrm - fplg 

if(nol.lt.O)then 
nol-o.O 

endif 
if(ncpx.le.O)then 

ncpx-o.O 
endif 
if(nopx.lt.O)then 

nopx-o.O 
endif 
if(nplg.le.O)then 

nplg-Q.O 
endif 

ne - nol + ncpx + nopx + nplg 
ol= - no line 
cpxnrm - ncpx/ne 
opxnrm - nopx/nt 
plgnrm - nplg/nt 

do 98, i-l,8 
d(i) - ol~l(i) + cpxnrm*dcpx(i) + opxnrm*dopx(i) 

* + plgnrm*dplag(i) 

if«fpm.ne.O.O).and.(step.gt.l»then 
cr2(i)-(ci(i)*d(1»/(d(1)+(sfpm*(1-d(i»» 
ci(i)-cr2(i) 

elseif«flr.ne.O.O).and.(step.gt.l»then 
c13(i)-ci(i)*(sflr**(d(i)-1» 
ci(i)-c13(i) 

elseif«fpm.eq.O).and. (flr.eq.O).and. (step.eq.l»then 
ci(i)-ci(i) . 

endif 

98 continue 

tfmc - tfmc + fmc 
tfpm - tfpm + fmc 
tflr - tflr - fmc 
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330 

332 

800 

* 
80S 

* 
810 

* 

tfpmc - tfpm - fmc 
tflrc - tflr + fmc 
if«tfpm.ne.fpm).or.(tflr.ne.flr»then 

endif 

if «nol.eq.O).and.(olm.gt.O»then 
olflag-l 
commont-' 01 ' 
flag-l 

endif 
if «ncpx.oq.O).and.(cpxm.gt.O»thon 

cpxflg-l 
comment-' cpx' 
flag-l 

endif 
if «nopx.eq.O).and.(opxm.gt.O»then 

cpxflg-l 
comment-' Oplt' 
flag-l 

endif 
if «nplg.eq.O).and.(plgm.gt.O»then 

plgflg-l 
comment-'plag' 
flag-l 

endif 

if(flag.eq.l) then 
do 815, pr-l,2 

if(pr,eq.l)then 
wrc-6 

else 
wrc-nll 

endif 
write(vrc, 330) 
format(lx,' ') 
write(vrc,332)g 
format(lx,'S~GE ',il) 

write(vrc,800) comment 
format(lx,a4,' used up before p.m./crystallization 

complete') 
write(vrc,80S)01nrm,cpxnrm,opxnrm,plgnrm 
format(lx,'current mineralogy: 01- ',fS.3,2x,'cpx- ',fS.3, 

2x,'op~ ',fS.3,2x,'plag- ',fS.3) 
write (vrc, 8l0)tfpmc, tflrc 

format(lx,'fraction melted(p.m.): ' ,fS.3,3x, 
'fraction liquid remaining (f.c.): ',fS.3) 

815 continue 

825 print *,' , 
print *,'do you want to a) reset remaining to zero 
print *,' pm/xtl as it is now 
print *,' or b) enter new mineral proportions' 
print *, 'enter a or b: ' 
read(6,830)prop 

830 format(al) 
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olm-o.O 
cpxm-O .0 
opxm-O.O 
plgm-o.O 

if(prop .eq. ' s' ) then 
goto 850 

elseif(prop.eq.'b')then 

print *,'enter new mineral melting proportions to proceed' 
if(olflag.ne. 1) chen 

endif 

print *,'olivine melting proportions:' 
read *,olm 

if (cpxflg.ne. 1) chen 

endif 

print *,'clinopyroxene melting proportions:' 
read *,cpxm 

if(opxflg.ne. 1) chen 

endif 

print *,'orthopyroxene melting proportio~:' 
read *,opxm 

if(plgflg.ne. 1) then 

endif 

print *, 'plagioclase melting proportions:' 
read *,plgm 

elseif«prop.ne.'s').or.(prop.ne.'b'»then 
goto 825 

endif 

850 flag-o 

endif 

olflag-O 
cpxf1ag-o 
opxflag-o 
plgflag-O 

100 continue 

110 do 300 i-l,8 

if (d(i).eq.O) goto 300 
if (fpm.eq.O) goto 200 
crl(i) - ci(i) * «l-fpm)**«l/d(i)-l») 
cr2(1) - (ci(i)*d(l»/(d(l)+(fpm*(l-d(l»» 
clal(l) - (ci(l)/fpm)*(l-«l-fpm)**(l/d(l»» 
clcl(l) - (cl(l)/d(l»*«l-fpm)**(l/d(l)-l» 
clc2(1) - ci(i)/(d(l)+fpm*(l-d(l») 

