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ABSTRACT

An analytical procedure is adopted to determine eight rare earth
elements in the Whitestone anorthosite, its constituent minerals, and
the surrounding metamorphic rocks. Chondrite-normalized rare earth
fractionation trends display the rare earth data.

Distinctive rare earth fractionation trends for anorthosites of
different origins are nrot expectea to be found. The anorthosite rare earth
fractionation trends reflect the crystal-chemically controlled uptake of
rare earths by the mineral phases present, so the rare earth fractionation
trends of the plagioclase, clinopyroxene, hornblende and garnet are
stressed. The rare earth data are consistent with plagioclase and c¢lino-
pyroxene being primary phases, and hornblende and garnel being the pro-~
ducts of autometamorphism involving the primary pheses snd a residual,
Fe-Ti, volatile-rich fluid phase.

The country rcck-anortrosite relstionship is not elucidated by
this rare earth study, except the suggestion that rare earths have been
supplied to the metasomatic envelope from the eznorthosite or a late staze,
residuval fluid phase associated with the anorthosite.

The theories of aznorthosite origin and their epplication to the
Whitestone anorthosite are discussed in light of rsre earth informaticn
and previous field and petrologic work. The most probsble modes of origin
of the Whitestone ancrthosite are:

1, early fractional crystallization and accumulaticn of a plsgio-
clase-rich rock from s dioritic (possibly contaminated) magma, partial

meliing and intrusion of the anorthosite into its present geological

iii



setting,

2., crystallization of a gabbroic snorthosite magma formed by
partial fusion of amphibolite,

3. disruption (with partial melting) of a layered-type anorthosite

and subsequent injection of this anorthosite into its present surroundings,

iv
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CHAPTER 1

RARE FARTH ELEMENTS AND THE WHITESTONE ANORTHOSITE

INTRODUCTION

1-1. The Rave Earth Elements

The rare earth elements (denoted hereafter as REE, with rare
earth denoted as RE) are defined as the lanthanides (Z = 57-71) and Y.
The lightest member of group IIla of the periodic table, Sc, is excluded
because its chemical behavior is distinct from that of the REE
(Cotton and Wilkinson, 196”?), Promethium has no stable isotopes and
is not found in nature (except as traces as a spontaneous fission frag-
ment of uranium) so it is also excluded,

The REE are not really rare. Even the least abundant, Tm, is
as common as bismulh and more common than such elements s As, Hg or
Ag in the lithosphere. REE are well dispersed, but significant
commercial concentrations are mined in Finland, Russia, Poland and
the U.S. with the major RE ore minerals being monazite, CePO,,
bastnasite, Ce(CO3)F, gadolinite, YzFeBez(SiZOS)Oz, and xenotime, YPO,
(Pings, 1969).

Some properties of the REE important in FE geochemistry are
outlined by Ahrens (1964) and Cotton and Wilkinson (1962). Although
the normal oxidation state of 211 HEE is +3, Ce4* and Eu?* can also be
formed under natural conditions, The ionic radius of the lanthanide

reases reguwlarly vith increasing stomic number, a phenomencn

s
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3+
known as the "lanthanide contraction"”. The ionic radiuvs of Y corres-

ponds most closely to that of Dy3+ and Ho® | (Whittaker and Muntus, 1970).
The RE metals and their oxides are non-volatile, The metals are very
reactive but the oxides are rather refractory.

.The similarity in chemical properties of the REE, especially
bothersome in attempts to separate individual elements from this group,
has produced in geochemists the impression that these elements should
constitute an extremely coherent group and any partial separation of one
or more REE from the éroup in nature could indicate only very unusual
conditions. Strong coherence of the RFE was supported by such authors
as Goldschmidt (1954), Taylor (1560), and Rankama and Sahama (1950),
even though Goldschmidt and Thomassen (1924), Van Tongeren (13938), and
Sahama and Vahatalo (1941) found extreme fractionation in the RE group
in minerals and common igneous rocks. Recent work (mainly post 1560)
has proven that REE undergo fractionation in nature, and exploitaticn
of this fact in gecchemical studies has begun,

The fractionation of these chemically similar elemsnts in nature
is expected to provide geochemists with yet another tool to unravel the
complicated geological history of the earth and possibly the universe.
However, the scarcity of information, concerning both the distribution
of the REE and their physical-chemical behavior in rocks and minerzls,
is still critical., The need for experimental. confirmation of many
hypotheses concerning RE fractionation is particulerly great.

1-2, The Whitestone Anorthosite

1-2-i, Ge=ological Setting

The Whitestone anorthosite is a tear-cshaped body (see Map 1, page 4)



3
exposed in McKenzie, Burpee, Hagerman, Ferguson, and McDougall Townships,
just north of Parry Sound, Ontario, Surface exposure is good to excellent
over the approximately 60 square mile body. Reconnaissance work by
W.C. Lacy (1960) was followed by I. Mason's delailed Ph.D., study (Mason,
1969). Continual reference will be made to this latter work and the
description of the geology of this area and the petrology of the anortiho-
site is from Mason's study.

The anorthosite intrudes gmphibolites and gneisses which were
already metamorphosed to upper almandine amphibolite facies, imposing
both a thermal and a metesomatic aureole on these rocks. There has been
no significent, or at least only mild, metamorphism affecting the region
since the intrusion of the anorthosite.

1-2-ii, Petrology of the Whitestone Anorthosite

Only a brief summary of ‘the petrologic observations and con-
clusions noted by Mason will be presented here., The reader is encouraged
to refer to Mason's thesis for a more complete description of the petro-
logy and for the persuasive evidence leading to the conclusions which are
accepted here., This author, after a perusal of about 25 thin secticns from
the Whitectone anorthosite found no reason to doubt the f ollowing general
stotements of Mascn (pages 31-32),

*
"l. Plagioclase is the most sbundant phase in the anorthosite

*Note: Anorthosite refers to an igneous rock containing > 774
plagioclase of intermediate or calcic composition. Where emphasis is
placed on the differences in modal m=fic centent of anorthosites, terms
such as true ancrthosite (< 10% modal mafic minerals) and gabbroic
anorthosite (16-22%7 modal mzfic minerals) are used.



Map 1  The Whitestone Anorthosite - Facies and Sample Location
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and has an average grain size of 3-5 mm, with occasional dark
blue or purply grains up to 20 mm, Scapolite is common as an
alteration of plagioclase.

2., The main mafic phase is clinopyroxene; uralitic amphibole
is ubiquitous.

3. Apatite, oxides and associated sphene are restricted to an
accessory role, except locally.

4, Garnet and epidote are restricted in distribution ...

5. The distribution of garnet and epidote is compositionally
controlled,"

Mason also shows that recrystallization (due to slow cooling?) is per-
vasive in the anorthosite specimens. The existence of an Fe-Ti, volatile
rich residual fluid phase was present in the late stages of solidification.
Mason recognized two main facies - the glomeropoikilitic and the
porphyritic - in the Whitestone anorthosite. Superimposed on these two
primary types are three secondary facies:
1. the green feldspar facies,
2., the folisted epidote-bearing facies, and
3. the foliated garnet-bearing facies.
The distribution of these phases is shown in Map 1, page 4, and some
characteristic features of these five facies are discussed below:
1. Glomeropoikilitic Facies:
This is the most abundant primary facies, "Black pyroxene occur
in blotchy, sub-spherical globules or glomeruies, each globule being
charged with subhedral plagioclase grains, and the globules themselves
are broadcast through the otherwise light grey rock in a polka-dot pattern,"”
(Mason, page 33)., As this facies grades into the folisted facies the
giomerules become elongzte. Fe-crystallization has obscured the original

exaggerated poikilitic, texture.



2. Porphyritic Facies:

Mason states (page 38), "this facies is characterized by a more
homogeneous distribution and, in general, a slightly higher average
modal abundance of pyroxene than the glomeropoikilitic facies. ... the
clinopyroxenes appear in hand specimen as distinct, rather stubby, black
crystals scattered evenly throughout the rock." Igneous banding, often

pyroxene enriched at the base, is occzsionally secen in this facies.
Blocks of disrupted banded anorthosite are also found. This facies is
more restricted in distribution ddburing as bands or zones within the
body .
3. Green Feldspar Facies:

This facies can be considered identical to typical Whitestone
anorthosite rock except for the green coloured feldspars. Both primary
facies are found in the green feldspar facies. The unique green feld-
spars are due to "narrow, randomly oriented, yellowish or brownish veins
ramifying through and around the plagioclase grains," (Mason, page 50).
In this facies only, the clinopyroxene often displays & rim of secondary
orthopyroxene, Also, garnet rims the mafic minerals in an unususl corona-
type texture (see description of sample WB-3, Appendix 4).

4, Foliated Epidote-bearing Facies:

Epidote is usually restricted to marginal, foliated rocks (see
Map 1, page 4) generally free of oxide minerals. Epidote occasionally
rims pyroxene,

5. Fcliated Garnet-besaring Facies:

Garnet is found in some nmarginal, foliated rocks which contain

oxide minerals but little or no epidotz. Spherne is usually presented as

*



well, A late-stage residual Fe-Ti, volatile-rich liquid is thought to
have collected in the fcliated rocks, giving rise to the oxides particularly
prevalent in this facies. Garnet probably hes developed involving partici-

pation of oxides, pyroxene-hornblende, plagioclase and this fluid phase.,
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Classification of Thecries on Ancrthocite Petrogenesis

TABIE 1-1

e —

¢

* after Mason, Tahle 1-2, page 9.

leyered intrusions l

i
|

Category Type Author
Anorthosite magms never Bowen 1917 Adirondacks & General
1 existed as such: anor- Balk 1931 "
thosite is in fact a Barth 1936  Norway
cunulate rock, Emslie 1965  Michikumau
- Bridgewater 1967 Gardar Province
- , - .
Massif type anorthosite Michot P. 1960, Egersund-Cgna
2 crystallized from magma 1955b  Massif, Norway
resulting from assimil- Philpotts 1966  Morin
ation of country rock Kranck 1961 General
by 'mormal' magma type
Massif type anorthosite Buddington 1939
3 crystallized cdirectly 1961 Adirondacks
from magrz of gabbroic Harrison 1943 S.E. Ontario
anorthosite composition Subramaniam 19652 Kadavur Mass (India)
Hargraves 1962  Allarc Lske
Hietenen 1956  Boehls Butte
4 Metasomatism & Anatexis Berrange 1865  Genersl
Berg 1966  Bittercct, Montana
Michot J. 1961  Heland-Hzlleren,
Norway
Winkler & 1960 Experimentzl
von Platen
Massif anorthosites are Subramaniam  1956b Sittampundi
(in some cases) meta- Complex, (India)
5 morphosed and disrupted Windley 1967 W. Greenlanad




1-3. The Problem - The Origin of the Whitestone Anorthosite

Mason has conveniently classsified the theories on anorthosite
petrogenesis and his Table 1-2 (page 9) is reproduced here in Table 1-1,
page 8, All five types of theories are critically discussed by Mascn,
pages 10 to 17, and ornly a briel resumeé of scme important points from
each type is presented here.

The main point in theories of type 1 is that the anorthosite rep-
resents an initial crystal accumulate. Bazlk (1931) and Bowen (1917)
postulate a dioritic magma from which mainly plagioclase and, intermit-
tently, mainly mafic minerals crystallize with the residual syenite
liquid forming the surrounding acidic rocks. Emslie (1565) proposes
that continual separation of liquid (by volcanic activity?) from an
original olivine basalt magma allcwed plagioclase to continue to setile
out and accumulate. Bridgewster (1967) proposes plagioclase accumulation
by floatation in an already partially differentiated magma chamber., Of
these auvthors, Emslie alone does not propose the associated acidic rocks
are co~gensztic,

Theories of type 2 all postulste crystallization of a primsry
magma modified by assimilation of crustal rock to form massif-type
anorthosites.” Michot, P. (1965) and Kranck (1961) propose contamina-

tion of basaltic magma and Philpotts (1966) proposes a calc-alkaline

#Note: Massif-type anorthosites esre "complete bodies of rock
containing large domains with high modal plagioclase (> 80%) but with
apparent gradation into other less plegioclase-rich demains, the whole
comprising 'an anorthosite'." (Mascn, pege 7)
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granodioritic magma derived by assimilation of crustal rocks by a
dioritic magma. Philpotts postulates crystal accumulation from this
magma (as in type 1) to produce the anorthosite.

