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ELEMENTAL ABUNDANCES IN THE SILICATE PHASE
OF PALLASITIC METEORITES

I. INTRODUCTION

Problems in Obtaining Geochemical Samples

Cosmochemists are interested in studying the processes which

transform an accumulation of primordial material into a layered dif-

ferentiated planet. Even in the present age information about many

planetary processes is admittedly scarce because of the physical

difficulties inherent in sampling. Many portions of the earth's crust

are difficult to reach and sample properly such as wild uncharted

areas, polar regions where ice layers and extreme temperature con-

ditions make sampling difficult, and deep ocean sites where water

pressure presents difficult technical problems; however, these prob-

lems are not remotely comparable to the extreme difficulties encoun-

tered in sampling deep within the earth's interior.

If one envisions the difficulties present in properly sampling this

planet today, then the problems of obtaining information about the

primeval processes which occurred during the birth of our solar sys-

tem become much more complex. Planetary differentiation processes

have occurred on the earth which have drastically altered the initial

physical properties and chemical environment of this planet. The

protoplanets are viewed as having accreted from the material which
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also formed the sun and therefore they should have been extremely

close in chemical composition to the sun itself. On the earth's crust,

magmatic and metamorphic processes have occurred which have

obliterated this record; however, certain meteorites called chondrites

have arrived on the earth which do possess a composition extremely

similar to solar abundance data in the class of non-gaseous elements.

These meteorites are viewed as primeval material which has not

undergone whole planet melting. Probably they are fragments of

small bodies such as asteroids which were so small that their heat

radiation rate was somewhat comparable to their heat formation rate.

Other meteorites called achondrites are not so primitive in their

composition and show evidence of planetary melting and metamorphic

processes. Indeed, for many samples of this group, their composi-

tion is extremely similar to basalts which are common on the earth's

crust. Because of their crustal similarity, these meteorites are

studied in the hope they will shed some light on crustal processes

here on this earth.

A third class of meteorites are the pallasites or stony-irons.

These meteorites are a near equal mixture of iron-nickel and olivine.

Most hypotheses about their origin point to an origin at or near a

planet' s core.

A fourth class of meteorites are the iron meteorites which are

composed of an iron-nickel mixture with very small amounts of
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silicate inclusions.

Again, these meteorites are postulated to have an origin that

was well below the original planet' s surface.

All of this brief discussion is intended to illustrate the concept

that meteorites may be fragments from many different sites in one

or more planets or planetesimals. Furthermore, since our sampling

techniques are extremely limited on the earth, these missiles from

space may represent the only samples man will ever obtain that

reflect geological processes which occur well below a planet' s

surface. Viewed in this perspective, one may readily appreciate

their value and interest to the geologist and cosmochemist.

Pallasites, or stony-irons, will be the only class of meteorites

discussed in depth in this thesis since this class was the only one

studied by the author.

Historically, the view that meteorites could fall from the sky

was not always accepted in scientific circles. President Thomas

Jefferson is quoted as saying that he would rather believe Yankee

professors would lie than to believe their report of a meteorite fall.

Most meteorites are not easily distinguishable from earth rocks to

the untrained observer, so such skepticism is understandable. How-

ever, the pallasites are remarkable in their unique structure which

is quite different from any earthly analog. The Krasnojarsk pallasite

was discovered in 1749 and moved to the Academy of Sciences in 1772



4

by Pallas. Chladni examined it in 1794 and concluded it must have

possessed an extraterrestrial origin.

The pallasites are composed of approximately near-equal

amounts of iron-nickel and olivine. Olivine is a silicate mineral

[(Mg, Fe)
2
SiO 4] which is a solid solution of the divalent metal sili-

cates. Olivine is a dense, close-packed structure which does not

tolerate the substitution of other ions whose ionic radii differ appreci-

ably from the hexacoordinated Fe++ or Mg++ ionic radii of 0.69 and

0.80 A, respectively (Whittaker and Muntus, 1970). For this reason,

the trace element content of olivine is usually much lower than that of

other silicates. Because terrestrial olivines exist in equilibrium

with other silicates, some trace element concentrations are three

orders of magnitude higher than those found in pallasitic olivine which

has established an equilibrium with a pure iron-nickel phase.

Structure

The structure of pallasites resembles a three dimensional web

of iron-nickel metal containing dispersed individual crystals of olivine,

The metal phase has been shown to be continuous through conductivity

tests. This continuity may be interrupted in a few places in a few

pallasites such as Eagle Station whose iron-nickel content is as low

as 30% by weight; however, continuity is generally the rule.



Olivine' s Physical Appearance

Pure olivine is typically a pure greenish-yellow color which is

quite translucent to light. Upon oxidation of the ferrous ion, a reddish

brown color develops. The author examined each of the samples

which were analyzed in this experiment in detail under a microscope

and observed in all cases a black, flaky mineral adhering to the

outer surface of the olivine. This mineral constitutes about 1% of

the total mass and appeared to have a hard, shiny surface. It was

found to dissolve very, very slowly in hot nitric acid with slow evolu-

tion of gas bubbles.

The individual olivine grains are typically 5 to 10 mm in diame-

ter with some ranging to 3 cm. The shape of the olivine grains varies

from rounded droplike forms such as in Brenham to sharp angular

pieces and splinters such as in Eagle Station. Wahl (1965) classifies

the pallasites according to their olivine grain shape as follows.



Unclassified: Brenham group: Eagle Station:

Antofagasta Anderson Admire

Argonia Brenham Ahumada

Bendock Krasnojarsk Albin

Calderilla Lipousky Khutor Alice Springs

Girous Marjalahti Bitburg, Germany

Glorieta Mtn. Pawlodar Brahin

Gran Chaco Phillips County Cold Bay, Alaska

Itzawisis Spring Water Eagle Station

Mount Dyrring Finmarken

Nanseiki Imilac

Pojoaque Ilimaes

Port Orford Molong

Salta Mount Vernon

Singhur Newport

Somervell County 011aque

Sterling South Bend

Thiel Mtns.

Zaisho

Physical Appearance of the Iron-Nickel Phase

The iron-nickel phase presents a shiny metallic surface to the

viewer. The metallic phase is like a sponge with the silicate phase
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filling the pores. The amount of iron-nickel varies from 80% in

Marjalahti to 30% in Eagle Station.

Mineralogical Composition

The primary minerals in all pallasites are olivine and nickel-

iron. The common accessory minerals are troilite, schreibersite,

and chromite. Lawrencite has been observed as well as farringtonite.

Troilite has the formula. FeS and is usually found to constitute

Azol% of the olivine. An analysis of troilite from pallasites has been

published below.

Table 1. Trace Element Concentrations in Troilite.*

Element Lovering Lovering
(1957) (1957)

V 9 8

Cr 900 1400

Co 180 130

Ni 3000 10000

Cu 500 960

Ge 6 10

Mn 320 320

*Results expressed in ppm

These results indicate either considerable scatter in the trace element

abundances or an extreme difficulty in preparing pure troilite samples.
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Schreibersite

The accepted formula for this mineral is (Fe, Ni)3P and prob-

ably ranges in all pallasites from 1 to 2%. It occurs as small grains

between the borders of the olivine grains and metallic surfaces.

Chromite

The common accessory mineral, chromite ( FeCr 204) consti-

tutes about 1% or less of the silicate phase of pallasites.

Lawrencite

The mineral, anhydrous FeC1
2' was noticed in some pallasites,

most notably Admire, because of a greenish solution which exuded

from freshly cut surfaces. Water in the air is absorbed and forms

a solution with FeC12. Meteorites, which contain this mineral,

oxidize and crumble quite rapidly.

Far ringtonite

The mineral farringtonite, (Mg3(PO4)2) has a yellow color and

resembles olivine except for a well marked cleavage which shows up

on a polished surface. It has been found in Springwater, Alice

Springs, Marjalahti, Newport, and Pawlodar, according to Dufresne

and Roy (1961). The following analysis for farringtonite has been
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published by them.

I

(%) (%)
II Pure Mg3(PO4)2

P2O5 37.6 ± 0.6 49.7 ± 1.0 54. 0

MgO 49.2 ± 0.2 41.6 ± 1.3 46. 0

Si O2 11.1 ± 0.2 2.9 ± 0.1

FeO 5.4 ± 0.1 3. 7 ± 0. 2

Dufresne and Roy state that "Farringtonite is best characterized as

a series of solid solutions into which FeO and SiO
2

can enter as well

as an excess of MgO, the basic compound being Mg3(P0 )



10

II. EXPERIMENTAL

Sampling

Pallasites are a rare class of meteorites with only 44 specimens

known. It was felt advisable to analyze as many specimens as could

be obtained. A slab of Albin which was 12. 2 cm long by 10 cm wide

by 0.6 cm thick was obtained from Dr. C. B. Moore, Curator of the

Nininger Meteorite Collection. This was sampled in seven distinct

regions for a homogeneity study in one pallasite.

Dr. Ed Olsen sent ten other specimens from the Chicago Muse-

um of Natural History. The names of these specimens are:

1. Krasnojarsk 6. Finmarken

2. Molong 7. Imi lac

3. Ilimaes 8. Eagle Station

4. Admire 9. Ahumada.

5. Brenham 10. Marjalahti

This was by no means a complete sampling of the field; however,

it was the largest ensemble of pallasites ever to be subjected to trace

elemental analysis. Research was initiated with this particular group.