200 csl(l) - ci(i)*d(l)*(flr**(d(l)-l» 
cs2(1) - (ci(l)*d(l»*(flr+d(l)*(l-flr» 
c13(1) - ci(l)*(flr**(d(l)-l» 

clol(l) - cl(l)*(flr**(dol(i)-l» 
clcpx(i) - cl(l)*(flr**(dcpx(i)-l» 
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elopx(1) - e1(1)*(flr**(dopx(1)·1» 
elplg(1) - e1(1)*(flr**(dplag(1)·l» 

esol(1) - dol(1)*e13(1) 
esepx(1)- depx(1)*el3(1) 
esopx(l)- dopx(1)*el3(1) 
esplg(l)- dplag(1)*el3(i) 

es3(i) - oleum*esol(l) + epxeum*esepx(1) + opxeum*esopx(1) + 
* plgeum*esplg(l) 

e14(i) - ei(i)/(flr+(d(l)*(l·flr») 
erlei(i) - erl(l)/elei(i) 
er2ei(1) - er2(1)/eiel(i) 
eslei(i) - eslei)/eici(i) 
es2ei(i) - es2(i)/eiei(i) 
es3ei(i) - es3(i)/eiel(i) 
elalel(l) - elal(i)/elei(i) 
ele2ei(1) - ele2(i)/elei(i) 
elelel(i) - elel(i)/ciei(i) 
el3el(1) - cl3(i)/eiel(i) 
e14ei(i) - c14(i)/eiei(i) 

If(e.eq.2) then 
mac(e,c,i) - cr2(i) 
macei(e,e,l) - er2el(i) 

elseif (e.eq.3) then 
mac(e,e,i) - ele2(i) 
macei(e,e,!) - elc2ei(i) 

else if (e.eq.4) then 
mac(e,e,i) - erl(i) 
macei(e,e,i) - erle!(i) 

elself (e.eq.S) then 
maC(e,e,!) - elel(i) 
macei(e,e,i) - elelei(i) 

elseif (e.eq.6) then 
mac(e,c,i) - elal(i) 
macei(e,e,i) - elalei(i) 

elseif (e.eq.7) then 
If(eumflg.eq.O) chen 

mac(e,e,i) - esl(i) 
macel(e,e,i) - eslei(i) 

elself(cumflg.eq.l) then 
mat(e,e,i) - es3(i) 
macel(e,e,i) - es3ei(i) 

endlf 
elseif (e.eq.8) then 

maC(e,c,i) - e13(l) 
macei(e,c,i) - e13el(i) 

elself (e.eq.9) then 
mac(e,c,i) - es2(i) 
macei(e,c,i) - es2ei(i) 

elself (e.eq.10) then 
mac(e,e,l) - e14(1) 

208 



matci(e,c,i) - c14ci(i) 
endif 

300 continue 

if (b.eq.2)then 
do 289 k-l,8 
write(wrc,288) mat(e,c,j),matci(e,c,j) 

288 format(lx,flO.6,2x,flO.6) 
289 continue 

endif 

print *,' , 
print *,'do you want the results printed/displayed? (y or n)' 
read(6,325)res 

325 format(al) 

if«res.eq.'y').or.(res.eq.'Y'»then 

do 650, pr-l,2 
if(pr. eq .1) then 

wrc-6 
else 

wrc-nll 
endif 

write(wrc,330) 
write(wrc,332)g 

if(a.eq.l)then 
write(wrc,334) 

334 format(lx,'CI chondrite source:') 
elseif(a.eq.2)then 

write(wrc,336) 
336 format(lx,'equil.p.m. residue source:') 

elseif(a.eq.3)then 
write(wrc,338) 