The virtually complete crystallization of a gabbroic anorthosite
magma characterizes type 3 theories. Buddington (1931, 1961) originated
this theory for the Adirondack anorthosite and derived the gabbroic
anorthosite magma by partial fusion of basalts or mantle material, both
with abundant volatiles present.

Theories involving metasomatism and anatexis are listed under
type 4. Michot, J. (1961) proposes partial fusicn of a noritic anortho-
site or leuconorite with mobilization of the ferromagnesian minerals snd
scme plagioclase leaving behind 2 residuum of plagioclase - the pars-ana-
tectic anorthosite, Michotand Michot (1966) suggest that this process
is active in the crust, but it dces not seem clear if & pre-existirng
anorthosite is required or if this process accounts for a primary origin
of anorthosites,

Theories of type 5 attribute some massif anorthosites to meta-
morphism and disruption of layered intrusions contsining layered anor-
thosites., The application of this theory depends on the recognition of
some layered-intrusive feature of the massif anorthosite.

Mason argues that the Whitestone anorthcsite is "the end preducst
of differentiation which, in turn, suggests a uﬁique 'magma-type' derived
either directly from the mantle or by fractional crystallization of a
mother-magma." (page 241), This suggests Mason would best be fitted
into theory type 3.

It is hoped that this work can shed some light on the question

of origin of the Whitestone anorthosite, However, the scarcity of good
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estimates of RE content of the mantle or possible mother magmss compli-
cates the problem, It was decided to emphasize the mineral RE data in
attempting to define the origin of the Whitestone anorthosite.

The aims of this work can be set down as follows:
1. First, an accurate yet simple analytical procedure must be adapted
to determine enough REE to facilitate RE geochemical interpretations.
2. The relationship of the Whitestone anorthosite and the cocuntry rocks
might be further elucidated by a study of the REE in these r ocks., Of
particular interest is the possibility of co-genetic relationships in
the anorthosite-~envelope rocks,
3. The fractionation of the RFE between the mineral phases in the anor-
thosite are to be determined and explained if possible,
4, The RE data is to be used to indicate the more probabie origins of
the Whitestone anorthosite,
1-4. The Samples

Anorthosite samples collected by Mason and by this author for
RE analysis were thin sectioned and Table A~1 indicales the modes of
the anorthosile samples based on > 1000 points counted for each section.
A brief petrographic description for all but two thin sectioned samples
is compiled in Appendix A, Sample locations are indicated on Map 1,

page 4.



CHAPTER 2

ANALYTICAL PROCEDURE

2-~1., Sample Preparation

Samples 11-85, L1-81, IO-t7, Ll-126, L1-127, L2-2, L1-354 and
the corresponding mineral fractions were obtained from I, Mason, The
whole roclt samples were already crushed to less than 200 mesh., The
mineral separates were checked opéically and were found to be greater
than 99% pure in all cases. Each separate was crushed to less than Z00
mesh with an agate mortar and pestle and stored in a glass vial,

R. Mummery, McMaster, supplied samples Mum~2 and S-32 already
crushed to less than 200 mesh,

Samples WBl1-1, WB2, and WB3 were collected by the author. To
obtain a representative whole rock ssmple of each, fresh chips were
broken of{ each with a hemmer and crushed in a Spex shatterbox to less
than 200 mesh. The powder was halved, recombined 10 times to ensure
homogeneity, and stored in a carton., |

To obtain pure mineral fractions of each sample, anorther
portion was crushed in the Spex shatterbox and the 100 to 200 mesh
fraction collected., The Franz Isodynamic separater and heavy liquid
separations using tetrabromoethane, methyl iodide, and acetone were
employed to separate the constituent minerals, Plagioclase plus
scapolite was separated to greater than 99.8% purity, while pyroxene,
hornblende, biotite, and garnet fracticns contaired uwp to 5% impuritities

(mainly other mafic minerals) when checked opticaily. Each ceparated

‘.
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phase was crushed to less than 200 mesh using an asgate mortar and pestle
and stored in a glass vial.

2-~2, Standard and Carrier Prepsration

A standard solution containing the approximate expected concen-
tration of REE was made up by taking into solution accurately weighed
individual RE oxides (spec-pure, Rare Earth Products, Limited). The
solution was made up to exactly 1000 ml. in a volumetric flask as
2,0 M HC1 and its density calculated using the weight of oxides added
and the density of 2,0 M HCl give; in The Handbook of Physics and Chemistry.

The standard solution contained the f ollowing concentrations of REE:

REE conc. (Fgm REE/gm solution)
bé .16,69
La 6.68
Ce 6.43
Pr 11.26
Nd 6 .43
Sm . 4,27
Eu 3.01
Gd 3.65
Tb 4,83
Dy 2,56
Ho 5.19
Er 2. 75
Tm 4.49
Yb ’ 4.81
Lu 3.09

A similar procedure was used to make up a carrier solution
containing from 0.1 tc 1 mg./m)l. of each RE oxide. Anorther carrier
solution containing accurately weighed La,0g and Yb203 (about 10 mg/ml.
each) was also made up in dilute acid. One ml., of each carrier solu-
tion was used in processing each sample and standard after irradiation.
This provided a carrier for each RE , and also a large excess of La and
Yb whose yields could‘be determined by re-irradiaiion with negligible

background due to other RE nuclides.
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2-3. Irrqgiation

About 100 mg. of sample powder was accurately weighed into a
labelled 4 mm. O.D. fused silica ampoule and sealed by fusing the open
end, About 0.1 ml. of standard solution was accurately weighed into a
similar ampoule and slowly evaporated to dryness at 70-80°C,. in a
heating oven before fusing. The silica tubing had been previously
cleaned by boiling in aqua regia and washing with distilled water.

Six samples and one standard were irradiated simultaneously
in an aluminum can in a high fluxfposition in the McMaster Nuclear

13 neutrons/cm.z/sec.).

Reactor (nominal neutron flux of 1.5 x 10
Irradiation times of 2 to 4 days were used followed by 3 to 5 days
cooling before chemical processing.

2-4, Post-Irradiation Chemistry

The complete chemical vrcceduvre for both samples and standsrds
is given in Appendix B, Briefly, following digestion with HF and
HClO4 precipitation of the rare earths with carriers ss hydroxides and
then fluorides (3 times repested) wass used to seperate them from
virtually all other elements., Scandium, however, must be further
removed by solvent extraction in the system 8.C M HCl and tri-butyl
phosphate., The standard was processed only to obtain the same counting
geometry as the samples; consequently, no fluoride precipitation or
extraction was carried out., Six samples and one standard required 8 to
10 hours to process in this manner.
2-5, Counting

The nuclides used and some of the pertinent information for

the eight rare earth elements deternined in this work are listed in
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Table 2-1, page 16. The rare earth fractions were gamma counted at
three different times after irradiation to optimize determination of

nuclides of various half-lives as follows:

Time after irradiation Nuclides determined
ends
140 153
S days La, Sm
175 177
10 -12 days Yb, Lu
141 152 160
5 weeks Ce, Eu, Tb,
170 169
Tm, Yb

Counting errors were minimized by counting standard and samples
in volumetric flasks as homogeneous soluvtions, FEach flask was located
in the same position relative to the detector to obtain identical
counting geometries for samples and standards. Dead time corrections
were unnecessary as dead time did not exceed 20% in any case.

The gamma spectrum was calibrated with 84 KeV 170Tm, 320 KeV 5lCr,

and 662 Kev 37cs.

RE nuclide pesxs were located and printed out with
approximately 10 chanrels on either side of the peak to obtain a
background.

2-6, Counting Equipment

Gamma counting was carried out with a hybrid system consisting
of:
i) a Canberra 130 gm. Ge(Li) solid state detector crystal
with an 8 em? active area
i) high voltage supply (1900 V.) for the crystal (Canberra)

iii) 1low noise FET preamplifier (Canberra)

iv) spectroscopy smplifier (Canberra)



Table 2-):

Nuclear Properties of Nuclides and Photopeaks Used

-

in RE Determination

[lement Target |Product Produc%ion Photopezks Interferences and Corments
Nuclide | Nuclide Factor Used (KeV)
| (n,¥reaction)
| anrd half life
| :
| Le Lat3? 1210 (40.2 nr) 13 490
| NE 175
| Ce cel10  |celdl (32,5 q)| 0.04 145 The 145 KeV peak of Yb~'° (4.19 d) is negligibly
, | small because of its extremely low intensity
152 - ? 5

Sm em22  |smi53 (46.8 hr) 71 103 The 103 KeV. of cal®® (236 d) is extremely small

| [ ' (< 1% of Sm 03 peak at 1023 KeV)
5 s = v |

b Bt (8% (12,7 7)) 1.2 343

Tb o0 |Tl0 (72,4 4) | 1.8 298

Tm L Tmi69 | 1ml70 (129 Q) , 2.5 84 The contribution of the 87 KeV peak of Tb~9C must

; be subtracted mathematically before Tm can be
A | determined (usually 30-50% of total peak)
| b vol88  |ypl69 (314) | 60 177
|
w vl? (19 4) | 3.6 396
L 176 177 ,
Lu Lu Lu (6.71 4) 20 208 The peak can be differentiated from the 216 KeV peak

i

of Tot®0 and from the 198 KeV peak of Ybi®? bui the
selection of a suitable background is difficulil

1. from Table of Isotopes, Lederer et 21 (1967)

T

2. Producticn Factor = cross section of target (barns) x time of irradiation (60hr) X 1

d = doys hr

= hours

half-1ife of product 100 barns



17
v) 1600 channel RIDL pulse height analyzer
vi) Hewlett-Packard display oscilloscope and teletype printer,
The amplifier was adjusted so that the energy range 60 to 700 KeV was
counted. The energy resolution for the Cr51 peak at 320 KeV was
4.5 KeV (full width at half maximum).

2-7. Calculations

2-T-i, Activity Calculations

’ The half-peak arez method was used to calculate gamma ray
activities, For each peak, the spectrum was integrated over the full
width at half maximum and the average background was subtracted.
Background was determined from the average activity of 5 channels on
both sides of the peak. This background is mainly due to the Compton
plateaus from higher energy gammas. Occasionally small gamma peaks at
the margins of counted peaks msde it necessary to choose channels re-
meved from the counted peak as suitable background.

Activities were recalculated to a2 common time to compare samples

and standards.

2-7-ii, Element Concentration Calculation

By comparing the activity of the elements in the sample with
that in the standerds and correcting for the variable chemical yields,
the element concentrations were obtained,

The following relation was used in the calculation:

M A
C”C.—~.—.Y
W a
where: ¢ = concentration in ppm of the element in the standard
M = weight of standard irradiated



veight of se=mple irradiated
activity of the element in the sample
- activity of the element in the standard

= yield of the element in the sample relative to
the yield in the standard

element concentration in the sample in ppm.
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CHAPTER 3

RESULTS

3-1. Precision, Accuracy, and Comparison with Other Work

To evaluate the precision of this method the coefficient of
variation (C.V.), calculated as the percent standard deviation divided
by the mean value, is presented for all replicate analyses. Replicates
were analyzed in separate irradiations, Also, analyses of the standard
rocks W-1, BCR-1, and AGV-1 are presented in Table 3-1, page 20, along
with the standard deviation, S, and the coefficient of variation.