Sample Preparation

The large slice of Albin, described in the previous section,
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presented the greatest challenge for sample preparation. The appear-

ance of the slice was one which suggested great strength and yet it

was found to be most delicate. The pallasites are composed of a web-

like or honeycomb-like structure of nickel-iron which is filled with

c rystals of olivine. These crystals varied from 1. 5 cm maximum

diameter to very small crystals. The honeycomb-like web of metal

has very thin strands in places and wherever the metal thins, the

structure is found to be exceedingly weak. The author removed the

olivine phase from the metal by punching out the silicate phase with

a hardened steel chisel. Even though normal caution was used

throughout this sampling, it was found that the matrix was constantly

buckling and bending beneath the applied stress. By the time all seven

sites were sampled, the one large slice had broken into many frag-

ments.

From this point onward, the silicate phases of Albin were

treated exactly the same as were the other ten samples of olivine

which were received from Dr. Olsen.

The samples were spread out on clean glassine weighing paper

and a large hand magnet was used to remove pure metal fragments.

The samples were then crushed in a hardened steel mortar and again

subjected to a hand magnet separation of all pure iron-nickel frag-

ments, The samples were finally subdivided into two classes. The

first class was sealed into polyethylene vials for activation while the
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second class was reserved for an acid wash treatment.

Abundance data for large ionic radii elements in olivine are

always suspect because of the greater affinity of these elements for

accessory phases rather than the olivine phase. Other investigators

have studied the silicate phase of pallasites and the published data

differs depending upon whether the sample was acid washed which in

turn could imply the removal of accessory phases. Masuda (1968)

analyzed olivine crystals from Brenham and his acid treatment con-

sisted of a hot concentrated HC1 wash for two minutes. In this experi-

ment, hot concentrated HNO
3

was used since the trace element con-

tamination is much lower in HNO
3' then rinsed with glass distilled

deionized water and finally with acetone. The samples were dried for

24 hours at 105° C and finally weighed and sealed in polyethylene vials

prior to neutron activation.

The methodology in INAA (instrumental neutron activation an-

alysis) is covered in great detail in the theses of D. G. Coles (1972),

R. G. Warren (19 71), and T. W. Osborn, III (19 71), at Oregon State

University and need not be repeated here.

Activation and Detection Procedures

Aluminum was the first elemental concentration to be deter-

mined. Since 28A1 has a short halflife, (2. 3 min), its abundance is

most conveniently studied using the "rabbit" system. This system
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is a rapid delivery pneumatic air terminal which allows one to insert

and remove the sample into or out of the reactor within four seconds.

Copper monitor foils were activated with every sample to provide

for flux normalization; however, this proved unnecessary since the

flux varied less than 1% over the entire experiment.

Finally, the samples with appropriate standards were placed

in the rotating rack of the TRIGA reactor and activated for 3 hours at

a flux of 3 x 1012 n/cm2-sec, The sample radioactivity was subse-

quently allowed to decay for 3 days and the Na abundances were deter-

mined by counting each sample for 20, 000 seconds on an elevated

geometry position with a Ge( Li) crystal. Counting 24Na with a Ge( Li)

detector is unusual for this type of analysis; however, it was neces-

sary in this experiment because of the low Na abundance which meant

that the sample was necessarily activated at a high power level which

also activated many other elements with similar gamma energies,

Because of the relatively large fast neutron contribution, via
24Mg(n,p)24Na,

these values are not considered very accurate.

After allowing the sample radioactivity to decay for another 3

weeks, the balance of the elemental concentrations were determined

by positioning the samples 5 cm above the Ge( Li) crystal and counting

for 20, 000 seconds. Counting for a relatively long time at an ele-

vated geometry was necessary since the samples differed in volume

over a 10 fold range and therefore, the errors in the solid angle
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subtended by the sample on the detector would be prohibitively large

at short sample to detector distances.

Table 2 contains the information concerning activation conditions

and counting parameters for the elements determined instrumentally

in this experiment.

Radiochemical Procedures

In addition to the instrumental determinations mentioned above,

a separate project was completed which was intended to reveal the

distribution of REE (rare earth elements) in pallasitic olivine.

The REE are present in exceedingly small quantities in olivine

and as a consequence cannot be determined instrumentally because of

interference from y-rays from so many other elements which are

present in much higher concentrations. The only practical way of

analyzing REE is to separate the REE from the other elements by

dissolving the sample in the presence of mg sized quantities of car-

riers and performing chemical precipitations or extractions which

i solate the individual REE. The samples are finally isolated in solu-

tion and because of extremely low activity levels, the individual REE

are counted in the well of a NaI(T1) crystal if they are y-ray emitters

or by beta counting techniques if beta emitters are measured. Since

a fraction of the REE are lost during radiochemical manipulations, it

is necessary to determine the chemical yield. The chemical yield



Table 2. Experimental Parameters.

Element Sample Wt. Standards Reactor Activation Delay Count Isotope 'y -Ray Detector
in Grams Used Power Time (b) Time (c) Time (d) Generated Energy Type

Level (a) keV

Al 0, 3-> 1, 3 Al foil in SW 1 min.
pure Ca CO3

1. 5 min. 1 28A1A1 1, 780 3x3 NaI

Mn 0. 3--> 1. 3 Mn(NO3 )2 5 kW 10 min. 6 hours 4 min.
56

Mn 847 3x3 NaI

Na 0, 3-> 1. 3 NaNO
3

1 MW 3 hours 72 hours 333 min.
24Na

2, 754 30cc Ge (Li )

Th 0. 3-> 1. 3 Th( NO3 )4 1 MW 3 hours 3 weeks 333 min 233Pa
312 30cc Ge (Li)

Zr 0.3-> 1.3 Zr(NO)4 1 MW 3 hours 3 weeks 333 min. 95Zr
724 30ccGe (Li)

Hf 0. 3--> 1. 3 Hf (NO3 )4 1 MW 3 hours 3 weeks 333 min.
181

Hf 482 30ccGe (Li)

Co 0. 3-> 1, 3 Co( NO3 )2 1 MW 3 hours 3 weeks 333 min.
60Co

1, 332 30ccGe (Li)

Fe 0. 3-> 1. 3 DTS-1 (e) 1 MW 3 hours 3 weeks 333 min.
59

Fe 1, 095 30cc Ge (Li)

Cr 0, 3-> 1, 3 Cr (NO3)3 1 MW 3 hours 3 weeks 333 min.
51

Cr 320 30ccGe (Li)

Sc 0.3-> 1. 3 Sc (NO3 )3 1 MW 3 hours 3 weeks 333 min.
46

Sc 1, 121 30ccGe (Li)

Rb 0. 3-> 1. 3 RbNO
3

1 MW 3 hours 3 weeks 333 min.
86

Rb 1, 078 30ccGe (Li)

Cs 0. 3-> 1. 3 CsNO
3

1 MW 3 hours 3 weeks 333 min. 134
Cs 605 30cc Ge (Li)

(a) 2. 8x10
7

neutrons/cm
2
/sec = 1 Watt.

(b) Time in the reactor.

(c) Time lapse from end of bombardment to beginning of count.

(d) Length of time which the sample was counted.

DTS-1 is a standard U. S. G. S. rock.
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may be determined gravimetrically for samples which are mounted

for beta counting or by reactivation for liquid samples.

For this study, two 3-gram specimen were prepared by activa-

tion. The first was washed with glass distilled deionized water and

the second was washed with concentrated hot HC1 for two minutes,

then rinsed with pure water. The specimen were activated in the

K-east reactor at Richland, Washington, for an integrated flux of

2 x 1018 neutrons at a neutron flux of approximately 1013 neutrons/

cm2/sec.
The analysis was initiated about 48 hours after activation.

The procedures for dissolving the sample and chromatographic separa-

tion of the REE is described in a publication by Rey et al. (1970).

The results of this research are contained in the results section.

Accuracy and Precision

Accuracy and precision were checked by analyzing U, S. G. S.

standard rock samples. The best indicator of the accuracy of INAA

is the reproducibility of the accepted elemental abundances of standard

rock samples. Two such standards, W-1 and DTS-1 were activated

along with the samples. DTS-1 (Dunite, Twin Sisters), was chosen

because its elemental composition most closely approximated that of

the pallasitic olivines, while W-1 was chosen to give variety to the

standard group analyses.

Table 3 shows the results of the standard rock analyses.



Table 3. Standard Rock Analyses.

DTS-1 W -1
Element E(keV) ppm ± I a- Literature ppm ± 1 cr Literature

Value* V alue*

(24Na) 2754 69 1 154 16800 150 16400

(
56

Mn) 847 1000 10 1010 1290

(
60 Co) 1173 133 1 132 45 0.4 42

1333 136 1 132 45 0.4 42

(
59 Fe) 1098 61200 880 61900 80370 1078 77500

129 2 64300 1050 61900 81630 1290 77500

(
51 Cr) 321 3780 40 3880 106 2 111

(
46 Sc) 889 3. 2 O. 04 3. 8 32. 7 O. 2 34. 8

1121 3. 1 O. 03 3. 8 34.1 O. 2 34. 8

(
181Hf) 433 2.0 0.2 3.0

*Flanegan (1969)
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In reviewing the above table, one notices a considerable

scatter of the data of this work around the literature values. Hafnium

is 30% low. Scandium is 16% low relative to DTS-1, and 5% low rela-

tive to W-1. Chromium is 1% low relative to DTS- 1, and 5% low rela-

tive to W-1. The Fe values do not agree internally for DTS-1 upon

comparison of values calculated from the 1098 keV line and the 129 2

keV line; also they seem to be systematically high by 3%. The Co

values are high by 3 to 6%. Manganese seems to agree quite well

while Na is a special case which will be discussed in detail later.

Three major sources of error commonly arise in INAA. The

first is inaccurate standards. Since the author had access to all of

the standards used by the OSU lunar research laboratory, it was

felt that these were a superior set of standards, with the single

exception of HI'. No effort was required to verify the accuracy of

all standards.