338 format(lx,'equil.p.m. liquid source:') 
elseif(a.eq.4)then 

write(wrc,340) 
340 format(lx,'fract.p.m. residue source:') 

elseif(a.eq.5)then 
write(wrc,342) 

342 format(lx,'fract.p.m. liquid (c) source:') 
elseif(a.eq.6)then 

write(wrc,344) 
344 format(lx,'fract.p.m. liquid (ag) source:') 

elseif(a.eq.7)then 
write(wrc,346) 

346 format(lx,'s.equil.xtl.solid source:') 
elseif(a.eq.8)then 

write(wrc,348) 
348 format(lx,'s.equil.xtl.liquid source:') 

elseif(a.eq.9)then 
write(wrc,350) 

350 format(lx,'t.equil.xtl.solid source:') 
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elseif(a.eq.10)then 
write(wrc,352) 

352 format(lx,'t.equil.xtl.liquid source:') 

elseif(a.eq.il)then 
write(wrc,354) 

354 format(lx,'CV chondritic source:') 
endif 

write (wrc , 450)fpmp 
450 format(lx,f5.l,', partial melting') 

write(wrc,460)fxtlp 
460 format(lx,f5.l," crystallization') 

write(wrc,470)ol,cpx,opx,plag 
470 format(lx,'original material 01: ',f5.3,2x,'cpx: ',f5.3, 

* 2x,'opx: ',f5.3,2x,'plag: ',f5.3) 

write(wrc ,475) olnrm, cpxnrm, opxnrm,plgnrm 
475 format(lx,'normalized matl. nol: ',f5.3,2x,'ncpx: ' ,f5.3, 

* 2x,'nopx: ',f5.3,2x,'nplg: ',f5.3) 

writo(wrc,477)olm,cpxm,opxm,plgm 
477 format(L~,'melting proportions 01: ',f5.3,2x,'cpx: ',f5.3, 

* 2x,'opx: ',f5.3,2x,'plag: ',f5.3) 

write(wrc,478)step 
478 format(lx,'number of iterations: ',i4) 

if(e.eq.2) then 
write(wrc,480) 

480 format(lx,'oquil.p.m. residue product') 
elseif(e.eq.3) then 

write(~,482) 
482 format(lx,'equil.p.m. liquid product') 

elseif(e.eq.4) then 
write(wrc,484) 

484 format(lx,'fract.p.m. residue product') 
elseif(e.eq.5) then 

write(wrc,486) 
486 format(lx,'fract.p.m. liquid (c) product') 

elseif(e.eq.6) then 
write(wrc,488) 

488 format(lx,'fract.p.m. liquid (ag) product') 
elseif(e.eq.7) then 

write(wrc,490) 
490 format(lx,'s.equil.xtl. solid product') 

if(cumflg.eq.l) then 
write(wrc,49l)olcum, cpxcum, opxcum, plgcum 

491 format(lx,'cumulate: 01- ',f5.3,2x,'cpx- ' ,f5.3, 
* 2x.'opx- ',f5.3,2x,'plag- ',f5.3) 

endif 
elseif(e.eq.8) then 
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write(wrc,492) 
492 format(lx,'s.equil.xtl. liquid product') 

else1f(e.eq.9) then 
write(wrc,494) 

494 format(lx,'t.equil.xtl. solid product') 
elseif(e.eq.10) then 

write(wrc,496) 
496 format(lx,'t.equil.xtl. liquid product') 

endif 

if«aplag.gt.0}.and.(g.eq.3}}then 
write(wrc,498)aplag 

498 format(lx,'plagioclase assimilated: ' ,fS.3} 
endif 

write(wrc, 500) 
500 format(3x,'concentration - ppm',9x,'[ppm]/CI',12x,'d(i}') 

do 600 j-l,8 
write(wrc, SSO)olem(j} ,mat(e,c,j} ,matci(e,c,j} ,d(j) 

550 format(lx,a2,4x,flO.6,12x,flO.6,8x,flO.6} 
600 continue 

650 continue 
endif 

print *,' , 
print *,'do you want to calculate other concentrations? 