These standards were selected as their rare earth concentrations were
similar to those expected in the anorthosite and country rocks, and
the precisions reported are representative of those in the rest of
this work,

The precision ranges of the rare earths determined were:

C.v. (%)

5--15 La, Eu, Lu
10 - 25 Sm, Tb

15 - 35 Ce, Tm Yb.

It is pertinent to note the correspondence of the precision
ranges above with the usual peak/background ratio for the gamma photo-

peaks used in this study:

Peak/Background (spprox.) Element
>4/1 La, Ev, Tb
2/1 - 4/1 Lu, Sm, Tm
< 2/1 Ce, Yb,
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Table 3-1: Precision of REE Determinations in Standard Rocks W-1, BCR-1 and AGV-1

Element W-1 (5 2nalyses) BCR-1 (3 analyses) AGV-1 (3 analyses) '
Split 72 Position 9 Split 103 Position 14
conc, pom S C.V. % conc. ppm S C.Vs % conc. ppm S c.V. %
Ia 10.7 1.05 9.7 1e.7 241 112 28.7 2.8 9.8 |
Ce 19.4 2.42 12.5 27.4 6.2 22.6 43.9 6.1 13.9 !
Sm E 3.03 0.89 29.4 4.4 0.47 10.7 4,02 0.86 24 f
Eu 1.24 0.22 17:7 2.49 0.034 1.4 1.21 0.10 8.3
Tb 0.60 0.10 16.7 1.12 0.043 3.8 0.68 0.18 26.5
Tm 0.33 0,10 30.3 0.64 0.07C 9.2 0.35 0.068 19.4
Yb 1.87 0.55 29.4 3.0 1.1 36.7 1.64 0.16 10.3
In 0.?7 0.036 10.3 0.66 o 0.033 5.0 0.38 0.014 3.7 )
S = standard deviation
C.V. = coefficient of variation (%) = S/mean value x 100%

02
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The precision appears to be limited mainly by the statistical uncer-
tainties involved in determination of these peaks. The peaks with
higher peak/background ratios lead to more precise determinations, As
the sensitivity limit is approached (peak/background retio —» 1) the
precision decreaszs. Also, the mathematical correction necessary to
determine Tm abundances would decrease the precision of Tm analyses
greatly. Bccause background acitivity depends on the veriable matrix
of the sample, it is impossible to define a sensitivity limit to cover
all analyses, Suffice it to say that those elements whose precision is
consistently pcor (Ce, Tm, Yb) are close to the sensitivity limits.

The accuracy of the method is more difficult to assess. The
best standard available with a RE concentration in the expected range for
anorthosites (£ REE = 10 - 100 ppm) is the standard rock W-1, Many
reputable RE analyses are found in the literature for W-1l. Although
W-]. does not represent a2 chemically similar material to the anorthosite,
its correspondence to expected anorthosite RF abundances is good. Two
other U.5.G.5. standard rocks, BCR-1 and AGV-1, are considered useful in
ascertaining the accuracy of RE determinations for country rock. The
country rock is expected to contain £ REE = 100 - 500 ppm 2nid both
BCR-1 and AGV-1 fazll in this range. Again the overall chemical similarity
of these standard rocks ard the expected country rock (gneisses, amphibo-
lites) is not good, but the similarity in RE concentrations makes them
acceptable for the estimation of accuracy of this method,

If the most precise values are also taken as the most accurate
as suggested by Smales (1971), then the analysis of W-1 and BCh-l by

mass spectrometer isotope dilution (Philpotts and Schrnetzler, 1970) will
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be taken as the most accurate values, However, only half the REE of interest
are détermined by the isotope dilution techniqus. The agreement of the
analyses of Philpotts and Schnetzler with those of Haskin and Gehl (1963)
for W-1 is within 5%, so the later analysis will be compared to this work.
The differences between Haskin and Gehl's values and those of this study
are expressed as a percent of the value found in this work (in Table 3-2,
page 23). Positive differences indicate this work is the higher, and vice-
versa. In BCR-1, the agreement of Haskin et al (1970) with Philpotts and
Schnetzler (1970) is only within 15%. A comparison of RE data for BCR-1
from this work with that of Haskin et al shows much poorgagreement (see
Table 3-2, papge 23) than for W-1, Negative differences are noted for all
REE save Eu and Lu,

Table 3-2 shows that for W-1, the REE determined in this work fall
inside the range of values from other analyses except for Sm (low in this
work) end Lu (high in this work)., The generally larger range of values
for REE determinea in the standards BCR-1 and AGV-l, and the poorer agree-
ment of this work with other analyses in these standards, could indicate
sample inhomogeneity is important in standards RBCR-1 and AGV-l, This
problem has been suggested in BCR-1l by Rey et al (1970) and Haskin et al
(1970) . However, the very low determinations of Ce and Sm in BCR-1 and
AGV-1 in this work must be noted.

The accuracy of this method is expected to be within the limits
of precision for all anorthosite and anorthosite mineral RE analyses. For
the sampies of higher RE content (i.e. country rock samples) the accuracy

is expected to be within the limits of precision for all RFE, except Ce

and Sm which are probably reported too.low in this work,



Table 3-2:

Comparison of Some Analyses of the Standard Rocks W-1, BCR-1 and AGV-1

Method of Analysis:

-
[op o> ]
]

NAA following group separation of REE
NAA following individual RE separation

Spark source mass spectrometry
Isotope dilution mass spectrometry

by ion exchange

W-1
Element Tomura et Higuchi et | Towell et Taylor4 | Schnetzler, | Haskin, | Thiswork Comparison
all (1965) | al? (1970) | al3 (1965a)| (1965) | Philpottsd Geh1® Avg. of 5 %
(1970) (1963) Analyses
La _13.9 12.2 9.3 13.5 11.7 10.7 -9.4
Ce 24 26,3 ‘ 15.1 18 2344 24 19.4 =24
Pr ! [ E
Nd 21 i 18.2 | 20.2 11 15.1 15
| Sm | 3.78 3.77 3.46 3.3 3.76 3.8 3.03 -24
Eu 1.04 1.25 1.29 0.95 1.112 1.05 1.24 +12
Gd 3.4 3.84 3.0 4,03 4.2 |
Tb 0.60 0.665 0.81 0.66 0.75 0.60 =40
Dy 3.67 4.4 2.6 3.95
Ho , 0.801 0.855 0.78
conteso

€e



Table 3-2 (cont'd) Wl

Element [ Tcpura et Higuchi et Towell et Taylor4 Schnetzlers Haskin, | This work Comparison

al® (1965) | al2 (1970) 213(1965a) (1965) Philpotts® |Gehl® Avg. of 5 %

(1970) (1963) Analyses
I
Er 1.8 2.30 ;
Tm 0.30 0.336 0.332 0.31 0.36 0.33 -10
Yb 1.9 2,06 2,23 1.57 2.08 2.1 1.87 =12
Lu 0.35 0.353 0.348 c.31 .33 0.37 +11
BCR-1 AGV-1

Element Higuchi et | Philpotts, Haskin et This work |Comparison | Gordon | Green Higuchi This Work

al? (1970) | Schnetzler® | al” (1970) | (Avz. of 3) % et a18| et 219 |et al (Avg. of 3)

(1970) i (1968) | (1969) (1970)
|

Ia 23.8 25.2 18.7 -34 33 32 44 8.7
Ce 62.2 53.¢ 54.2 27.4 ~98 57 56 83 43.9
Pr
Nd 28 32 .1 30.5 47 30.5 43
Sm 7.3 T.44 T.23 4.4 -63 5.4 4,95 6.69 4.02

Ve




Table 3-2 cont'd.

ECR-1 ! AGV-1
Element | Higuchi Philpotts Hagicin et This work Comparison! Gordon | Green | Higuchi This Work
et al’ Schnetzleré al§ (1970) (Avg. of 3) % | et 218 | et al% | et al2 (avg. of 3)
- (1970) | (1970) | (1968) | (1969) | (1970)

] %
Eu 2.39 | 1.92 1.97 2.49 420 H 1.55 [1.17 | 1.97 1.21
Gd 7.0 6.47 8.02 E! 7P 5.76
Tb 1.17 1.0 1.15 1.12 =37 | 0.77 |0.62 |0.72 | 0.68
Dy | 6.25 6.36 6.55 3.74
Ho : 1.34
Er { 3.58 3.51 L
Tm i 0.64 0.6
b | 3.58 3.38 3.48 3.04 -14 1.6 |1.45 [1.68 1.64
Tu } 0.55 0.536 |  0.526 0.66 +20 0.37 |0.18 |0.257 0.38

Method of Analysis: 7 = NAA following individual RE separation by ion exchange
8 - INAA with interference corrections
9 -

NAA following group separation of REE

14
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3-2, Potential Sources of Error

Some general factors leading to error in activation analysis along
with steps taken to alleviate them should be mentioned., Variation in
neutron flux for samples and standards was minimlzed by irradiating samples
and standards together in close proximity. Differences in conditions of
counting the rare earth fractions were reduced by counting homogeneous
solutions in similar flasks and in the same position relative to the
detector.

Other factors pertinent to this work are considered in more detail
below:

3-2-i, <Standard Preparation

The systematic differences between RE concentrations measured
in this work and those measured by other analysts suggest an error in
standard preparation. It is felt that errors in wveighing the oxides
used are not significant, Another sourcé of error could be the non-
stoikiometry of the RE oxides. For example, the ceriuvm oxide was re-
ported as Ce0p. If some Cezo3 was present, the results reported here
would be too low. No stendardization, either by comparison with an
exact standard or by EDTA titration, was attempted so the accuracy of
the standard is unknovm. Some standardization now seems necessary in
any futwre work.

3-2-ii. Sample Inhomogeneity

Poor precision in RE analyses of rocks and minerals has been
traced to the problem of sample inhomogeneity (Haskin and Gehl, 1963,
Schmitt et 21, 1963). Rey et al (1970) siate "the higher light rare

earth abundarces [in a second analyeis of BCR-l] are probably attri-



27
butable to varying amounts of accessory mineral in the two analyzed
fractions."

The rare earths show a strong tendency to form rare earth minerals
in granitic and pegmatitic rocks (Vlasov, K.A,, 1966), but many minerals
found only in trace quantities in basic rocks tend to concentrate rare
earths also., Examples include apatite and zircon (Nagasawa, 1970) and
ilmenite and sphene (Smith, 1970). Thus the inhomogeneous distribution
of these phases could lead tec poor reproducibility or precision of
whole rock rare earth determinations. As Fritze and Robertson (1969)
point out, REE incorporated in the more homogeﬁ%us major phases could
give a minimum value of rare earth content, and any minor rare earth
concentrating phase, if not homogeneously distributed in the powdered
samples, would lead to imprecise higher values,

The effect of sample inhomogeneity in this work is nct considered
serious, Where possible, large volumes of sample were crushed to < 200
mesh, divided and recombined to obtain & representative sample. The
largest sample practicable (usually 100~-150 mg.) was irradiated. Most
anorthosite samples (for example 10-67, L1-127, L1-81) contain traces
of rare earth concentrating phases (apatite, sphene, carbonate) but
these showed about the same preccision as sample L1-126 which was free of
these phases. Lack of definite indications of sample inhomogeneity with
respect to rare earth elements, through systematic precision variations,
probably precludes the consideration of inhomogeneity as a source of
major errors.

3-2-iii, Shieldirg Effects

The very large thermal cross section of many rare earths, especially

Dy, Eu, and Sm, make the consideration of shielding effects necessary,
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Michelsen and Steinnes (1969) found that tre shielding of HEE in the
activation analysis of apatite and iron ore (Eu concentrations of 52-59
ppm) was not significant. For the present samples, having much lower RE
concentrations, the shielding effects must be negligible.

Michelsen and Steinnes also considered the self-shielding effects
of Eu, A linear relationship was found between krown and determined con-
centrations up to 200 ppm Eu, indicating that self-shielding of Eu was
not significant up to 200 ppm Eu. It appears th-t self-shieldirg can
be ignored in this work as a source of error.