The second major source of error is a difference in the solid

angle which the detector intercepts in the field of radiation which each

sample and standard emits. Any variation in solid angle subtended

between the sample and the standard will create an error in the

abundance calculations using the comparator technique. The experi-

menter was aware of this problem; however, in trying to arrive at a

compromise between other experimental parameters, this second

error source is probably the major source of error in this research
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effort. The parameters are as follows: varying amounts of olivine

were received by us ranging from 0.1 gm samples to 4 gm samples.

It was felt that whenever possible, 1 gram samples should be weighed

out for the analysis which meant that a range of one order of magni-

tude of sample weights was spanned in this experiment. In order to

accommodate this sample range the samples were counted 5 cm above

the detector. This was the maximum distance we could remove the

samples from the detector and yet pick up a sufficient count rate to

obtain the necessary counting statistics. Even this distance was

found not to be sufficient to alleviate the solid angle problem and

therefore mathematical calculations were performed for the differ-

ences in solid angle and corrections were applied to the data which

reduced the apparent differences from 25% to those which are appar-

ent in the above table. For these reasons, the data should not be

considered better than 95% accurate in most cases. Corrections for

geometrical errors are not easily accomplished mathematically due

to irregularities in manufacturing of the Ge ingot and in its subse-

quent canning in a protective aluminum shield. Also, the correction

is found to be energy dependent. All of these factors make any

mathematical correction for geometrical errors imprecise. Yet

one may improve agreement for data in this experiment with standard

rock values by attempting such a correction for geometrical errors.

The correction procedure used in this experiment was to measure
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experimentally with this detector, at the same shelf position as was

used in this experiment, the counting rate of a liquid 137Cs standard

which varied from 1 to 20 mm in height and all samples and standards

were normalized to a constant height within the vial.

The third possible major error source is interferences of

-y-rays of approximately the same energy which are unresolved by

the detector. The only correction for this type of error is to follow

the half life of the isotopes in question and determine that the observed

decay matches the theoretical decay. The heavy use time for multi-

channel analyzers precluded this type of analysis. Actually this

type of error was not considered serious since the used detector

provided excellent resolution.

Other errors which can arise but which normally don't pose

serious problems are gross inhomogeneity of the neutron flux, instru-

mental failure, competing fast neutron nuclear reactions, and a non-

uniform integration of the photopeaks.

An example of a competing fast neutron reaction is given in the

Na analysis of DTS-1. The ordinary thermal neutron capture reaction
_is the 23

Na(n, .y)
2Na reaction. However, another reaction also pro-

ducesduces Na e., 24 Mg(n,p) 2Na. In most silicate analysis, the

contribution of 24 Na via fast neutron reactions is trivially small due

to the low Mg abundance relative to Na in most silicate matrices.

However, in DTS-1 which is high in Mg content and low in Na content,
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this was not found to be a trivial contribution, and indeed the correc-

tion for this effect dropped the calculated Na abundance from 166 to 69

ppm.

The Mn values agreed quite closely with the accepted values

since they were determined in a 3 x 3 Nal well crystal which elim-

inates most types of errors. This observation is considered impor-

tant since the Mn distribution can be considered indicative of pallasite

grouping.
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III. RESULTS AND DISCUSSION

Aluminum Analysis

Aluminum, Na, Mn, Fe, Ni, Cr, Sc, Co, Hf, Zr, and Th con-

centrations were determined instrumentally in all of the pallasites in

this experiment, Aluminum concentrations were less than 100 ppm

which is the sensitivity limit of this method. The only exception was

the pallasite, Admire, for which an Al abundance of 1380 ppm was

determined. Admire is an unusual pallasite in that the Fe within

olivine tends to oxidize rapidly and the olivine crystals disintegrate

in the earth's environment. This is suspected to be caused by the

presence of lawrencite which exudes a greenish solution from a

freshly cut face.

Al+++ may substitute into a hexacoordinated octahedral cage of

oxygen anions for Fe++ or Mg ++
according to the equation 2 Al+++

3 Fe++. Because of the difference in charge and also the large differ-

ence in radii for the Al+++ for Fe++ substitution, this type of replace-

ment is not very common. Another possible substitution mechanism

would be Na+ + Al+++ ++++
. The latter tetravalently coordinated

site is the preferred site for Al in high temperature minerals.

Sodium Analysis

The Na abundances are reported in Table 4. Albin shows a



Table 4. Sodium Analysis of Pallasitic Olivine.

Pallasite Na
(PPrn)

Acid Washed Samples
Na (ppm)

Albin 35. 4 ± 0. 4

Albin 32. 8 ± 0. 4 17. 2 ± 0. 3

Albin 58. 3 ± 0. 7 21. 2 ± 0. 3

Albin 32. 5 ± 0. 4 32. 5 ± O. 5

Albin 128.0 ± 1. 2 40, 9 ± O. 5

Albin 31. 5 ± 0. 4 6. 8 ± O. 1

Albin 24. 2 ± 0. 3 4. 2 ± O. 1

Krasnojarsk 31.8 ± 0.4 29. 8 ± O. 5

Ilimaes 26. 6 ± 0. 4 19. 1 ± 0. 2

Molong 34. 7 ± 0. 3 24. 1 ± 0. 4

Admire 32. 2 ± 0. 4 12. 1 ± O. 2

Brenham 32.8 ± 0.4 24. 6 ± O. 4

Finmarken 37. 6 ± 0. 6 136 ± 2

Imilac 9 3. 3 ± 1. 4 23. 6 ± 0. 4

Eagle Station 109 ± 2 4 7. 2 ± 1.0
Ahumada 38. 8 ± 0. 7 57. 8 ± 0. 7

Marjalahti 78 ± 1. 0 45. 8 ± 0, 7

DTS- 1 69 ± 1. 1

W-1 16800 ± 150

23

Abundances in ppm ± one standard deviation due to counting
statistics.



24

homogeneous Na distribution in the silicate phase, relative to other

trace elements. The Na values for the non-acid washed samples

range from 24 to 128 ppm. Sodium values for the acid washed

samples range from 4 to 41 ppm with the acid washed group revealing

a trend toward lower values than the non-acid washed group. This

would indicate that Na is concentrated in the accessory phases, or

upon grain boundaries, Sodium may be distributed in the general

range of 30 to 100 ppm in pallasitic silicate phase with homogeneity

being the exception.

Manganese Analysis

The Mn abundances (Figure 1) were distributed about a non-

normal distribution. A student's t-test was applied to determine the

significance of the difference in means of the whole group versus the

subset which apparently centered at 1400 ppm. It was found that

within the 9 9 . 9 8 % confidence level a subset exists at the 1400 ppm

level.

Laul and Schmitt (1972) have shown Mn and Fe were not frac-

tionated in a large variety of lunar samples. Such a correlation might

initially be expected for pallasites since they presumably came from a

small parent body or bodies and were not subjected to complex frac-

tionation processes. Figure 2 shows the results of a plot of MnO

versus FeO. The lack of correlation argues strongly for either a
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Figure 1. Histogram for Pallasitic Olivines.
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complex fractionation process if all pallasites came from a single

body or for numerous parent bodies.

The high Mn abundances relative to other trace elements indi-

cates that Mn is included in the olivine lattice structure, substituting

for Fe++ or Mg++ quite readily due to similar charge and ionic radii

characteristics. Table 5 contains the results of the analysis for Mn.

Iron Analysis

The Fe concentration values are reported in Table 6. Albin

which was sampled at seven different sites yields Fe values which

range from 10.0 to 11. 1% with a mean value of 10. 2%. The acid

washed samples reveal a range of 8.2 to 9. 7% with a mean value of

9. 2%. Buseck and Goldstein (1968), report an average value of 9.4%

for iron in Albin. Buseck and Goldstein appear to have performed a

superior set of major elemental determinations using the electron

microprobe. They have shown that olivine is homogeneous in Fe

content not only in the same olivine grain, but also in widely separated

olivine grains of the same pallasite. The increase in Fe content pres-

ent in this work apparently indicates that the olivine used for this

study was not 100% pure. The presence of 1% troilite and 0.6%

schreibersite would account for this difference since this work was

performed on the whole silicate phase and Buseck and Goldstein' s

work was performed on pure olivine crystals. As was noted in the



Table 5. Manganese Analysis of Pallasitic Olivine.*

Pallasite Mn
(PPrn)

Acid Washed Samples
Mn (ppm)

Albin 1986 ± 13 1627 ± 12

Albin 1969 ± 14 1799 ± 14

Albin 189 0 ± 14 1805 ± 15

Albin 186 2 ± 12 1751 ± 14

Albin 1906 ± 13 1632 ± 13

Albin 1919 ± 13 1616 ± 12

Albin 19 35 ± 14 1641 ± 14

Krasnojarsk 1345 ± 9 1261 ± 13

Krasnojarsk 139 7 ± 10 1459 ± 15

Ilimaes 1984 ± 12 1848 t 14
Ilimaes 19 11 ± 21 19 20 ± 14

Molong 1450 ± 10 129 7 ± 11

Molong 1436 ± 10 1541 ± 15

Admire 1815 ± 13 19 21 ± 18

Admire 1886 ± 13 1815 ± 14

Brenham 1453 ± 31 1458 ± 13

Brenham 1451 ± 10 14 27 ± 13

Finmarken 2070 ± 14 2101 ± 18

Finmarken 2077 ± 14 2104 ± 18

Imilac 2110 ± 14 1910 ± 19

Imilac 2173 ± 14 2064 1 16

Eagle Station 1330 ± 10 1279 ± 13

Eagle Station 888 ± 8 866 ± 11

Ahumada 2099 ± 14 2104 ± 17

Ahumada 2073 ± 17 1994 ± 20

Marjalahti 2333 ± 16 176 7 ± 15

DTS-1 996 ± 8

28

*Abundances in ppm ± one standard deviation due to counting statistics.
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Table 6. Iron Analysis of Pallasitic Olivine. *