* (y or n)' 
road(6,700)ans 

700 format(al) 

if«ans.eq.'y').or.(ans.eq.'y'»then 
goto 25 

else 
goto 999 

endif 

999 stop 
end 
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Appendix n 

FORTRAN Code - Student's t-test 
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c this programme calculates the t and degrees of freedom necessary for the 
c t-test tables_ The conditions for this programme are null hypothesis is 
c mean a - mean b and sigma a and sigma b are unknown and unequal. 

c operator entry includes the number of values in each group and the values. 

character*l ans 
integer wrc, pr, i 
real sums, sumb, meana, meanb, vara, varb, svara, svarb, ssvara, ssvarb 
real sda, sdb, t, nu 
real a, b, na, nb .. 
real aa(1:8), bb(l:8) 

c file name for output data 
data n11/25/ 

print *,' , 
print *,'this programme calculates t and nu for at-test vith null 

* hypothesis mean a - mean b, and sigma a & sigma b unknown 
* unequal.' 

print *,' , 
print *,'operator entry includes number of values and the values for each 

* group' 

25 na-o 
nb-o 
suma-O 
sumb-o 
meana-o 
meanb-o 
vara-o 
varb-o 
svara-o 
svarb-o 
ssvara-o 
ssvarb-o 
sda-o 
sdb-o 
t-O 
nu-o 

print: *,' , 
print: *,'enter the number of values in the first group: 

read *,na 
print *,' , 

do 50 i-l,na 
print: *, 'value: 
read *,a 
aa(1)-a 
sums-suma + a 

50 cont:1nue 
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meana-suma/na 

prine *.' , 
print *,'enter ehe number of values in the second group:' 

read *,nb 
prine *,' , 

do 100 i-l,nb 
print *,'value: ' 
read *,b 
bb(i)-b 
sumb-sumb + b 

100 continue 
meanb-sumb/nb 

do 150 i-l,na 
vara-aa(i)-meana 
sqvara-vara * vara 
svara-svara + sqvara 

150 continue 

do 200 i-l,nb 
varb-bb(i)-meanb 
sqvarb-varb * varb 
svarb-svarb + sqvarb 

200 continue 

vara- (l/(na-l» * svara 
varb- (l/(nb-l» * svarb 

sda- sqrt(vara) 
sdb- sqrt(varb) 

t- ABS«meana-meanb)/SQRT«vara/na)+(varb/nb») 
nu-(-2) + ««vara/na) + (varb/nb»*«vara/na) + (varb/nb») 

* /««vara/na)*(vara/na»/(na+l» 
* + «(varb/nb)*(varb/nb»/(nb+l»» 

print *.' , 

do 750, pr-l,2 
if (pr.eq.l)then 

vrc-6 
else 

vrc-nll 
endif 

vrite(vrc,500)na,meana,sda 
500 format(lx,'first group: number- ',f2.0,2~,'mean- ',f5.2,2x, 

* 'std.dev.- ',f5.2) 

vrite (vrc , 600) nb', meanb ,sdb 
600 format(lx,'second group: number- ',f2.0,2x,'mean- ',f5.2,2x. 
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,., * 'std.dev.- ' ,f5.2) 

v~ite(w~c.700)t.nu 
700 format(lx.'t - '.f5.3.2x.'deg~ees of freedom - ' .f5.3) 
750 continue 

print *,' , 
print *,'do you want to calculate additional ts and nus ? 

* (y or n)' 
read(6,800)ans 

800 format(al) 

if«ans.eq.'Y').or.(ans.eq.'y'»then 
goto 25 
else 
goto 999 
endif 

999 stop 
end 
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Appendix ill 

FORTRAN Code - Kolmogov-Smirnov Test 
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c this progrrunoe calculates the 0 and probabllicy th3t the null hypothesis is 
c disproved (the d3tasets come from different distributions or populations using 
c the Kolmogorov·Smirnov Test (cdf) found in Press et 0'11. 1986. n,is is modified 
c from the t·test programme so some extraneous variables arc present. 10/13/91. 
c the subroutines kscwo and sort and the function probks arc from Press et 0'11., page 
c 474-5. 

c operator entry includes ehe number of values in each group and ehe values. 