Shielding effects, then, can be considered negligitle in the
concentrations found in this work. However, what effect will concen-
trations of rare earths in trace-~accessory phases have? Fritze and
Robertson (1969) speculated that low determinations might result fron
shielding effects. Mosen et al (1961) estimate up to 20% flux reduc-
tion and a similar error due to Fu shielding if the rare earths are con-
centrated as oxide spheres., The rsre earth concentrating trace-accessory
phascs observed (apatite, sphene, carbonates) probably contain about
the ssme concentration as Michelsen and Steinnes' analyzed apatite and
would not have serious shielding effects.

In regard to shielding effects in standards, Plumb and Lewis (1955)
recommend that thin terget standards be used to reduce the shielding
effects, Evaporated standards provide the thin geometry required. Mosen
et al (1961) found less than 8% difference in effective neutron flux
between thin rare earth targeis (foil or evaporated solutions) and rare
earth targets encased in 5 g. chondrite mockups. Since much smaller

quantities of rock are used here, the shielding in the sample is probably
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negligible, and the difference in effective neulron flux (between samples
and standards) is probably less than 1%.

3-2-iv, Interfering Nuclear Reactions

The effects of interfering nuclear reactions are dependent upon
the composition of the sample and the nuclear properties of its constituents.
Three types of interfering reactions are considered:
1. fast neutron induced reactions which yield ihe same nuclide es
the thermal induced reactions. ex. 152Eu (ng, p) 153sm
interfering with 152sm (n, ¥ ) 153sm,

2, fission of heavy elements - U fission producing 140La, 141ce
and 153sm,

3. activation products decaying toc the stable parent isotope of
the nuclide of interest - e.g. 139La (n,v) 1 Las 5
140ce (n, v) l4lce,
1. To estimate the effects of fast neutron reaciions, the fast neutron
component is estimated at 20% of the total neutron flux (probably the

upper limit). The most favoured interfering reactions are:

144 141 153 153
Nd (n, ) Ce and Eu (n,p) Sm.

Ratios of Nd/Ce and Eu/Sm of 10 are required to produce a 1% contri-

bution from the fast neutron reactions to the 141

Ce and 193sn produced
by thermal neutrons, so (n,p) and (n, «) reactions will not affect this
work,

2, Schmitt et al (1963) considered the problem of U fission as a source

14OLa, 14lCe, and 1538m. Using their calculations, ratios of U/La = 50,

of
U/Ce = 10, and U/Sm = 50 are required to produce a 1% addition to the
(n, ¥ ) produced nuclides. These ratios are censiderably higher than

those in most ignsous rocks (W-1 < 1/3, G-1 < 1/10 for U/Sm for example),

so U fission is disregarded as & source of error in this work.
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3. The most serious intering reactions of the third type wculd be:

139 140 140 141
La (n, Y) Iases Ce (n, ¥) Ce.

Following the calculations of Kant et al (1956), it can be shown that,
for 1% of the expected 141Ce activity to originate as 139La, the ratio
of La/Ce must be about 30/1. This is far higher than observed ILa/Ce
ratios, and this process can also be neglected,

Thus, interfering nuclear reactions can be neglected as sources
of error in thi® RE analysis, Shielding effects and sample inhomogeneity
probably have only minor importance, but both are difficult to evaluate
precisely. The general coincidence of precision with peak/background
ratios weuvld indicate a major contributicen to pcor precision from stat-
istically poor counting condiiions of some gamma pezks,

3~3. Analytical Hesults

The results of the RE activation analyses are presented in Tzbles
3-3 and 3-4., The number of replicate analyses are shown under the sample
number, and the coefficient of variation {(C.V.) is calculated where
applicable,

Major element anaiyses for some of these samples can be found
in Mason (1969).

Certain szmples were analyzed for Sr content by R.H. McNutt em~
ploying isotope dilution t echnigues with a sr&6 enriched spike. The
Sr values are preliminary as spike cslibration is required. However,
the Sr values are expected to be within 10/ of true values and such
accuracy is sufficient for this work. XRF analyses by P. Wojack were
employed in Sr analyses of plagioclase fractions and these values have

an accuracy within 10%, The Sr values are given in Table 3-S5,



Table 3-3:

Whole Rock Rare Earth Abundances (ppm)

WB-3 WB-2 L1-126 11-127

Element (5) (4) (2) (3)

c.v. C.Y. Cc.vV. c.V.
La 3.17 15 2.60 8.3 3.85 4.6 4,01 6.6
Ce 3.8 30 10.1 4,6 8.1
Sm 1.61 10 0.82 9.1 | 0.86 9.8 1.52 5.9
Eu 1.17 8.1 0.72 23 1.04 6.8 0.92 7.6
Tb D28 T.2 0.48 0.13 0.33 0.0
Tm 0.24 23 0.22 15.7
Yb 1,12 5.4 0.60 0.45 1,01 4,1
| Lu | 0.22 0.16 0.13 8.4
Element 11-81 L1-85 Lo-67

(1) (4) (4)

C.v. C.V. c.vV.
La 2+90 2,12 9.4 5.68 8.9
Ce 4.0 5.84 12 8.7 15
Sm 1.38 .18 11 2,38 6.9
Eu 1.20 l.02 1) 1.35 7.0
Tb 0.46 0.43 12 0.5¢C 10
Tm 0.19 0.22 42 0.27 5.4
Yb 0.96 1.02 2,6 1,75 8.1
Lu c.11 | 0,16 35 0.23 62

C.V. = coefficient of variation % = standard deviation/mezn value x 1007

3l



Table 3-3 cont'd:

Whole Rock Rare Earth Abundances (ppm)

Element| 12-2 WB1-1 11-354 Mum-2
(1) (3) (1) (3)

£.%; C.V. C.V. .V,
La 2,01 3.13 11 2.90 20.3 3.5
Ce 3.8 3.8 3.3 42.2 5.7
Sm 0.66 0.42 4.1 |. 1.05 10.8 24
Eu 0.77 0.74 17 0.94 4,71 19
Tb 0.08 0.17 0.16 1.79 9.0
Tm 0.086 16 0.08 0.84 22
Yb 0.41 0.56 3.89 14
Lu 0.18 0.74 1.4
[Element | S-32 WE-4 !

(2) (2)

C.V. c.v.
la 35.5 26 54.7 8.6
Ce 5.98 2.8 72.5
Sm 8.65 12 13.8
Eu 1.60 40 4.60 4.6
Tb 1.30 13 3.0 14
Tm 1.3
Yo 4,30 9.5 15
Lu | 0.5 58 1.54

32



33

Table 3-4: Rsre Earth Abundances (ppm) - Minerals
Element| WB-3 WB=3 W/B-3 WB-2
Plag, Pyx, Gar, Plag.,
(2) C.V. (1) (1) (2) Cc.V.
La 3.60 ié 2.63 0.16 .17 4,9
Ce 545 4.0 14
Sm 0.15 9.4 3.64 1.62 0,151 2.8
Eu 0.50 1.62 1.34 0.50 22
Tb 0.04 0.38 1.06 0.038
Tm 0.86
Yb 0.16 4.33 5.31
Lu - 0.78
Element| WB-2 VE-2 L1-127 L1-127
Pyx.+ Hb, Gar. Plag, Pyx.
(1) (1) (2) c.v. (1)
Ia Z.40 ->0.59 2.79 2.6 2.97
Ce 3.10 4.05 4,60
Sm 1,36 2,81 0.20 21 2.47
Eu 0,52 1l.41 0.25 11 1.10
Tb 1.80 0.03 0.41
Tm 0.97 0.28
Yb 2.64 10.3 0.10 1.85
Lu 1.52 0,01 0.38




Table 3-4 cont'd:

Rare Earth Abundances (ppm) - Minerals

34

Element | L1-127 L1-81 L1-81 11-81

Hb. Plag, Pyx., Hb,

(1) (3) C.V, (1) (3) CaVs
La 5.56 2.92 8.2 2.80 z.éé 14
Ce 3.20 3.33 3.19 3.9
Sm 2.10 0.41 7.9 2.74 2,71 13
Eu 1.18 0.66 12 1.34 1.59 7.3
Tb 0.52 0.073 0.48 0.63 14
Tm 0.37 0.44 0.42
Yo 1.90 2.0 2 22
| Lu 043 0.30 | 0.30
Element | L1-85 L1-85 | L1-85 L0-67

Plag., Pyx. Hb, Plag.

(2) C.V.| (1) (1) (3) C.V.
la 2,01 1.8 | 1.76 4,60 7.09 5.1
Ce 6.05 9.7 23
Sm 0.27 16 1.68 2.09 0.48 16
Eu 053 0.80 1.07 0.78 11
Tb 0.05 .39 0.39 0.09
T 0.41 0.40
Tob 1.33 1.98
Lu 0.31 | 0.40




Table 3«4 cont'd:

Rare Earth Abundances (ppm) - Minerals

Element | I10-67 Lo-67 12-2 12-2
Pyx. Gar. Plag. Bio.
(1) (1) (1) (2) C.vV.
La 4.59 0.58 0.39 3,55 13
Ce 8.0 1,98
Sm 5.61 2.80 0.062 0.125 9
Eu 2.17 1,21 0.32 0.081 7
Tb 0.60 1.20 0.008 .002
Tm 0.43 1.20
Yb 21l 6.70 0.48
Lu 0.30 R 0.01
Element | WBl-1 WB1-1
Plag. Hb,
(3) C.V. (1)
la N 0.61 3.8 4,80
Ce 7.9
Sm 0.047 17 1,98
Eu 0.57 9 0.89
Tb 0.01 6.36
Tm 0.34
Yb 1,70
Lu 0.26 |
Plag. = plagioclasse Fb,. = hornblende Bio.=
Pyx, = pyroxene Gar. = garnet

35
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Table 3-5:$rAnalyses of Some Mineral Concentrates -

Whitestone Anorthosite
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No. L2-2 LO-67 L1.127
Mineral
Phase plag. Dbiotite plag. ©pyroxene| plag. pyrorxere
Sr (ppm) 704 35.7 732 24 1043 33




CHAPTER 4

DISCUSSION

4-1, Presentation of Data

It is difficult to present a2 complete, yet not ponderous, picture
of the results of multi-element analyses for numerous samples. Subjectivity,
usually based upon the interpretations being made, enters into the presenta-
tion ‘of findings. This is evident in rare earth geochemistry.

The tabulation of ratios of individual REE or groups of REE points
out some specific facts but neglects other, less important (?) ones,
Balashov (1963), in particular, has stressed the signifiéance of such ratios
as Eu/Sm in geological processes. With the advent of NAA and the determina-
tion of 14 REE, even in material having less than ppm concentrations, the
presentation of data reflected the more complete analyses. RE coricentra-
tion versusatomic number plots could be used to visually and mathematically
compare RE patterns effectively. The major problem was the domination by
the zig-zag relation of even-odd atomic number plots referred to as the
Oddo-Harkins rule. To eliminate this, the pattern could be divided into
even REE and odd REE before comparison, or the single pattern could be nor-
malized to its clarke or some other value which showed the same zig-zag
pattern. To facilitate geochemical interpretations Coryell and co-workers
(1963) suggested that each RE be divided by its abundance in some primitive
matter - specifically the chondrites. For most materials, a2 much smoother
pattern is obtained when the logarithm of the chondrite-norralized values
of each KE is plotted against atomic number or ionic radius., This yields

a plot shcwing the fracticnstion of each RE relative to the primitive

37
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+
pattern, It must be stressed that this smoothing can be done using other

normalizing values which the reader might cconsider better represent a primi-
tive RE pattern or which provide a smoother trend.