Pallasite Fe ( %) Acid Washed Sample
Fe ( % )

Albin 10. 1 ± 0. 2

Albin 10. 2 ± 0. 2 9. 7 ± 0, 2

Albin 10. 6 ± 0. 2 9. 6 ± 0. 2

Albin 9. 5 ± 0. 2 9. 7 ± 0. 2

Albin 11. 1 ± 0. 2 9. 4 ± 0. 1

Albin 10. 0 ± 0. 2 8. 2 ± 0. 1

Albin 10. 0 ± 0. 2 8. 5 ± 0, 1

Krasnojarsk 11.8 ± 0. 2 9. 6 ± 0. 1

Molong 1 1 . 3 ± 0. 2 10. 2 ± 0. 2

Ilimaes 13. 1 ± 0. 2 9.9 ± 0. 2

Admire 10. 3 ± 0. 2 9. 3 ± 0, 1

Brenham 10. 0 ± O. 2 9. 7 ± 0. 2

Finmarken 11. 1 ± 0. 2 10.2 ± 0. 2

Imilac 10. 2 ± 0. 20 9. 6 ± 0. 1

Eagle Station 13.0 ± 0. 2 13. 1 ± 0, 2

Ahumada 8. 9 ± 0. 1 8. 7 ± 0. 1

Marjalahti 9. 7 ± 0. 2 7.9 ± 0. 1

DTS - 1 6. 4 ± 0. 1

W-1 8. 2 ± 0. 1

*Abundances in ppm ± one standard deviation due to counting
statistics.
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Table 7. Iron Abundances for Pallasitic Meteorites ( %)

Meteorite This
Work

B use ck and
Goldstein (1968)

Schmitt and
Smith (1964)

Giroux 8. 25 ± O. 13
Molong 10. 2 ± 0. 2 8. 59 ± O. 22
Lipovsky 8. 80 ± O. 19
Brahin 8. 80 ± O. 15
Ah um.arl a 8. 7 0. 1 8. 84 ± O. 18 8. 0 ± O. 1
Newport 8.89 ± O. 11
Esquel 8. 89
Mt. Vernon 8.97 ± O. 13
Marjalahti 7.9 ± 0. 1 8. 98 ± O. 13
South Bend 9. 07 ± O. 17
Santa Rosalia 9. 16 ± O. 13
Admire 9. 3 0. 1 9. 16 ± O. 50 8. 4 ± O. 1
Krasnojarsk 9.6 ± 0. 1 9. 25 ± 0. 12
Anderson 9. 25 ± O. 50
Brenham 9. ± 0. 2 9. 34 ± O. 14
Imi lac 9. 6 ± 0. 1 9. 34 ± O. 14 8. 8 ± O. 2
Marburg 9. 34 ± 1. 13
Port Orford 9.43
011aque 9.43 ± 0. 19
Salta 9. 43 ± 0. 19
Albin 9.4 ± 0. 1 9.43 ± O. 16
Ilimaes 9.9 ± 0. 2 9.43 ± O. 15
Somervell Co. 9.43 ± 0.12
Antofagasta 9. 52 ± O. 15
Huckitta 9. 52 ± O. 20
Pavlodar 9. 52 ± 0. 19
Thiel Mtns. 9.61 ± O. 19
Finmarken 10.0 ± 0. 2 9.61 ± O. 18
Pojoaque 9. 80 ± O. 50
Glorieta Mtn. 9.89 ± 1. 14
Mt. Dyrring 9.96 ±0.17
Argonia 10. 1
Rawlinna 12. 1 ± 0. 25
Springwater 13. 3 ± O. 16 12. 7 ± O. 2
Phillips Co. 13.4 ± 0, 22
Cold Bay 14. 4 '± 0. 28
Itzawisis 14. 5 ± O. 46
Eagle Station 13, 1 ± 0. 2 14.9 ± O. 15 14. 1 ± O. 1
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introduction, one should expect these amounts of accessory minerals

if the olivine is not handpicked under a microscope.

Table 7 contains the available Fe abundance data for pallasitic

olivine. This table clearly reveals the excellent precision of the data

of Buseck and Goldstein (1968) on pure olivine crystals and the wider

scatter of data obtained in this work and by Schmitt and Smith (1964)

on the whole silicate phase. Although the Fe concentration values in

this experiment were extremely disappointing in the sense that we

wished to determine the Fe abundances for pure olivine, and appar-

ently instead, found olivine which contained accessory minerals,

nevertheless, good Fe abundances are available in the literature in

a paper published by Buseck and Goldstein (1969). For the sake of

completeness, their values will be discussed here and are reproduced

in Tables 7, 8, and 9. They established the fact that Fe is homogene-

ous within most single olivine crystals within the measurement capa-

bilities of the microprobe (1% of the total Fe). None of the olivines

were definitely inhomogeneous (s/2 o T -7- 2) where s = experimental

standard deviation and a- = standard deviation of a set of composi-

tionally identical crystals.

Terrestrial olivines show a large degree of equilibration even in

rapidly cooled extrusive rocks suggesting that diffusion rates are rela-

tively rapid in olivine at elevated temperatures. Buseck and Goldstein

(1969) also established that homogeneity was not limited to single
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olivine crystals but also extended across multiple crystals within the

same pallasite. Table 8 is taken directly from their work. A value

of s/2 cr = 1 indicates homogeneity while a value of s/2o- > 2 indicates

inhomogeneity. Intermediate values of s /2o- represent inconclusive

homogeneity. For 35 pallasites, only four show evidence of inhomog-

eneity, Admire, Anderson and Pojoaque show relative variations of

±0. 5% Fe, while Glorieta Mountain has a variation of ±1. 14% Fe.

Most pallasites vary less than ±0. 2% Fe. Very small crystals en-

closed in troilite consistently yielded a smaller Fe value than did the

more common large crystals, and Buseck and Goldstein conclude that

a crystallization time difference or insulating effect was responsible

for this difference.

Long range, i. e. 0. 5 m, equilibration was also noted in Albin,

Brenham, and Mt. Vernon which are the largest pallasites known.

Table 9 gives the average Fe and Mg compositions of pallasitic

olivines. An important point is the relative Fe/Mg ratio as com-

pared to the Fe/Mg ratio found in silicate inclusions in iron meteor-

ites. For pallasitic olivines, the atomic ratio varies from 0.12 for

Giroux to 0. 25 for Eagle Station.

For silicate inclusions in olivine from iron meteorites this

same atomic ratio varies from 0.031 to 0.087. The Mg content

indicates olivine from iron meteorites is extremely forsteritic in

composition.



Table 8. Compositional. Differences Between Olivines (Fe),

Meteorite n* S/2 o-+ Measurable
Variations ?

Fe

Wt-Percent
Fe

Wt-Percent

Range
Rel.

Percent

Giroux 9 1. 2 S light, if any 8. 25 ±0. 13 1. 6
Molong 4 1. 3 S light, if any 8. 59 +0, 22 2. 6
Lipovsky 4 0. 7 No 8. 80 < ±0. 19 < 2. 1
Brahin 8 1. 2 S light, if any 8. 80 +0. 15 1. 7
Ahumada 4 0. 6 No 8.84 < =0. 18 < 1, 9
Newport 9 0.8 No 8.89 < +0. 11 < 1. 2
Esquel < 4 - - 8.89
Mt. Vernon 6 0.8 No 8. 97 < =0. 13 < 1. 6
Marjalahti 7 0.8 No 8. 98 < =0. 13 < 1. 5
South Bend 4 0.8 No 9. 07 < 10. 17 < 1. 9
Santa Rosalia 8 0. 7 No 9. 16 < =0. 13 < 1.4
Admire 4 2.8 Yes 9. 16 ±0, 50 5. 5
Krasnoj arsk 10 1.0 No 9. 25 < =0. 12 < 1. 5
Anderson 5 3. 3 Yes 9. 25 10, 50 5.3
Brenham 5 1. 0 No 9. 34 < ±0, 15 < 1. 6
Imilac 6 0. 9 No 9, 34 < ±0. 14 < 1. 5
Marburg 8 1.0 No 9.34 < +0.13 < 1.4
Port Orford < 4 - - 9. 43
011ague 4 1. 1 S light, if any 9. 43 =0,, 19 2.0
Salta 7 1.4 S light, if any 9. 43 =0. 19 2.0
Albin 7 1. 2 S light, if any 9.43 ±0. 16 1, 7
Ilimaes 5 0. 8 No 9, 43 < ±0. 15 < 1, 6
Somervell Co. 10 0, 9 No 9.43 < 10. 12 < 1. 3
Antofagasta 5 0.8 No 9. 52 < ±0. 15 < 1. 6
Huckitta 5 1. 2 S light, if any 9. 52 ±0, 20 1. 9

Taken from Buse ck and Goldstein (1969.
*n = number of different crystals measured.
+S/ 2 0- c = ratio of experimental standard deviation to standard deviation for measurement of compositionally identical crystals.
Some small crystals (< 1 mm) included in this analysis



Table 8. Continued

Range
Meteorite n* S/ 2 6+ Measurable F e F e Rel.