characeer*l ans 
integer vrc, pr, i, nl, n2 
real suma, sumb, meana, meanb, vara, varb, svara, svarb, ssvara, ssvarb 
real sda, sdb. e, nu 
real a, b, na, nb 
real 0'10'1(1:100), bb(l:lOO) 
real daeal(l:lOO) , daca2(1:100) 

c file name for oucpue daca 
data nU/2S1 

prine *.' , 
prine *.'this progr~e calculaees Deese staeiseic and probability 

* the null hypothesis is disproved, i.e. the populaeions are diff~rene 
* noe one populaeion or distribueion.' 

prine *,' , 
prine *,'operaeor enery includes number of values «lOl) and the values for each 

* group' 

2S na-o 
00-0 
suma-o 
sumb-o 
meana-o 
meanb-o 
vo'1ra-o 
vo'1rb-o 
svaro'1-o 
svarb-O 
ssvaro'1-o 
ssvo'1rb-Q 
sda-o 
sdb-Q 
e-o 
nu-Q 
nl-Q 
n2-o 

prine *,' , 
prine *,'enter the number of values in the firse group: 

read *,na 
print "":,' , 
nl-ine(na) 
do 50 i-l,na 

print *,'vo'1lue: ' 
read *.a 
ao'1(i)-a 



5tUn.l-:;um.1 to .1 

SO conti.nuc 

prine *,' , 
print *.'cnter the number of values in the second group: ' 

read *.nb 
prine *.' , 
n2-int(nb) 
do 100 i-l.nb 

prine ..... 'value: ' 
read *.b 
bb(i)-b 
daea2(i)-b 
sumb-sumb + b 

100 concinue 
meanb-sumb/nb 

call kscwo (dacal.nl.daea2.n2.d.prob) 

prine *. ' , 
do 750. pr-l.2 

if (pr.eq.l)ehen 
vrc-6 

else 
vrc-nll 

endif 

wriee (vrc,500) O,prob 
500 formae(lx,'O ',f7.3,2x,'Probabilicy - ',f8.5) 

750 continue 

prine *, 
prine *,'do you vane co calculaee addieional Os and probabilieies ? 

* (y or n)' 
read(6,800)ans 

800 formae(al) 

if«ans.eq.'Y').or.(ans.eq.'y'»chen 
goeo 25 
else 
go co 999 
endif 

999 seop 
end 

subroueine ks~Jo(dat:al,nl,daI:a2,n2,d,prob) 

dimension daeal(nl),daea2(n2) 
call sore(nl,daeal) 
call sore(n2,daea2) 
enl-nl 
en2-n2 
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j2-t 
fnt-O 
fn2-0 
d-O 
If(j1.1e.n1.and.j2.1e.n2)then 

d1-data1(j 1) 
d2-data2(j 2) 
If(d1.1e.d2)then 

fn1-j 1/en1 
j1-j1+1 

endlf 
If(d2.1e.d1)then 
. fn2-j ?/en2 

j 2-j 2-,1 
cndif 
dt-abs(fn2-fn1) 
if(dc.gt.d)d-dC 

go co 1 
endif 
prob-probks(sqrt(en1*en2/(enl+en2»*D) 
recurn 
end 

subroucine sorc(n.ra) 
dimension ra(n) 
l-n/2+1 
ir-n 

10 conc1nue 
if(l.gc.l)t:hen 

1-1-1 
rra-ra(l) 

else 
rra-ra(1r) 
ra(1r)-ra(1) 
1r-ir-1 
1f(ir.eq.1)t:hen 

ra(l)-rra 
recum 

endif 
endif 
i-1 
j-1+1 

20 if(j.1e.ir)t:hen 
if(j .1c.ir) chen 

1f(ra(j) .It:. ra(j+1) )j-j+l 
endif 
if(rra.1c.ra(j»t:hen 

ra(i)-ra(j) 
i-j 
j-j+j 

else 
j-ir+1 

endif 
go Co 20 
endif 
ra(i)-rra 

go to 10 
end 
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funccion probks(alam) 
paramecer (eps1-0.001,eps2-1.e-8) 
a2--2 .... a1a.m* ... 2 
fac-2 
probks-O 
cermbf-O 
do II j-1,lOO 

cerm-fac*exp(a2*j**2) 
probks-probks+cerm 
if(abs(cerm).le.eps1*cermbf.or.abs(cerm).1e.eps2*probks)reCum 
fac--fac 
cermbf-abs(cerm) 

11 concinue 
prcbks-l 
recum 
end 
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