In this work the results are presented graphically. The logarithm
of the concentretion of each RE divided by the concentration of the corres-
ponding RE in chondrites is plotted against ionic radius ( 8-fold coordina-
tion) for each RE. The ionic radius, rather than the atomic number was used
as ordinate since crystal-chemical interpretations will be based on ionic
radius considerations. The values for the RE ionic radii are those of Whit-
taker and Muntus (1970) given below in Table 4-1. These are based or caticn
bonding with O and F only, but the covalent as well as the ionic nature of
the bSnds are considered so their suitability in silicate geochemistry is
suggested, The curve for the change in radius along the lanthanide series
is somewhat smoother and much less steep than it is according to Ahren's
figures. (W and M, Fig. 1).*

The values of the REE in chondrites is taken as the average in 20
chondrites compiled by Haskin and Gehl (1963). The values of interest
are found in Table 4-2.

The chondrite~normalized RE patterns for the 10 samples from the
Whitestone ancrthosite are grouped according to facies recognized by I. Mason,
and are prescnted in Figure 4-1, Also, the "composite" RE pattern for this
anorthosite (an average of each facies psttern) is shown.,

+ Such 8 plot also shows the trend or pettern of fractionation of
the REE, Generally each RE has a particular value of RE srmple/RE chondrite
or particular fractionaticn, and when these values are plotted against ionic
radii of the REE, an overall trend or pattern of fractionation can be seen.

# A point to rermember for later discussion: in 8-fcld coordination
the ionic radius of Ca2* now corresponds best to that of Nd3* rather than
V. . -
Sm3* according to Ahren's data.
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Table 4-1: TIonic Radii of the REE and Calcium

(from Whittaker a nd Muntus, 1970)

Element and Ionic Radius (&)
Valence State 6-fold 8-fold
coordination coordination
ca®* 1.08 1.20
Las* 1.13 1.26
3+
Ce 1.09 1.22
ce?* 0.88 1.05
pro* 1.08 1.22
Na* 1.06 1.20
smot 1.04 1.17
i 1.25 1.33
Bu®* 1.03 1.15
3+

Gd 1.02 1.14
Tp3* 1.00 1,12
y3* 0.99 1.11
HoS* 0.98 1.10
Er3* 0.97 1.08
Tms? 0.96 1.07
Y3+t 0.95 1.06
st 0.94 1.05
. i} 0.8 1.10

Table 4-2: Chondritic Concentrations of REE (ppm)

Element T La Ce Sm Eu Gd Tb Tm Yb Lu

Conc, (ppm) 0.30 0.84 6.21 0,074 0.32 0.058 0.033 0.17 €.031]
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Figure 4-2 shows the chondrite-normalized RE patterns for 5 other

enorthosites,

4-2. Anorthosite Rare Earth Patterns (see Fig, 4-1, 4-2)

A1l the RE trends show a greater, positive fractionation (enrich-
ment) of the lighter REE (La - Gd) than of the heavy KEE (Tb - Lu, Y) com-
pared to the chondrites, However, the dominant feature of all anorthosite
RE patterns is the large, positive Eu anomaly.+ The ratio Eu/Eu” (see note
below) ranges from about 2 in the Whitestone anorthosite to about 6 in the
Southern Quebec example, with the others intermediate at about 4.

The overall fractionation patterns also show some differences. The
Southern Quebec and lunar anorthosites are less enriched in the light REE
than the others, while the Norwegian and Southern Quebec ones are less en-
riched in the heavy REE, In overall trend, the Whitestone and lunar anor-
thosites exhibit less difference in light and heavy REE fractionation (i.e.
a flatter trend). Even the steeper trends of Southern Quebec and Norwegian

anorthosites have differences - the inflection of the t{rends of Stromfjord
and Storvann anorthosites at about Tb,

These similarities and differences can be better understood after
presentation of the mineral data, as crvetal-chemical conirol of RE uptake
by minerals and the abundance of these minerals accounts best for the whole

rock RE fractionation trends,

+ An anomalous value of Eu in the PE fractionation patitern is one
which is considerably different than would be expected from extrapolation
belween Sm and Gd or Tb.

Note: Fu/Fu* where Eu is the chondrite-normalized value observed,
and Eu®¥ is that value predicted by graphical extrapolstion between the
values of Sm and Tb (or Gd) and also rormzlized to chondrites.,
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4.3, Anorithosile Mineral RE Patterns

4-3~i. Presentation of Mineral RE quggg

The fractionation of the REE between a liguid and crystallizing
phases can be represented by normslizing, element by element, the RE frac-
tioration patterns of the mineral phases sgainst the original liquid's RE
fractionation pattern., As in chondrite normslization, the fractionation

of the KREE between the crystalline products relative to an original material
is obtained in a smoothed, graphicsl form, But what was the RE content of
the original liquid? Schnelzler and Philpotts (1970) took the glassy
matrix of volcanics to represent original liquid, Chilled zones in layered
intrusions have been considered the best available estimate of the original
liquid (Frey et al, 1968 - Stillwater, Bushveld intrusions ), In scme
plutonic rocks, the whole rock RE pattern is considered the eguivalent of
that in the originsl liquid (Towell et al, 1965). The latter case assumes
that the minerals present represent complete solidification of the mother
liguid with no RE loss,

In the Whitestone anorthosite, and in anorthosites generally, this
last assumption is probably not appliceble. The dominant poikilitic tex-
ture suggests cumulate plagioclase trapped some residual fluid from which
plagioclase and pyroxene crystallized. Possibly the original liquid is
better represented by the interstitial pyroxene-plagioclase, but the whole
rock RE content is probably strongly bissed by the large volume of cumvlate
plagioclase, This does not deny the possibility of an anorthositic mother
liquid, in which case the whole rock - criginal liquid equality might hold,

but rather leaves the guestion open. Also, the sugzestion by Mason that

a residual fluid phase wes involved in the formation of seccndary hornblende,
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scapolite, garnet, etc., ("autometamorphism" - Mason) and that this liquid
was expelled from the anorthosite, further weakens the assumption of whole
rock-original liquid equality.

Thus, the RE concentrations in analyzed mineral are divided, element
by element, by the concentration in the chondrites. Figure 4-3 shows the
chondrite~normalized RE fractionation trends for both mineral and whole rock
analyses of 7 Whitestone anorthosite samples, This allows immediate com-
parison of mineral and whole rock fractionation trends.

To discuss the crystal-chemistry of the REE and the anorthosite
minerals, the fractionation trends from Figure 4-3 are grouped according to
mineral phase in Figure 4-4. The consistency of fractionation trends in
each phase is noted; with minor fluctuations. The magnitude of fractionation
is variable, but the trends are generally parallel.

Before drawing any interpretations, a reminder of some experimental
limitations seems necessary. Not all the REE were determined, and of those
determined, Ce could be reported 100% low and Sm 65% low in the Whitestone
anorthosite, Care must be taken not to emphasize trends strongly dependent
on minor Ce and Sm differences, Ervor bars are not shown on the RE fractiona-
tion trends., Reference is suggested to Tables 3-3 and 3-4 far an estimate
of probeble errors.

4~3-ii, Plagioclase-RE Crystal-Chemistry

The RE fractionation trends of the plagioclase are grouped in
Figure 4-~4z, The trends are almost parallel but the overall magnitude of
fractionation from the chondrite pattern is variable (ex., La enrichment

varies from 1.3 to 24), The fractionation of REE in all plagioclase samples
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decreases rapidly from Is to about Tb, and then remains constant or increases
slightly from Tb to Lu (data is scarce for the heavy REE). All plagioclase
show anomalously high fractionrtion of Eu relstive to the chondrites. This
trend is common to all feldspars (Schnetzler and Philpotts, 1970; Towell
et al, 1965), although the enrichment in the light REE is not always as
great as shown for the Whitestone plagioclase.

The crystal-chemistry of plegiéclase is very complex and no informa-
tion was found concerning labradorite, the plegioclase in this anorthosite.
Inferences will have to be mede from consideration of the plagioclase end-
members - albite and anorthite. Kempster et al (1962) give bond lengths
for Ca-C averaging 2.52 A (Ca is in 6,7-fold coordination) in anorthite.
Ferguson et al (1958) present bond lengths for Na-0U averaging > 2.64 )\

(Na is in 6-fcld coordination) for low albite. Assuming the average bond
length, Ca-0, Na-C, is intermediate in labradorite at 2> 2,58 A, using
Whittaker and Muntus' ionic radius of oxygen (6-fold coordination) of 1.32 &,
then the Ca, Na site has a radius of 2 1.26 A. The 1aréest RE3+ ion has a
radius of 1,13 4 (La3+in 6-fold coordination), however, the Zu?* ion has a
radius of 1.25 L in 6-fold coordinstion. Thus, it would seem that all the
RE3+ ions will fit into the Ca?*.Na* site in the plezgioclase structure, but
the larger ions, and particularly Eu2+, 2re Iavoured, This followes from
Goldschmidti's rules for ionic substitution into a crrystal site, ions most
favoured are +those having the closest ccrrespondence in ionic radius to
that of the site. The introduction of much smaller REs+ ions into large
sites is probably more complicated and less energetically favoured.

To confirm the high ratic of Eu”/Eu3+ in plagioclase expected from
crystal-chemical considerations, Pnilpotts' (1970) method of Eu2+/Eu3+calcu-

: . 3 . . + 2%
Jation must be introducsd. Assumpiion cf the eguivalence of Ful*and Sr
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3+

interphase partitions permits Philpotts to calculate the Eu 2+ and Eu”’ con~-

centrations in each of two equilibrated phases of known Sr and RE concentra-
tions. The equivalehce of Eu.z+ and Sr2+ partition coefficients is expected
because of their identical ionic radii (1.33 A in 8-fold coordination,
according to Whittaker and Muntus, 197C)., Also, when this calculation is
applied to multiphase rock samples, internsl consistency is good. However,
even Philpotts suggests that independent analytical and experimental checks

should be made before this calculation is accepted as valid. Using the RE

and Sr data for samples LO-67 and L1-127 shown in Table 3-5, and Philpotts'

relationship:
Eu ( Sr .
1 o
3+ pleg) pag
Eu =
plag. Eud”™
__ Pyx¥ & Sr
Eu3+ -S—rpﬂ
plag*® plag

(* where values are obtained by extrapolation from Sm to Gd or Tb)

the Eu /uu 3+ ratio was found to be 2.4 end 2.0 respectively. This tenta-
tively supports the crystal-chemically suggested c onclusion that the anomz-
lous Eu value for Whitestone plagioclase is due to favoured incorporation
of the larger Eu2+ ion in the plagioclase structure.

4-3-iii. Clinopyroxene-RE Crystzl-Cremistry

The chondrite-normalized fractionation trends for cliropyroxenes
are almost identical (see Figure 4-4b)., Considering the possibly low results
for Ce, the fractionaztion of La, Ce 2nd Tb through Lu relative tO‘phe chond-~
rites is rzther constant (pyrorene REF &re 8-15 times chondrite abundarnces).
A major featwwre of the trends is the higher fractionation in the Sm-Eu area,

and tre strong rositive fractionaticn cf Eu compared with its neighbours
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Such positive Eu anomalies are ususlly found only in feldspars (Schnetzler
and Philpotts, 1970; Towell et al, 1965), and are interpreted as favoured
Eu2+ incorporated into the feldspar structure.