Variations? Wt-Percent Wt-Percent Percent

Pavlodar 6 1.4 S light, if any 9. 52 O. 2.0
Thiel Mtns. 4 1.0 No 9. 61 < 2.0
F inmarken 4 0,5 No 9. 61 < 1.0
*Pojoaque 7 3. 6 Yes 9.80 O. 50 5.0
*Glorieta Mtn. 9 8.8 Yes 9.89 +1.14 11.5
Mt. Dyrring 4 1.4 S light, if any 9. 96 +0.21 2. 1

Argonia 4 - 10. 1

Rawlinna 8 0.8 No 12.1 < ±0. 14 < 1, 2
Springwater 10 0.5 No 13.3 < +0.16 < 1.0
Phillips Co. 4 0.8 No 13.4 < +0.22 < 1.7
Cold Bay 8 1.8 S light, if any 14. 4 +0. 28 1. 9

Itzawisis 6 1. 8 S light, if any 14. 5 +0.40 2.8
Eagle Station 9 1.0 No 14.9 < +0. 15 < 1.0



Table 9. Average Composition of Pallasitic Olivines.A

Meteorite Wt-percent
Fe

Wt-percent P ercent Fa Percent
Mg* (Mason,1963) Fa+

Percent
Fo*

Girous 8.25 = 0, 13 29.7 12 11.0 90.0
Molong 8.59 = 0.22 29.3 12 11.5 8 9. 0
Lipovsky 8.80 ± 0.19 29. 3 - 11.5 8 9. 0
Brahin 8.80 ± 0.15 29.0 12 11.5 88.5
Ahumada 8.84 = 0.18 29.3 12 11.5 8 9. 0
Newport 8.89 ± 0.11 29.0 12 12.0 88.5
Esquel 8.89 29. 1 - 12.0 88. 5
Mt. Vernon 8.97 = 0.13 29, 0 12 12.0 88.5
Marj al ahti 8. 98 = 0.13 29.0 12 12.0 88.5
South Bend 9.07 = O. 17 29.0 11 12.0 88. 5
S anta Rosalia 9. 16 ± O. 1 29.0 12 12.0 88.5
Admire 9. 16 ± 0.50 29.0 11 12.0 88. 5
Krasnoj arsk 9. 25 ± O. 13 29.0 13 12.5 88. 5
Anderson 9. 25 ± 0.50 28.8 13 12. 5 88. 0
Brenham 9.34 ± 0. 15 28.8 12 12.5 88.0
Imilac 9. 34 = 0.14 28. 9 12 12. 5 88.0
Marburg 9.34 ± 0.13 29.0 - 12.5 88.5
Port Orford 9. 43 29. 2 12 12.5 88. 5
011ague 9.43 = 0.19 29.0 11 12.5 88.5
Salta 9, 43 = O. 19 28.8 13 12.5 88. 0
Albin 9.43 ± 0, 16 28.7 12 12.5 87. 5
Ilimaes 9.43 = 0.15 28.6 11 12.5 87.5
Somervell Co. 9.43 = 0. 12 28. 5 12 12.5 87. 0
Antofagasta 9.52 ± 0, 15 28.8 12 12.5 88.0
Huckitta 9.52 = 0.20 28. 6 12 12. 5 87. 5
P avlodar 9. 52 = 0.19 28.6 13 12.5 87. 5
Thiel Mtns. 9.61 ± O. 19 28. 9 12 13.0 88.0
F inmarken 8. 61 ± O. 18 28.7 13 13.0 87. 5
P ojoaque 9.80 = 0.50 28.7 13 13.0 87.5
Glorieta Mtn. 9.89 = 1. 14 28.4 13 13.0 87.0
Mt. Dyrring 9.96 = 0.17 28.5 13 13. 5 87.0
Argonia 10.1 - 12 13.5 -
Rawlinna 12. 1 ± 0.25 27.8 - 16. 5 85. 5
Springwater 13.3 ± 0.16 26.5 18 18.0 82.5
Phillips Co. 13.4 ± 0. 22 26.8 17 18.5 83. 5
Cold Bay 14.4 = 0. 28 26.2 20 20.0 8 2.0
Itzawisis 14.5 ± 0.46 26.6 19 20.0 83.0
Eagle Station 14. 9 ± O. 15 25. 9 .20 20.5 81. 5

35

A This table taken from Buseck and Goldstein (1969).

Fa = mole percent Fe2SiO4 = 100 (moles Fe2SiO4/ (moles Fe2S iO4 + moles Mg2SiO4))

Fo = mole percent Mg2SiO4 = 100 (moles Mg2SiO4/ (moles Mg2SiO4 + moles Fe2SiO4))

Errors estimable due to reproducibility and corrections for Mg intensity are approximately 0. 4
wt. percent.
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Two likely explanations could account for these observations.

Forsterite (Mg
2
SiO

4) is the first olivine phase to crystallize from

a melt with the percentage of Fe steadily increasing as the precipi-

tation continues with decreasing temperature. This mechanism would

argue that iron meteorites contain silicate inclusions containing

olivine crystals which were the result of high temperature crystal-

lization. The second explanation would simply state that when the

olivine precipitates as silicate inclusions in iron meteorites, very

little oxidized Fe++ was available. The silicate mineralogy of iron

meteorites would suggest that the silicate phase shows no evidence

of extreme high temperature crystallization and fractionation with

notable amounts of pyroxenes and plagioclase present. This would

tend to rule out the first possibility.

It would be of great interest to see whether or not Prior's rule

was obeyed within the pallasites. Prior's rule states that as the Fe

abundance rises in olivine, it decreases in the iron-nickel phase.

The controlling reaction reproduced here from Buseck and Goldstein

(1969):

Fe -I- i 02 + MgO + Si02 .;-1"-( Mg, Fe)2SiO4

and K 1

f a

02

Therefore, the Fe content in olivine and metal is controlled by the
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fugacity of oxygen. Actually, the Fe values in the olivine and metal

phases are probably not as precisely known as one would like, due

to sampling difficulties; however, an apparent confirmation of Prior's

rule is observed, If this equilibration is indeed a fact, then one must

conclude that other silicate phases must have been present and this

would indicate the establishment of equilibrium in the molten stage

prior to separation of the iron-nickel phase from the initial melt.

Figure 3 is a histogram of the Fe distribution in olivine from the

silicate phase of pallasites which were studied in this experiment and

also reported by Buseck and Goldstein (1969). This distribution seems

to indicate a grouping of the Fe concentration values in olivine in the

range of 8. 3 to 10%. A few other pallasites range from 12 to 15%.

Nickel Analysis

The results of the Ni analysis are given in Table 10. For the

seven replicate samples from Albin, the abundances are seen to vary

from 80 to 549 ppm for the non-acid treated samples, while for the

acid washed Albin group, the Ni abundances range from 57 to 261

ppm. The reduction in the Ni content of the acid washed set would

indicate the Ni is definitely removable by an acid treatment. Even

though Ni is leachable, apparently the acid leaching was not carried

to conclusion since even in the acid washed set, the values fluctuate

over a wide range. The Fe-Ni metallic phase is the most likely
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Figure 3. Histogram of Iron Distribution in Pallasitic Olivine
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Table 10. Nickel Analysis of Pallasitic Olivine.

Pallasite Ni Ni % Ni in metal
No Acid Acid Washed Buseck and

(ppm) (ppm) Goldstein (1969)

Albin 196 ± 15

Albin 168 ± 17 98 ± 23

Albin 549 ± 31 187 ± 27

Albin 103 ± 19 63 ± 33
Albin 450 ± 24 261 ± 20

Albin 80 57

Albin 89 70

Krasnojarsk 157 ± 34 90 8.9

Molong 658 ± 33 307 ± 32 8.6

Ilimaes 935 ± 39 94 ± 28 10. 2

Admire 266 ± 27 116 ± 29 10. 7

Brenham 102 ± 22 74 10. 6

Finmarken 58 57 10. 7

Imilac 146 ± 24 53 9.9

Eagle Station 82 ± 37 99 15.4

Ahumada 89 111 8.o

Marjalahti 74 57 8. 2
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suspect for an accessory phase which would be high in Ni.

Obtaining good Ni abundances in the pure olivine phase is impor-

tant since it would be interesting to know whether or not the low Ni

content of the olivine is really in equilibrium with the high Ni content

of the metal phase.

The controlling reaction is:

At equilibrium

Femetal NiSi10 + FeSi10
-Z 2 metal 2 2

01XNi xFeSii0
K -*'-1 M -E 2

1 X 01Fe XNiSi10
f 2

where X
Ni = mole fraction of Ni in metal phase

X Fe = mole fraction of Fe in the metal phase

01
= mole fraction of fayalite in the olivineXFeSii0

2

01
XNiSii0 = mole fraction of nickel silicate in olivine

2- 2

The free energy of the above reaction may be calculated from

Fe + 20 ISiO FeSi10
2 2 2'i

Ni + 20 + -12-'SiO :,-- NiSii0
2 2 2'a

In K 1 -AG1
1 R T



41

The free energies of the above reactions are available for the tem-

perature ranges 298° to 1478° K (Kubaschewski, 1956), and for the

temperature range 1573° to 1773°K (Campbell and Roeder, 1968).

By appropriate extrapolation of these data, the free energy for the

above equation was calculated. The equilibrium constant is then eas-

ily determinable as a function of temperature. Now

In

X01FeSii0 XM A G1....-2,-. Fe
..-- -

X01
In -

xM R T
NiSii0

2
Ni

By knowing all of the factors for the above equations except the mole

fraction of NiSi10
2

in the olivine one may predict this quantity for

each ratio of Ni and Fe in the metal phase and for each temperature.

Table 11 and Table 12 are taken from Buseck and Goldstein (1969)

and they conclude that the measured Ni values in olivine agree closely

with the predicted values at 1000° C. Since the measured values are

not known accurately, their conclusion is not entirely sound. Again,

this illustrates the need for a careful analysis of Ni in the pure

olivine phase.

Scandium Analysis

Scandium abundance values are reported in Table 13. The val-

ues for Albin range from 1. 6 to 2. 3 ppm which indicates a strong



Table 11. Comparison of Calculations and Measured Ni Contents in Olivines.

Measured and Calculated Predicted Ni
content in

olivine (ppm)

Measured Ni
content in

olivine (+20 ppm)
Wt. percent Fe

in olivine
(Table 1)

Wt. percent Ni
in metal

(Table 10) 1200 C 1000 C 800 C

Giroux 8. 25 8. 7 40 30 20 50

Brahin 8.80 8.6 40 30 20 50 1 30

Newport 8.89 10. 7 SS 40 25 60 + 40

Marj al ahti 8. 98 8. 2 45 30 20 40

Admire 9. 16 10. 7 55 40 26 40

011agne 9. 43 10. 1* 55 40 25 40

P avlodar 9.52 10. 3* 55 40 25 SO

Glorieta Mtn. 9.89 ± 1. 14 10. 7 55 40 25 70
Small Crystals 100 p. size 175

50 4 size 500
Rawlinna 12.1 13.0* 95 65 45 55

Springwater 13. 3 12. 3 95 70 45 50

Itzawisis 14.5 14. 9 125 90 60 70

Eagle Station 14. 9 15. 6 140 100 65 55

+
This table taken from Buseck and Goldstein (1969).

*Ni values taken from least-squares fit of Ni in metal versus MgO /FeO ratio of olivine data.
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Table 12. Ni Contents of the Metal Phase.+

Meteorite Wt. Percent Fe Wt. Percent Ni Reference
(olivine) ) (metal)

Giroux 8. 25 8.71 Clarke, R. S. , Jr. , Pers. Comm. , 1968
Molong 8.50 8. 59 Mingave, 1916
Lipovsky 8.80 7. 90 Lapin, 1922
Brahin 8.80 8.55 Ivanov, 1911
Ahumada 8. 84 8.0 Wasson and Sedwick, 1969
Newport 8.89 10. 7 Wasson and Sedwick, 1969
Marj alahti 8. 98 8, 17 Matson, 1963
South Bend 9. 07 9.35 F arrington, 1906

9. 6 Wasson and Sedwick, 1969
Admire 9. 16 10. 7 Wasson and Sedwick, 1969
Anderson 9. 25 10. 65 Kinnicutt, 1884

11. 3 Wasson and Sedwick, 1969
Krasnoj arsk 9.25 8. 9 Wasson and Sedwick, 1969

10. 24 D'yakonova and Kharitonova, 1963
9.52 Merrill, 1916

10, 80 Berzelius, 1834
Brenham 9. 34 10. 6 Wasson and Sedwick, 1969

10.38 Kunz, 1890
8. 63 Winchell and Dodge, 18 90

Imilac 9. 34 9. 9 Wasson and Sedwick, 1969
9.02 Cohen, 1887

11.88 Field, 1857
Marburg 9, 34 11. 0 Buseck and others, 1967
Iliamaes 9. 43 10. 19 D'yakonova and Kharitonova, 1963
Albin 9. 43 10.4 Wasson and Sedwick, 1969
Salta 9. 43 8. 89 Clarke, R. S Jr. , Pers. Comm. ,1968
Thiel Mtns. 9. 61 11. 39 Clarke, R. S. , Jr. , Pers. Comm. , 1968
F inmarken 9. 61 10.7 Wasson and Sedwick, 1969
Glorieta Mtn. 9. 89 12.0 Wasson and Sedwick, 1969

10. 38 Beck and others, 1951
11.83 Henderson, 1941

9. 93 Eakins, 1885
11.18 Kunz, 1885

Springwater 13.3 12. 6 Wasson and Sedwick, 1969
13. 65 Mason, 1963
10. 72 Nininger, 1932

Itzawisis 14. 5 14. 93 Nel, 1949
Eagle Station 14. 9 15.44 Wasson and Sedwick, 1 969

16. 0 Moore and Lewis, Pers. Comm. , 1968
14.55 Prior, 1918
16.40 Kunz, 1887

+ This table taken from Buseck and Goldstein (1969)
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Table 13. Scandium Analysis in Pallasitic Olivine. *

Pallasite Sc
(PPrn)

Acid Washed Samples
Sc (ppm )

Albin 2. 1 ± 0. 0

Albin 1. 6 ± 0. 02 1. 5 ± 0. 02

Albin 1. 6 ± 0. 02 1. 5 ± 0. 02

Albin 1. 7± 0. 02 1. 6± 0. 02

Albin 1. 8 ± 0. 02 1.4 + 0. 02

Albin 1.9 ± 0. 02 1. 5 ± 0. 02

Albin 2. 3 ± 0. 02 1.9 ± 0.02
Krasnojarsk 1. 3 ± 0.02 1. 1 ± 0.02

Molong 0. 85± 0. 02 0. 8 ± 0. 02

Ilimaes 1. 5 ± 0. 02 1. 2 + 0. 01

Admire 1 . 7 ± 0. 02 1. 7 ± 0. 02

Brenham 0. 7 ± 0. 01 0. 7 ± 0. 01

Finmarken 1. 8 ± 0.02 1. 7 * 0.02
Imilac 1. 1 ± 0. 02 1. 1 ± 0. 02

Eagle Station 3. 9 ± 0. 04 3. 7 ± 0. 04

Ahumada 1. 6 ± 0. 02 1, 6 ± 0.03
Marjalahti 1. 4 ± 0. 02 1. 1 ± 0.02
DTS- 1 3. 1 ± 0.03
W-1 34. 1 ± 0. 20

*Abundances in ppm ± one standard deviation due to counting
statistics.
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degree of homogeneity. The slight decrease in Sc content observed

for the acid washed sample indicates that Sc is distributed in the

olivine crystal itself and not predominantly in any accessory phase.

For the remainder of the pallasites studied in this experiment,

the Sc abundance values range from 0.9 to 3.9 ppm with most values

falling from 1.0 to 2.0 ppm. Eagle Station has a Sc content quite

above the mean which may indicate something unusual about Eagle Sta-

tion. Indeed, we shall see that Eagle Station olivine is quite enriched

in Zr, Hf, Th, and REE compared to the other pallasites.

Chromium Analysis

The results of the Cr analysis are reported in Table 14. For

Albin, the seven Cr values range from 250 to 3790 ppm indicating

extreme variability in Cr distribution in one slice of one meteorite.

This variability probably results from the presence or absence of the

accessory mineral chromite, FeCr2O4.

For the rest of the pallasites, the Cr abundances ranged from

160 to 13,880 ppm. This spread indicates that the inclusion of chrom-

ite is random in gram sized samples of pallasitic olivine.

Upon comparison of the acid washed to non-acid washed samples,

no systematic difference is noted. For both Fe and Mn which are

major and minor elements, a systematic drop in concentration was

observed for the acid washed sample which indicates leaching from
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Table 14. Chromium Analysis in Pallasitic Olivine. *

Pallasite Cr
(PPrn)

Acid Washed Samples
Cr (ppm)

Albin 407 ± 4

Albin 2930 ± 30 4 720 ± 44

Albin 2313 ± 21 1126 ± 11

Albin 26 3 ± 3 720 ± 7

Albin 3790 ± 40 2880 ± 30

Albin 444 ± 4 357 ± 4

Albin 424 ± 4 360 ± 4

Krasnojarsk 250 ± 3 218 ± 2

Molong 152 ± 2 132 ± 2
Ilimaes 410 ± 4 282 ± 3
Admire 13880 ± 130 16080 ± 150

Brenham 160 ± 2 145 ± 2

Finmarken 2380 ± 20 2700 ± 30

Imilac 484 ± 5 434 ± 5

Eagle Station 840 ± 9 822 ± 9

Ahumada 598 ± 6 625 ± 7

Marjalahti 1127 ± 11 9 79 ± 10

DTS-1 3780 ± 40

W-1 106 ± 2

*Abundances in ppm ± one standard deviation due to counting
statistics.
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olivine itself. Since no such systematic drop occurred for Cr in the

acid washed samples, this may be interpreted as further proof that

Cr resides in an accessory phase which is more impervious to acid

leaching than is olivine itself.

From these results, one might conclude that Cr analysis of the

bulk silicate fraction of pallasites will yield quite variable results and

is not representative of the true Cr distribution in the pure olivine

phase itself.

Chromium is usually found in the refractory spinel chromite in

most silicates. Chromite is a most difficult substance to dissolve

and incomplete dissolution is a factor which contributes to the wide

scatter of values in the literature. The method used in this experi-

ment, i. e. INAA, does not require dissolution of the sample and

would therefore appear to be the superior method of analysis.

The lower Cr values in this thesis appear to agree quite well

with those of other analysts such as Coles (1971) and Schmitt and

Smith (1964); however, many higher values are also present which

would lead one to suspect a random sampling of the accessory phase

chromite.

Cobalt Analysis

The results of the Co determinations are reported in Table 15.