In these cliﬁopyroxenes there is some indication that Eu3+, not
Eu?’ is being incorporated, Consider the most probable cation sites of RE
ions in the clinopyroxene structure. Clarke et al (1969) give values of

the average oxygenan and oxygen--M2 bond lengths in both a diopside and

augite as tabulated below:

diopside auvgite
M1 site occuvpancy : mainly Mg 0.72 Mg, 0,18 Al
" (mole fraction) 0,10 Fe
average O-M;
bond length 2.08 A 2.05 4
¥, site occupancy mainly Ca 0.62 Ca, 0.19 Mg,
(mole fraction) 0.11 Fe, 0.09 Na
average 0-M
bond length” 2.50 & 2.48 £

Taking the ionic redius of oxygen of Whittaker snd Muntus (1969) as 1.34 A
in 8-fold ccordination and 1.32 & in 6-fold coordination, the approximate
radius of the Ml cation is 0,76 A @nd the M2 cstion is 1.15 A, The M1

site would seem to be too small for the FES* ions, while all sites are too
small for the large Eu2+ ion, Also the Mz cation radius corresponds to the
Eu3+ radius, suggesting that the maximum in the pyroxene fracticnation
trend might indicate favoured substitution in the M, site by Eus+ and its
neighbours. This zssumes that the most favoured ion is the one with radius
closest to that expectzd in the site. Masuds and Kushiro (1970) used the

same sort of ergument in accounting for the RE distrivution in the system:

dicpside-enstatite -Hp0 at 20 kb, They found tre maximom of ths RE partition
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coelficients between diopside and glass et Dy3+ and used Ahrens' icnic
radii (6~fold coordination) to show the similarity of Dy3+ and Ca2+ radii,
They concluded that REE ions occupy the My site in diopside. A similar con-
clusion is suggested in these clinopyroxenes because of the correspondence
of My site radius and Sm3+, Eu3+, ca* radii, and the maximum in this area
of the RE fractionation trend for clinopyroxene,

The unexpected pesitive Eu anomaly does not necessarily reflect
incorporation of Eu2+ into the anorthosite clinopyroxenes. Using the
available Sr data for sample LO-67 and following the calculations of Phil-
potlts cutlined earlier, the ratio oif Eu2+/Eu3+ in thet clinopyroxene was
found to be very low - 0.00%., This calculation and its assumptions have

not been thoroughly tested, so the low EuZ*

abundance is only tentatively
implied. However, there seems every indication of Eu3+, not Eu2+, incor-
poration into the Whitestone clinopyroxene structure., The effects of
liquid RE concentrations and mcre complicated crystal-chemical effects are

not dealt with here,

4-3-iv, Hornblende-RE Crystal-Chemistry

The consistenc: of the chondrite-normalized hornblende RE patterns
and the marked similarity of hornblende-clinopyroxenes pair patterns is
shown in Figures 4-4c and 3-3. One would expect, tren, that the hornblende
and clinopyroxenes would hazve similar sites svailable for the RE ions,
Papike et al (1969) indeed give Ml, Mp, and My bond lengtks for a tremolite
and & hornblende virtually equal to M; sites in a diopside and an augite
quoted earlier (page 52). A similar correspondence between amphibole n,
sites ard pyroxene !4 sites is found. Thus, it seems the chondrite-normal-

‘ized ki trend in the hornblende reflects a similar crystal-chemiczl situation
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found in the clinopyroxenes of the Whitestone arorthosite.

This is compatible with the conclusicn of Mason that the hornblende
is secondary after the pyroxenes and probably formed mainly from them,but
does not rule out a primary origin for the hornblende. Mason cites petro-
graphic and major element compositional evidence that plagicclase and an Fe
rich fluid phase were involved in the breakdown of pyroxene to hocrnblende.
This is not reflected in the RE fracticnation trends as no plagioclase
type trend seems to have been superimposed on the pyroxene-like hornblende
trend. However, this may be due to the minor volume ofﬁgations taken from
both the plagioclase and fluid phases compared to the volume of cations ori-
ginally in the clinopyroxene. Thus, the hornblende, chondrite-normalized
RE patterns probably reflect the substitution of RE ions in the large M4,
8-fold coordinated site, and reflect the major contribution of REE by the
pyroxene to the hornblende structure,

4-3-~v, Garnet-RE Crysial-Chemistry

A stronger enrichment in heavy REE than of light REE is a character-
istic of all garnet analyses in this work, (see Figure 4-4d) and elsewhere
(Schnetzler and Philpotis, 1970 - dacite; Haskin et al, 1966 - eclogite;
Vlasov, 1966 - gabbro)., This trend is radically different than the plagic-
clase, pyroxene and hornblende ones,

Geller, besed on studies of mixed RE-iron garnet systems (1967), states:
"all trivalent RE ions are known to enter ¢ (8-fold coordinated) sites
in the garnets. The smzll trivelent ions of Lu, Yb, Tm, Er, Ho, and Dy also
enter a (Smfold ccordinated) sites", The preference of Y-Fe garnets for
small RE3+ iorns is indicated by a2 replacement of only abtout 1% of the Y3+
by Ce3+ in Y-Fe garnet when a theoretical replacement of 30% should be pos-

sible. In & grossularite from Mexico, Abrahams and Geller (1958) found the
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average c site bond distance (c-oxygen) to be 2.41 k. Using the radius of
oxygen of 1.34 A (8-fold coordinaticn) the c¢ site radius is about 1.07 £

3+

which corresponds to the 8-fold coordination Tm" radius. The smaller

RE3+ ions seem to be preferred in the 8-fold as well as the 6-fold coordina~-
tion sites in garnet, although the complexity of garnet structures makes
such a conclusion qualitative at best, This would, however, satisfy the
favoured incorporetion of heavy REE indicated by the garnet RE fractioria-
tion relative to chondrites.

Petrographic evidence svggests a complicated origin for the garnets
in the Whitestone anorthosite. Mason (page 184) suggests a late stage
formaticn of garnet involving oxides, pyroxene, hornblende and plagic-
clase, with the spatial relationships complicated by the development of
foliation.,

What is the source of the heavy REE found in the Whitestone garnels?
If plagioclase, hornblende and pyroxene phases are involved in garnset for-
mation, & depletion (of heavy REE) in at least one phase from garnet-bearing
samples is expected. No major differences are observed in pyroxene, horn-
blende, or plagioclase RE fractionation trends between garnet-bearing and
garnet-free samples, Possibly the source of the REE, particularly the heavy
REE Sm through Lu, is the late stage, residual fluid phase and/or Fe-Ti
oxides, Since no sample of the fluid phese is zvaileble and no Fe-Ti oxides
were 2nalyzed, their contribution of REE to the garnct can only be inferred.
Smith (1970) in a study of coexisting sprene, perovskite, and Fe-Ti oxides
for nephelinite lavas found an aversge of 1.6% and 5.67% REE in sphene and
perovskite. Thus the residual Fe-Ti rich fluid prese which probebly cen-~
tains significant Ca as well, is inferred to contain significant concentra-

tions of LIEFE. Occasional blebs of sphene enclosed in garnet emphasizes the
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possibility of the Fe-Ti rich fluid phases's participation in garnet, develop-
ment,

4-4, Anorthosite RE Patterns - The Influence of Mineralogy

In true anorthosites the effect of minor phases on the plagioclase-
dominated RE fractionation pattern is probably insignificant. But, when
the content of minor phases such as olivine and clinopyroxene increases, as
in gabbroic anorthosites, the effect is seen. The anorthosite and plagio-
clase REE enrichment trends are no longer the same, To gauge the effect of
these minerals on the plagioclase RE pattern, typical RE fractionation
trends for olivine, clinopyroxene and plagioclése are shown in Figure 4-5.

The low RE content of olivine would reduce any modification it
would impose on the plagioclase-dominated anorthosite RE trend. The olivine
RE trend shous a more constani RE enrichment than does the plagioclase EE
trend but the presence of olivine in anorthosite should have only a slight
effect on the plagioclasz-domination pattern dus to the low concentrations
of PEE in olivine., However, the anorthosite will have a reduced, but still
positive, Eu anomaly in its fractionation pattern compared to the plagioclase
pattern. At least part of the ressonfor the rather constant RE enrichment
pattern of lunar anorthosites (Figure 4-2) may be attributed to the presence
of olivine,

Clinopyroxene should affect the plagioclase-type anorthosite pattern
only for REE heavier than Ce, as la aznd Ce concentrations in cliropyroxene
and plagioclase are similar, The anorthosite RE trend should show more en=-
richment in the heavier REE (Sm-Lu) with clinopyroxene present than does a
simple plezgioclase-type anorthesite trend., Tre smaller positive Eu anomaly

in the clinopyroxene EF pattern than in the plsgioclase RE pattern should

£
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give the clinopyroxene-bearing anorthosite a slightly smaller Eu anomaly
than expected by considering the anorthosite equivalent to plagioclase. In
the Whitestone anorthosite, which contains clinopyroxenz, the only slight
decrease in RE enrichment from Sm to Lu (Figure 4-1) reflects *the above
clinopyroxene effect, The whole rock and plsgioclase RE patterns are similar
for La and Ce 2s expected., The Eu anomaly of the anorthosite is slightly
smaller than that of the Whitestone plagioclase also as predicted.

Characteristic layered intrusive-type, metasomatic or anatectic type,
etc. anorthosite RE trends are not expected to be found., In discussion and
comparison of anorthosite RE fractionation patterns, the mineralogy must
be considered. Variatione in anorthosite RP trends not only reflect environ-
ment of formation, but also reflect minerslogical and chemicel restrains,

In order to speculate on the origin of the Whitestone anorthosite, therefore,
mineral BE trends as well 2s whole rock trends sre considered,

4-5,. Discussion of Country kock RE Trends

In an attempt to clarify the anorthosite-country rock relationship,
three samples, two from the contact metamorphic avreole and one removed
from the sureole were analyzed for KE content. No mineral separates were
anzlyzed and so the chondrite-normalized RF fractionation trends (Figure
4-6) are difficult to discuss. The scarcity of ccmplete RE metamorphic
rocx dzta mekes comparisons with other.areas dif ficult, Some KE fractiona-
tion trends for acidic igneous rocks and metamorphic rocks are shown in
Figure 4-7.

Saniples G-32 and WB-4, both granitic gneisses, show RE fractiona-
tion trends common to acidic igneous rocks and metemorphic gneisses. Sample

WB-4, an intrusive granitic sili; is of perticular interest. Being intru-
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FIG, 4-5 Typical RE Trends in Some Minerals
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sive, it might be comagmatic with the anorthosite. On the basis of these
whole rock RE fractionation trends, it is impossible to evaluate the pos-
sibility that the granite gneiss, WB-4, crystallized from a Eu-depleted
liquid, i.e. that the granite gneiss and Whitestone anorthosite are comag-
matic, “

The sample closest to the anorthosite ( < 100 feet from the contact)

Mum~2, an amphibolite, shows a RE fractionation pattern not unlike that of
the Cornwall amphibolite (Figures 4-5, 4-7 respectively) Mum-2, however,

has a much higher overall RE content. Oxygen isotope studies (R. Mummery,
McMaster - personal communication) suggest some exchange between the anor-
thosite and country rock has occurraed and it is interesting to speculate
that this exchange could have invelved addition of REE to the country rock
either from the anorthosiie or the late-stage residual fluid phase,

4-6, Origin of the Whitestone Anorthosite

The origin of the Whiteztone znorthosite will now be discussed in
terms of the RE data and the genergl thecries of anorthosite genesis noted
in section 1-3. It must be stressed that this discussion dezls only with
the Whitestone anorthosite, but a similar treatment of other anorihosite
massifs might be successful,

4-6-i, Theories of Type 1 - Anorthosite is a Cumulate Rock

In this category, anorthosites are supposed to represent a cumulate
rock dzveloped by fractional crystallization from a magma. The three main
parentzl magma types suggested are dioritic, olivine basaltic (alkali
olivine bssalt), and alksli basaltic.

The ophitic and possibly poikilitic texture of the Whitestone anor-

vl

thosite suvegeste iritial crystzllizetion of cumulate plagioclase followed
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FIG. 4-6 RE Trends for Country Rock Samples
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by clinopvroxene plus plagioclase fromw the intercumulate liguid (Mason,
page 238).