In Albin, the results of seven replicate determinations of different



Table 15. Cobalt Analysis of Pallasitic Olivine. *

Dallasite Co
(PPm)

Acid Washed Samples
Co (ppm)

Albin 21.6 ± 0. 2

Albin 17. 3 ± 0. 2 11. 0 ± 0. 2

Albin 40. 5 ± 0. 4 13. 4 ± 0. 2

Albin 13.9 ± 0. 2 12.2 ± 0. 2

Albin 47. 4 ± 0, 4 31, 5 ± 0. 3

Albin 8. 4 ± 0. 1 6. 7 ± 0. 1

Albin 9, 8 ± 0. 2 8. 3 ± 0. 1

Krasnojarsk 25. 1 ± 0. 3 15, 9 ± 0. 2

Molong 48. 3 ± 0. 4 38. 8 ± 0. 4

Ilimaes 17. 7 ± 0. 2 14. 2 ± 0. 1

Admire 28. 3 ± 0. 3 17. 8 ± 0. 2

Brenham 14. 4 ± 0. 2 9. 3 ± 0. 2

Finmarken 15. 2 ± 0. 2 10.6 ± 0. 1

Imilac 35. 1 ± 0. 3 18. 8 ± 0. 2

Eagle Station 27. 4 ± 0. 3 28. 5 ± 0. 3

Ahumada 12.8 ± 0. 2 12.9 * 0. 3

Marjalahti 7. 8 ± 0. 2 5. 7 ± 0. 1

DTS-1 136 ± 1

W-1 45. 5 ± 0. 4

48

*Abundances in ppm ± one standard deviation due to counting
statistics.
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olivine areas range from 8.4 to 41. This result would suggest a

variability greater than one would expect from a pure olivine phase.

None of the common accessory minerals such as troilite, pyroxenes,

plagioclase, chromite, or phosphate has more than 100 ppm of Co

(Mason and Graham, 1970); therefore, one or two percent of acces-

sory minerals could not perturb a uniform distribution of Co in

olivine by as much as the range Albin would suggest.

On the other hand, the Fe-Ni phase contains 5000 ppm of Co.

If we assume that 6. 7 ppm, which is the lowest analysis reported for

Albin, represents the true olivine concentration, then we must

assume enough Fe-Ni phase to perturb this concentration by six fold.

About 8 mg Fe-Ni metal per gram silicate material in the Albin

sample would yield 48 ppm of total Co in the silicate plus the metallic

phase. It may be possible that 8 mg of metallic phase per gram of

olivine could adhere to the olivine phase and quite easily escape the

crude separation process employed in this study. The acid leached

samples generally contain less cobalt than the unleached samples.

Zirconium, Hf, Th, and REE Analysis

The gamma-ray spectra of long-lived radionuclides in all of

the olivines were remarkably deficient in radioactivities with the

exception of only those elements that have been discussed above.

The single pallasite, Eagle Station, is a notable exception. In
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Eagle Station, a multitude of y-ray peaks were visible and the radio-

isotopes responsible for these y-ray peaks were identified as being

Zr, Hf, Th and various long-lived REE. From a visual inspection,

the unusual Eagle Station sample appeared to be an olivine; also

elemental abundances of Al, Na, Cr, Sc, Fe, Co, and Mn agreed

with those obtained in other pallasitic olivines.

The Hf abundance was 55.4 ppm for Eagle Station olivine. The

Zr content was 2880 ppm based upon GSP-1 which was used as a

standard for both Hf and Zr. The Th abundance was 14.9 ppm for the

untreated sample and 11.7 for the acid leached sample. Abundances

for La, Eu, Yb, and Lu are listed in Table 16. The presence of

large amounts of REE and Th in pallasitic olivine was totally unexpect-

ed. The large amounts of Zr and Hf would argue for the presence of

a mineral like zircon. The REE abundance curve shows a chondritic

normalized pattern which is progressively enriched in the heavy REE

and depleted in the light REE. See Figure 4. This distribution of

REE is very similar to the pattern of zircon in a dacite sample as

published by Na.gasawa (1969); see Figure 5.

Table 16. Rare Earth Element Concentrations for Eagle Station Olivine.

Element ppm + 1 cr

No acid wash

ppm + 1
Acid washed

La 8, 23 +0. 2 3. 2 A- 0. 1

Eu 1. 51 +0. 03 1. 13 + 0.03
Yb 103 +2 87 +1
Lu 79 +1 73 +1
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Eagle Station is a very unusual pallasite in many respects.

Among these are:

1. Eagle Station contains the most silicate and the least Fe-Ni

metal phase of any known pallasite.

2. The olivine is angular as opposed to possessing a rounded

drop-like form indicating that olivine crystallized before the metal

phase.

3. Its fayalite to forsterite content is the highest of any known

pallasite. Bowen's (19 35) reaction series indicates the ratio of

fayalite to forsterite may be correlated to the relative precipitation

temperature. According to Bowen, a high temperature precipitation

of olivine will result in a high Mg/Fe ratio, i. e., forsterite olivine,

while a low temperature precipitation of olivine will result in a low

Mg/Fe ratio, i. e., fayalite olivine. Since Eagle Station olivine has

the lowest Mg /Fe ratio, this might indicate a low precipitation tem-

perature for the olivine. The presence of a unique Zr bearing mineral

in Eagle Station may also be correlated to a unique low temperature

precipitation.

A second sample of Eagle Station was obtained from Dr. Carleton

Moore at the Nininger Collection. This sample was analyzed to see

whether the data obtained for REE, Zr, and Hf in the first sample

could be duplicated. The second Eagle Station sample yielded no

observable activity from REE, Zr, or Hf which would support a
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conclusion of mineralogical inhomogeneity within Eagle Station.

The original Eagle Station sample was confirmed to be a pallasitic

olivine from comparisons of other trace element data, and therefore

mineralogical inhomogeneity is suspected rather than an error in

selection of samples.

Radiochemical Results

Instrumental analysis is only possible for a small fraction of

the elements in silicate samples. Because of insufficient sensitivity

and spectral interference problems, instrumental analysis was not

possible for the REE for most of the pallasites; therefore, radiochem-

istry was employed to separate each of the elements for the Brenham

olivine. The REE are of considerable geochemical significance be-

cause of their similar chemical properties. The REE exhibit similar

ionic radii ranging from 0.94 A for Lu to 1. 13 A for the hexacoordi-

nated trivalent ionic radii (Whittaker and Muntus, 1970). Usually,

the trivalent state is common for the REE and as a result of these

common factors, the REE tend to react similarly under most chem-

ical conditions. The most interesting feature of the REE distributions

is the very diversity which does occur in contradiction to all of the

factors which predict a general uniform chemistry for the lanthanides.

Different minerals do show a specific preference for some of the REE

compared to others based upon such factors as the physical size of
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the hole within the crystal lattice or the charge of the ion. Usually,

the result of such preferences is a smooth enrichment in the REE

pattern with either the heavy or the light end members of the REE

exhibiting relative enrichment. One notable exception to the above

statement is the element Eu which may also exhibit a divalent state

and therefore, the Eu abundance within the REE distribution is com-

monly discontinuous.

If one assumes the REE distribution in chondrites is primeval,

then one may smooth the REE curves by dividing each elemental REE

abundance by the abundance of the same element in chondrites. This

produces a smooth curve which clearly shows any fractionation com-

pared to the chondritic pattern. Most mid-oceanic tholeiitic basalts

on the earth exhibit a flat chondrite normalized REE pattern with a

depletion of La and Ce by about 50%. This simply shows that although

these common terrestrial samples show an overall REE enrichment

over chondrites by about 10 to 20, there was no significant fractiona-

tion from the basic chondritic distribution. Since most of the earth's

crust is composed of tholeiitic basalts, this certainly indicates that

relative REE fractionation is not common in the layering of this differ-

entiated planet.

Most rocks found on the continents do exhibit a fractionation

pattern. An enrichment in the La group is typical for most continental

rocks such as alkalic basalts, granites, and shales. Many minerals,
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such as zircons, are enriched in the Lu group. Few published data

reveal a depletion in the Eu-Sm group as is apparent for most of the

olivines determined in this work. The REE patterns for DTS-1,

Brenham, and ureilites, olivine-pigeonite achondrites, are shown

in Figures 6, 7, and 8 respectively.

Figure 6 is a graph of the REE pattern found in DTS-1, a

U. S. G. S. rock standard. The concentration of each REE is plotted

in Figures 6, 7, and 8 versus the ionic radii of the hexacoordinated

trivalent ion. This graph shows an unusual depletion in the center of

the curve and was obtained by this author just prior to determining the

rare earth pattern in Brenham as shown in Figure 7.

Figure 7 is a graph of the REE concentrations found in an acid

washed as well as non-acid washed sample of olivine from Brenham.

Also plotted are the results of Masuda (1968) who determined the REE

in an olivine sample of Brenham by isotope dilution mass spectrome-

try. One notices an order of magnitude of difference in the La concen-

trations between the non-acid washed and acid washed sample. This

difference implies the solubility of some accessory phase which con-

tains a high concentration of the light REE compared to the other REE.

Permission to include Figure 8 was obtained from Dr. W. Boynton

( 19 72) and was included to illustrate the similarity of three REE

curves found in samples of such diverse origin as:

1. The earth



La
1 1 I 1 1 I 1 1 1

Ce Pr Nd Sm Eu HO ER Tm Yb Lu

Figure 6. Chondrite Normalized Pattern for DTS.

57



10-1

a)

0
0

10
_

co
a.

10

0

'"old acid washed

Masuda's pattern

58

La Ce Ne Sm Gd Tb Y Ho Er Tm Yb Lu

Figure 7. Chondrite Normalized Pattern for Brenham Oli'vine.
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Figure 8. Chondrite Normalized Pattern for Ureilites.

Boynton (1972)
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2. Palla.sitic meteorite

3. Ureilite achondrites

Tables 17 through 19 contain the analytical data which is plotted

in Figures 6 and 7.

DTS-1 is, of course an olivine rich ultra basic terrestrial rock.