One of the most significant features of the REE distribution in
this anorthosite is the maximum in the chondrite-normalized REE fractiona-
tion trend of clinopyroxene in the Sm-Eu area. In particular, the positive
Eu anomaly was unexpected in the clinopyroxene since it crystallized after
a Eu concentrating phase~plagioclase. Plagioclase crystallization should
deplete the residual liquid in Eu relative to the neighbouring REE and the
crystallization of another Eu-enriched (relative to chondrites) phase is
unusual., Perhaps the liguid from which the anorthosite crystallized was
enriched in Eu relative to the chondrites,

The Calculated Composition of the Mother Liquid

Mass balance calculations are carried out to determine the RE
enrichment pattern of the liquid from which the Whitestone anorthosite
might have accumlated., The attack follows these lines:

1. Sample L1-127 was chosen as representative of ithe RE distribu-
tion in the Whitestone anorthosite. This sample has the most complete RE
mineral analyses and they, elong with the whole rock RE analysis, are typi=-
cal of the ancrthosite, L1-127 clinopyroxene, along with plagioclase, is
assumed to have crystallized from a residual liquid remaining after plagio-
clase alone, with a RE content of L1-127 plagioclase, crystallized from
the "mother liquid". The excess residual liquid is assumed to be removed.

2. Tre crystsllizstion of clinopyroxens from the plazgioclase-depleted
residual is ascumed to Lave pyroxene-liquid REF pzartition coefficients similar
to the clinopyroxene-matrix REE partition coefficients of GSFC-266, rhyo=-

dacite ( Schnetzler and Philpotis, 1970) shown below:
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REE La Ce Sm Eu Gd Tb Tm Yb u
Partition 0.50 0.046 1.81 2.01 141, 1.18 1,10 1.14 1,28
coefficient

The clinopyroxene from thisr%godacﬂa is rather similar in major element
chemistry, particularly Ca/Mg ratio, to the clinopyroxene in the Whitestone
anorthosite, The RE partition coefficient trend has a maximum at Sm-Eu,
which is expected from the clinopyroxene crystal-chemistry considerations
discussed in section 4-3-iii.. The absolute value for each RE partition co-
efficient in sample GSFC-266 may not be representative of the case considered
above.® The absolute value of partition coefficients will depend upon such
factors as liquid RE compositicn, liquid content of other cations, and
temperature and will not be constant in different environments. However,
it is proposed that the relative values for the RE partition coefficients,
or the trend of the RE partition coefficients of sample GSFC-266 are repre-
sentative of, and constant for, Whitestone anorthosite-type clinopyroxene
crystallization considered above.
3. From the relative REE pertition coefficients and the RE concen-

trations ir the cliropyroxene, the relative RE concentrations of residual
liquid, from which the clinopyroxene crystsallized, can be cazlculated, For

each RE: conc., KE ..
‘ * "“elinopyroxene

conc. RE_, | =
liquid RE partition coefficient

# Note: The absolute values of the clinopyroxene-liquid partition
coefficients assumed here are not necessarily correct, but their overall
trend 1s considered accurate. The chondrite-normalized RE fractionation
trend will be compared with trends from the literature after this calcu-
lation. The kE enrichment relative to chondrites is calculated using the
assumed partition coefficients, so the zbsolute EE enrichments are not
necessarily correct, but the trend of enrichments is considered accurate.

,



63
4, This residuval liquid has remained after plagioclase crystallized
from the mother liquid. In order to bracket thé éctual amount of mother
liquid that solidified as plagioclase, assume two cases:
1., 10% of the mother liquid solidifies as plagicclase L1-127
2. 80% of the mother liquid solidifies as plagioclase,
The relative RE concentration in the mother liquid can now be calculated

for each case using the following equation for each RE:

Case 1: Rrother liquid = 010 BB ho0 g, * 0090 Bresiaum
liquid
LeEE o BE other liquid 280 FEr 997 plog. ¥ 9020 BBreciqual
liquid

Table 4-3, page b4, summarizes the actuzl calculation.

The chondrite~normalized RE patterns of the hypothetical "moiher
liquid" from which the Yhitestone anorthosite could have crystallized is
shown in tigure 4-8, As the degree of plagioclsse crystallization preceeding
clinopyroxene increases, the size of the positive bu aromaly required in
the mother liquid increases, 2nd the enrichment in light REE relative to
heavy REE incresses,

The theoriss of type 1 postulete diorite or slkali basalt (olivine
basalt included) 2s the parental liquid, Consider first the diorite magma.
The best estimate of the RE pesttern of dioritic megmas comes from Haskin's
et al (1966) composite of samples with 507 < £i0, < 6(% (m2inly diorites
ard andesites). This diorite-sndesite composite RE pattern is also shown
in Figure 4-8. It is quite similsr to the trend of the calculated mother
liquid (80% plagioclase crystallization) with a steeply decreasing enrich-
ment {rem La to Sm and a flatter trend from Sm to Yb-Lu, Interegtingly,

the dioritic magims RE trend shows a positive Eu ancm2ly. It would seem,



Table 4-3:

Calculation of Relative RE Concentration in the Mother Liquid

EEE Pyroxene kelative Residuval Plagioclase Case 1: C(ase 1: Case 2: Case 2:
L1-127 Partition Liquid 11-127 Mother Mother Mother Mother
(ppm) Coetficients (relative (ppm) Liquid Liquid ligquid Liquid
| GSFC-266 conc.) relative Normalized relative chondrite-
! conc, to Chondrites conc. normalized
La l 2.97 (0.50) 5.9 2.79 5.6 19 3.4 1
ICe | 4.60 0.646 7.1 4.05 6.8 8.1 4.6 5.5
|Sm 1 2.47 1.81 1.4 0.20 1.46 7.0 0.44 2.l
1
Eu 1.10 2.01 0.55 0.25 0.53 T2 0.31 4.2
lcd | (2.9) 1.41 2,1 (0.20) 1.9 5.9 0.58 1.8
Tb 0.41 (1.18) 0.35 0.93 0.32 5.5 0.094 1.6
I'Tm | 0.28 (1.10) 0.25 0.019 0.23 7.0 0.065 2.0
p4s) 1.85 1.14 1.6 0.10 1.4 8.2 0.90 2.4
Lu | 0.38" 1.28 .30 0.01 0.27 8.7 0.068 2.2
Note: bracketed valves were obtained by extrapolation assuming non-anomalous

behavior of the RE of interest,

¥9
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then, that fractional crystallization of a dioritic magma, with about
50% (?) of the magma solidifyirg as plagioclase, satisfiesthe RE require-
ments for the origin of the anorthosite.

What about fractional crystallization of alkali or for that matter,
tholeiite basaltic magmas as the origin of this anorthosite? As a repre-
sentative of alkali basaltic magma the Colorado Plateau basalt, and as
a representative of tholeiite basaltic magma, the Columbia Plateau basalt,
are included in ligure 4-7, Neither RE trend seems to resemble the trends
of the calculated mother liquids.

If these typical alkali and tholeiite basaltic magmas had under-
gone fractional crystasllization prior to massive plagioclase solidification
then the RE pattern of the original liquid might be sltered by this prior
crystallization to the extent of making it similar to that of the required
mother liquid, That is, a residuz]l magma- originally alkalic or tholeiitic
basalt - might have a RE fractionation pattern similar to the calculated
mother liquid of the Whitestone anorthosite, What would be the effect on
a basaltic magma of fractional crystsllization of peridotite, dunite, or
pyroxenite from it? Crystallization of ultrasbasic material would have
little effect on the relative RE content and the chondrite-normalized RE
trend of these basalts because of ths much esmaller concentration of KEE
in ultrabasic rocks, For peridotites, pyroxenites and dunites snalyzed
by Fref et al (1971) and Frey (1969) the £ REE < 4 ppm, while the compo-
site basalt (Frey et al, 1969) has Z REE = 189, almost 50 times that of
the ultrabasics. Calculations of the effect on a composite basaltic
magra of 80% solidification of ultrabasics shows a change in Eu/Sm ratio

of <1%! Thus crystsllization of ultrabasic rock will not alter the RE
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trend of alkalic and tholeiitic basalis significantly.

At this point, a most interesting observation is presented. High
Al tholeiitic magma, as possibly represented by the Skregaard chill zone
gabbro, has a strong, positive Eu anomaly and an overall chondrite-nor-
malized RE trend not unlike that for the calculated mother liquid of
the Whitestone anorthosite (see Figure 4-8). The major difference between
the Skaegaard and calculated mother liquid is the greater enrichment in
light REE (relative to heavy REE) of the calculated mother liquid. Thre
major differences between the Skaergaard gabbro and the tholeiitic basalts
seem to be environment of crystallization and the high Al content of the
Skaergaard tholeiitic magma. No explanation of the positive Eu znomaly
observed in the Skaergaard, or for thet matter in the Bushveld and Still-
water tholeiitic chill zores (all analyzed by Frey et al, 1969) in light
of the usually negative Eu anomaly in thcleiitic basalt magma, the Columbia
and Deccan Plateaus (Frey et al, 1969) for example has been suggested,

This seems to add high Al tholeiitic magms as another possible parental
magma for the Whitestone anorthosite.

It seems then, that simple fractional crystallization from either
dioritic or Skaergaard-type, high-Al tholeiitic magma meets the RE require-
ments as possible origins of the Whitestone anorthosite. Petrologic con-
siderations and field relationships must be taken into account.

Mason rejeclied an early accumulation of plegioclase from a dioritic
magma because the metasomatic contact aureole surrounding the anorthosite
implies that ne further fractionatiocn took place and thet the anorthosite

represents the final crystsllization product. The possibility exists

that the anorthosite was formed elsewhere, remobilized by partial melting
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and injected into its present surroundings. The cataclastic texture, and
the marginal foliation of the anorthosite are consistent with its injec-
tion as a mush of plagicclase crystals in a liquid formed by partial
melting of an anorthosite. The occasional banding observed (Mason,
plate 2-4, page 36, for example) in the anorthosite also suggests the
anorthosite is a cumulate rock. Experimental work by Green (1968)
suggests that the product at 50% crystallization of a quartz diorite
magma (9-13 Kb pressure) is gabbroic snorthosite. There is then both
RE and experimental evidence to suggest a dioritic magma as parental
material for the Whitestone anorthosite. Femobilization and intrusion
of the anorthosite into the present setting may also be required to
account for the field relstionships.

Similarly, the crystallization of an anorthosite body from a high
Al, tholeiitic magma elsewhere, partial melting and in ection into its
present surroundings satisfies the field relationships., However, Mascn
presents persuasive evidence thet the high alumina content of the anor-
thosite clinopyroxene excluces even the high Al tholeiitic magma as
parental moterial. Therefore, the fractional crystallization of an
anorthosite from this magma type seems incompatible with the peirologic
evidence.,

4-6-ii. Theories of Type 2 - Anorthosite Crvstallized from a Contaminated
Magma

These theories assume basaltic {(Michot, P., Kranck) or dioritic
(Philpotts) megmas are contaminated by crustal rock. Michot and Kranck
postulate almost complete crystzllization of this contaminated magma,
while Philpotts postulates crystal accumulstion for the origin of anortho-

sites.
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What is the effect on a basaltic RE fractionation trend of assimi-
lation of vast quantities of pelitic sediments ( a la Michot)? The best
estimate of the RE content of sediments or crustal material is probably
the average of 40 North American shales (Haskin et al, 1966). A good
estimate of basaltic RE content is the "compositie" basalt of Frey et al
(1969) . The REE content of the "plagioclase" magma (Michot, Kranck) which

crystallized as anorthosite can be estimated as a combination of equal
parts of baszlt and sediment. The REE trend for this contaminated magma
is compared to the Whitestone anorthosite "composite" in Figure 4-9,

The trends are very different, and so assimilation of sediments by a
basaltic magma and then crystallization of this magma as an anorthosite
is not compatible with REE trends in the Whitestone anorthosite. A
smaller degree of sediment contamination yields just as poor an approxi-
maticn of the Whitestone composite RE trend.