The absolute REE abundance is much lower in DTS-1 than in most

other terrestrial sources. The ureilite achondrites are a mixture of

olivine and pigeonite. The silicate phase of Brenham is, of course,

almost pure olivine. The REE fractionation pattern is most unusual

for these samples, and it seems more than coincidental that all of

these samples should be olivine rich and yield consistently the same

type of REE distribution even if the absolute abundances differ.

One may note that Brenham displays a REE fractionation pattern

which is approximately an order of magnitude less in absolute abun-

dances than found in either DTS or the ureilites. The V-shaped pat-

terns are most unusual and would like to find a reasonable interpreta-

tion for their occurrence. Two hypotheses will be explored. The

first mechanism is based upon the assumption that the REE distribu-

tion in the parent magma was chondritic. Iron and Mg of about 0.7 A

ionic radii are the major cations for the olivine lattice. The trivalent

REE cannot substitute straightforwardly into the olivine lattice due to

a charge difference between the divalent Fe or Mg and the trivalent

lanthanides. However, a charge balance may be maintained by
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Table 17. Rare Earth Concentration for DTS.

Element
Symbol

Elemental Concentration
(ppm ± 1 o-) Ratio DTS

Chondrites

La

Ce

Pr

O. 026 ± O. 002

0.076 ± 0.018
0. 0058 ± O. 0002

0,081 ± O. 0063

0. 088 ± 0. 021

O. 053 ± O. 0018

Nd** < O. 024 < O. 041

Sm O. 0050 ± O. 0001 0.0255± 0. 00051

Eu O. 0011 ± O. 0001 O. 015 ± 0. 0014

Gd** < 0. 010 < 0. 040
Tb** < O. 00030 < O. 0063

Dy O. 0026 ± O. 0006 O. 0084 ± 0.0019
Ho O. 0026 ± O. 0004 O. 0366 ± O. 0056

Er** < O. 0030 < 0.015
Tm 0.0015 ± 0.0001 O. 048 ± 0. 00 32

Yb 0.018 ± 0.001 0. 0947 ±0. 0053

Lu O. 0031 ± O. 0001 0. 0937±0. 0030

Y 0. 050 ± 0. 001 O. 026 ±0. 00052

*DTS is a U. S. G. S. basic rock standard consisting mostly of
olivine.

**Upper limit based upon 3 cr calculation.
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Table 18. Rare Earth Concentrations in Olivine from Brenham. *

Element Elemental Concentration
(PPb)

Olivine /Chondrite

La 3.5.6 * 0. 7 O. 105 ± O. 005

Ce 33. 0 ± O. 6 O. 035 ± 0, 002
Nd 20 ± 10 0.031 ± O. 002

Sm 0. 075± 0. 004 0. 00038±0. 00003

Eu

Gd

Tb 0. 0093±0. 0006 0. 00054±0. 0000 2

Dy

Ho 0. 037± O. 002 0. 00049± O. 00003
Er 0. 21 0.0011 ± 0.0003
Tm 0. 102 ± O. 003 0. 0034 ± O. 0002
Yb 0.84 ± 0. 04 O. 0038 ± O. 0002

Lu 0. 42 ± 0, 02 0. 0123 ± 0. 0006
Y O. 48 ± 0. 02 0. 00028± 0. 00002

*Above olivine was washed with cold HC1 before analysis.
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Table 19. Rare Earth Concentrations in Hot Acid Washed Olivine
from Brenham.

Element Elemental Concentration Olivine /Chondrite
(ppb)

La 7. 1 ± 0. 2 0.021 ± 0.001
Ce 5, 4 ± 0. 1 O. 0058 ± 0, 0003

Nd 6. 7 ± 0. 3 0.0104 ± 0.0005
Sm 0. 119 ± 0. 002 0. 00060 ± O. 00003

Eu

Gd** 0. 12 O. 00046 ± 0. 00016

Tb O. 024 ± O. 002 0. 00054 ± 0. 00004

Dy

Ho O. 118 ± 0. 002 O. 00157 ± 0. 00068

Er
Tm O. 102 ± O. 003 O. 0034 ± O. 0003

Yb 0. 86 ± 0. 04 O. 0039 ± 0. 0003

Lu 0. 55 ± 0. 03 O. 0162 ± O. 00002

Y 0. 49 ± 0. 02 0. 00029 ± 0. 00002

*Washed for 10 min, in hot HC1.

**Upper limit based upon 3o- calculation.
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substituting the smallest REE end members (radii = 0.94 A) and Al3+

with Mg 2+
and. Si

4+, i. e., Lu3+
+ A13+ Mg

2
+ Si4+

. Another pos-

sible substitution reaction may be Lu3+ + Na 1+
2Mg

2+. The result-

ing REE pattern would be enriched in the heavy REE compared to

chondrites.

Nagasawa and Higuchi (1969) observed such a pattern in olivine

separated from ultrabasic rocks. This type of substitution plus the

incorporation of any minerals rich in Zr which were observed in

Eagle Station would explain the chondritic normalized increase from

Eu to Lu. The decrease seen from La to Eu is not readily explainable

by this type of substitution.

Another mechanism as discussed by Dr. F. A. Frey (private

communication, 1971) requires the assumption of a non-chondritic

melt for derivation of the REE pattern in DTS- 1. If a melt with a

composition of Duluth Gabbro is assumed, then upon applying the

olivine/liquid partition coefficients of Nagasawa and Higuchi (1969)

one may calcuLate lanthanide values very close to those observed for

DTS-1. In this case, if one plots olivine REE data versus chondrites,

a V-shaped pattern is obtained; however, if one plots these REE values

relative to the REE in the corresponding liquid phase, an enrichment

from La to Lu appears. These V-shaped patterns obtained by normal-

izing to chondrites may simply be indicating that the parent melt was

not of a chondritic character and that the REE in the parent melt were
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severely depleted in the medium REE. The Zr/Hf ratio of 52 ob-

served in Eagle Station is similar in magnitude to that observed in

achondrites while the Zr/Hf ratio in chondrites ranges from 20 to 50.

Other fractionation events may have occurred prior to olivine separa-

tion which could have altered the basic chondritic pattern.

Pallasites Compared to Mesosiderites

Mesosiderites are meteorites which superficially resemble

pallasites. Both classes of meteorites have an Fe-Ni metal phase

present with the average metal in the meteorite being 52% for

mesosiderites and ranging for pallasites from 30% to 80%. The

average percent metal in mesosiderites falls within the range of

the pallasites.

The average composition of the Ni-Fe phase in pallasites is

87. 1% Fe, 11.0% Ni, and 0. 58% Co. For mesosiderites, the average

Ni content is 8. 3%. Thus a significant difference exists in the Ni

content of the metal phase. In the centers of the taenite phase in

mesosiderites, the nickel content rises as high as 35%. The absence

of plessite, which is a fine grained mixture of kamacite and taenite

in the middle of the taenite phase and which contains such a high Ni

content, is an unusual feature of the mesosiderites.

The comparative mineralogy of the two classes of meteorites

are as follows. The dominant silicate phase of mesosiderites is
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magnesian-orthopyroxene. Calcic plagioclase is not quite as abundant

as the pyroxene. Olivine and pigeonite are observed in minor or

accessory amounts except in Patwar and Crab Orchard where pigeonite

is a major phase. Apatite, tridymite and augite are ubiquitous acces-

sory minerals. Brecciation is typical for the mesosiderite silicates

and heterogenity is the rule rather than the exception.

Most pyroxene and olivine grains contain tiny inclusions giving

a dusty or slightly cloudy appearance to the grains. The brecciation

and mixing of mineral types has been interpreted as implying a com-

plex history for these meteorites. The silicate phase of pallasites

on the other hand consists almost entirely of olivine crystals with

small amounts of accessory minerals. Almost no pyroxeies or

plagioclase are reported. A major difference between olivines of

pallasites and olivines from mesosiderites is the fayalite (Fe
2
SiO4)

content. This difference is taken as conclusive proof that the olivines

from a pallasitic magma did not invade the remaining silicate assemb-

lage. An important feature of mesosiderites is the apparent lack of

equilibrium between the various silicate phases indicating the assemb-

lage of silicates were never heated strongly after coming into their

present spatial arrangement.

In conclusion, the evidence presented argues strongly against

a genetic relationship between mesosiderites and pallasites. For a
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further discussion of this material, the reader is referred to the

papers of B. Powell (1969 and 1971).
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IV-. SUMMARY

Pallasites are meteorites consisting of semi-equal portions of

Ni-Fe metal and silicates which are about 98 to 9 9 % olivine. All

available evidence points toward the pallasites precipitating at high

temperatures from a melt incorporating lower amounts of most trace

elements in the olivine phase than is recorded in any other samples

yet analyzed. The REE pattern for Brenham has been shown to be

similar to the olivine pattern in DTS-1, a terrestrial sample, and

the ureilites which are olivine rich achondrites. The Ni abundances

in the olivine crystals are suspected to be in equilibrium with the Ni

abundances in the metal phase while the Fe abundances in the metal

phase are suspected to be in equilibrium with the Fe abundances in

the olivine phase, although these last results are not conclusive.

The olivine crystals are known to be extremely homogeneous in Fe

content over all measured distances.

The Mn abundances suggest the existence of two independent

distributions. These two distributions might be considered a basis

for classifying the pallasites into two distinct groups.

One sample of Eagle Station revealed a REE curve which was

strongly enriched in the heavy end members reminiscent of Nagasawas

REE data from zircons in a dacite sample. High Zr and Hf values

were also observed. A second sample from Eagle Station was devoid
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of high Zr, Hf, and REE abundances indicating mineralogical in-

homogeneity with Eagle Station.
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