Philpotts (1966) derives anorthosite from fractional crystalliza-
tion of a granodiorite megma formed by assimilation of crustal material
by a dioritic mesgma. Using Haskin's et al (1966) composite of 85, mainly
dacite-andesite semples, (5C% < §10, < 607) RE concentrations as represen-
tative of the diorite magms and those of the average of 40 North American

shales as representative of the crustal material, the RE trend of the
granodiorite magma (assuming a 1:1 ratio of diorite to sediment) is csl-
culated and shown in Figure 4-9. This RE trend spproximates the first
case of calculated mother liguid of the Whitestone anorthosite, except
for a greater enrichment in light REE relative to hesvy REE in the grano-
diorite, Assuming less sediment contamination of the dicrite magma does

not decrease the similarity of the contaminated magma to the anorthosite
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mother liquid. In section 4-6-i, the similarity of the diorite and mother

liquid was noted. It seems that both contaminzted diorite and diorite

magmas can represent the liquid from which the Whitestone anorthosite

crystallized by fractional crystallization,
As discussed in the preceeding section, the origin of the White-

stone as a remobilized cumulate rock originally formed by fractional

crystallization from a dioritic msgma does not contradict the field ob-

servations or the RE consideraticns. This would apply for a contaminated

@ioritic magma as well,

4-6-iii, Theories of Type 3 - Fxistence of a Gabbroic Anorthosite Magma

The existence of a gabbroic ~northosite magma is postulated by

Buddington (1939, 1961) and Mason. Buddington favours partial fusion

of basazltic or mantle material =s a source of this magma. This is some-

what analogous to the fractionsl crystallization of a basaltic magma dis-
gussed in section 4-6-i. It was found that the RE trend of liquid remain-
ing after ultramafic crystallization was significantly different from

the KE trend of the basalt, Partisl fusion of basaltic mantle material,
if the residual is ultramafic rock, does not seem to te the source of
magma haying RE trends sindilar to the Whitestone anorthosite RE trend,
Bgther, a basaltic RE trend will persist in the liquid. Hoggver, the
unusual RE trends seen in the chill zone gabbros from layered intrusives
S§§ct§onr4f§—i), would not require much alteration before they would
;9seymle the Whitestone anorthosite. Yigure 4-10 indicates the RE trend
geve}oped in‘the liquid when the Skaergaard chill zone gabbro (£ basaltic
g§gm§) partially melts and 5C% by volume remains behind as peridotite

(Stillwater peridctite, Frey et al, 1970). The trends of this liquid
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and the Whitestone enorthosite are quite similar with the major differ-
ences being the larger Eu anomaly and the flatter heavy RE trend of t he
anorthosite. Even greater similarity might be achieved if less melting
of the basaltic msterial yielded a more "plagioclase-rich" liguid and a
residual of other than ultramafic rock, but this is speculative.

Thus the partial melting of basalt with a residual of ultra-~
mafic rock cannot account for the RE 4rend of the Whitestone anorthosite.
The partial melting of unusual (?) bassltic material, represented in
chill zones of cdiiferentiated complexes, produces a more anorthositic KE
trend in the liquid but t he petrologic evidence cited in section 4-6-i
rejects even high Al tholeiitic magma as pesrental material for the White-
stone anorthosite.

Mason suggesis two other possible sources of & gabbroic anorthe-
site magma. The first, "frectionating from a basic [ basaltic] magma
a mixture of dicpsidic clinopyroxene anrd enstatitic orthopyroxene ... pro-
bably with minor basic plagicclase", (Mason, page 236), s considered
next. Schnetzler and Philpetts (1970) show phenocryst-matrix partition
coefficients for diopside and orthopyroxeres from a mafic phonolite, ard
andesitic basalts, which h=ve virtually ro Eu anomaly. This would irdicate
that frazctionating these minerals from a bassltic mezgma would not produce
a larger positive Eu anomaly in the ligquid. This lack of negative Eu
anomaly in diopsidic clincpyroxenes and orthopyroxeres is the same fact
that seems to make partizl fusion of baszltic materizl with ultramafic
residuzal 2 poor model for corigin cf the Whitestene RE trends.

Mason eziso suzgests partizl fusion of an amphibolite could theoreti-
cally yield a plagioclase-rich liquid (after Yeder and Tilley, 1962, p. 4¢t1).

Since ro hornblenaitas, the probzble residual of this process, have been
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analyzed for RFE, the RE trend of such a liquid is difficult to establish.
An anorthositic RE trend would be expected in any plagioclase-rich () 80%)
material, but lack of RE data on hornblendites and amphibolites makes
further speculation difficult,

The origin of a gabbroic anorthosite RE fractionation trend from
partial fusion of basaltic material with a residuzl of ultramafic rock
seems unlikely. Partial melting of an amphibolite probably could produce
a Eu-enriched RE trend, but lack of data makes further speculstion impos-
sible. The existence of a gabbroic anorthosite megma was postulated by
Mason after a consideration of field relationships and petrology of the
Whitestone anorthosite. The partial melting of an amphibolite to form
such a magma is in line with the bulk of evidence and probsbly would not
contradict RE findings.

4-6~iv, Theories of Type 4 - Metasomatism and Anstexis

The anatectic melting of a leuconorite or a noritic anorthosite
with the mobilization of most of the mafics and some of the plagioclase
leaving behind a residuum of plapioclase is suggested by Michot (1961)
as the process forming some Norwegian esnorthosites. This case involves
almost a secondary origin for gabbroic zncrthosites since a noritic anor-
thosite is assurmed 1o have already existed, Discussion of such a process
in terms of REE seems redundant, end such & process, as it applies to
the Whitestone anorthosite, is best discussed in terms of textural and
petrologic informati.on.

The intrusive nature of the Whitestore snorthosite argues against
a metasomatic (psra-anatectic) crigin for it. However, a remobilized
"para-anatectic" anorthosite is possible. The plzgioclase morphologies

of the Whitestone anorthosite resemble those described by Michot (1961)
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in the Haland-Helleren massif. These plagioclase textures of a "para-an-
atectic" anorthosite would probably be obscured by the recrystallization
following remobilization. Therefore, primary para-anatectic textures are
not expected in the Whitestone anorthosite if it was remobilized. Mason
attributes the plagioclase morphologies to recrystallization in the
Whitestone anorthosite - a more probable explanation,

4-6-v., Theories of Type 5 - Disruption of Layered Intrusives

These theories argue for the remobilization of anorthosite and
gabbroic anorthosite and destruction of the spatial relationships that
make these bands easily recognized as members of a layered series., Again,
RE information would be r edundant, since metamorphosed and disrupted
ancrthosite bands would simply retein the original RE trends,

There is no clear evidence of a layered intrusive origin for this
anorthosite. No ultrabasic or basic rocks ere found in outcrop or suggested
by aeromagnetic work., Parallel orientation of plagioclase laths is not
common and cryptic layering is not suggested. The remobilization might
have obscured some of these layered anorthosite characteristics. Some
igneous banding is suggested and occasional block structures, possibly
representing disrupted layering are found, but these rerlect only a
cumulate origin and not a layered-intrusive origin., Because there is no
clear evidence of a layered-anorthosite origin for the Whitestone anorthc-
site, and because RE investigations are not expected to be helpful in
defining a layered —intrusive origin, this {ype of origin will not be cocn=-

sidered in the case of the Whnitestone anorthosite,



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5-1. Conclusions
1. The anslytical method used in this work was both simple and yet
complete enough to define the RE trends of the anorthosite and con-
stituent minerals. The analytical data is of sufficient quality to
bear the burden of interpretation placed upon it in this work,
2. As Green et al (1969) found, the anorthosite-country rock relation-
ships are not elucidated by whole rock RE information, There is a
suggestion, supported by oxygen isotope data, that REE were released
to the country rock from the anorthosite or residual fluid phase. No
conclusions on the granitic &ill west of the anorthosite regarding
co-genetic relationships could be drawn.
3. The RE fractionation trends in the major anorthosite minerals are
defined and explained on crystal-chemical grounds.
4, A number of possible modes of origin of the Whitestone anorthosite
are suggested from RE data which do not contradict field relationships
or major petrologic considerations:

i, The anorthosite represents a cumulate rock originally
formed by fractional crystallization from a dioritic (possibly contamin-
ated) magre. This rock was partially melted and intruded into its present

setting.
ii. The anorthosite represents crystallization of a2 gabbroic

anorthosite magma which originated by partial melting of an amphibolite.

75
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This was not elucidated by RE inforamtion but is not obviously contra-
dictory to expected RE findings. .
iii, The anorthosite represents a disrupted layered-intrusive
anorthosite. No proof of this origin is offered and this possibility

is only added for completeness.

5-2. Recommendations

l. Improvement in the analytical procedure to determine Nd, Gd and one
of Dy, Y, Ho or Er could make more detailed geochemical interpretations
possible,

2. RE studies of country rock minerals could elucidate the country
rock-znorthosite relationships,

3. Experimental investigation of KE partition between mineral phases of
anorthosites would also impreve RE geochemical interpretations of
anorthosite petrogenesis,

4, Continued gecchemical, petrological, and experimental investigations

hopefully will solve the problem of anorthosite origin (s).
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APPENDIX A

Petrographic Description of Samples

Table A-1l: Modes for Sasmples of the Whitestone Anorthosite

No, An, Plag. Scap. Pyx. Hb, Gt. Ep. Opg. Sph. Others
B .,Q |
WB-3 (6%) 76 tr 13 4 S - 3 - 1°, tr
50
WB-2 62 80 tr 14 4 1 » 1 tr t®
11-812 | 52 37 20 30 1 tr - 1 tr -
|
L1-85 54 68 13 12 6 - - tr tr lQ
m-1263| 77 60 11 2 7 - - tr - el
2 Q C
11-127 78 37 20 30 11 - tr - - 1*°, tr l
C 5
Lo-67° | 50 77 4 4 1 9 = 4 tr 1
1222 57 85 - - 4 s 10 - " 1rQ, P
WBl-l | 60 84 2 = 9 - 5 tr - trB,
11-3542| 55 58 11 1.5 28 tr - tr - 0.5%, @B
Notes: 1, (68) refers to the large (>1 cm.) plag. phenocrysis
50 refers to the smaller (< 1 cm.) plag. phenocrysts
2. after I, Mason, Ph, D, Thesis,
3. after I, Mason, Ph. L, Thesis, results confirmed by this
author,
An, ancrthite content of plagioclase()
Plag. = plagioclase Fp. = epidote
Scap. = scapolite Opg. = opaque oxide
Pyx. = pyroxene Sph. = sphene
Hb. = horrblende B = biotite
Gt. = garnet C = carbonate
Q = Quartz
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WB-3: Green Feldspar Iacies

The texture of this specimen is subopbitic and possibly was poikili-
tic before recrystallization. Large, euhedrsl, recrystallized plagioclase

grains (An6 , up to 3 cm. long) are present, but most plagioclase has recry=-

8
stallized to subhedral, smaller grains (Anso), suggesting the larger grains
represent an early crystallized plagioclase, Clinopyroxene occurs as recry-
stallized, subhedral grains replacing or surrounding primary clinopyroxene
which shows oxides exsolved along traces 45° 4o cleavage. Clinopyroxene
is associated with and often rims anhedral, opaque oxide grains, Uralitisa-
tion is evident, as clinopyroxene is often rimmed by dark green, anhedral
hornblende which often contains quartz blebs. Garnet occurs as euhedral
grains in plsgioclase fields or as generally subhedral grains surrounding
either:
1. recrystallized plagioclase with oxide, minor
pyroxene core

2. recrystallized plagioclase with pyroxene, secondary
hornblende ! oxide cores

3. recrystallized plapgioclase only.

WB-2: Green Feldspar Facies

An almost totelly recrystallized smple with more granitic texture,

WB-2 is mainly a plagioclase (Ang,) mosaic of subhedral, equidimensional
grains. MNarrow, yellcwish veins intruding and surrounding plagioclase
grains probably cause the green feldspars apparent in hand specimen.
Occasional scapolite occurs, replacing plagioclase. Occurence of recry-
stallized and unrecrystallized clinopyroxere is generally as in specimen
WB-3, but unrecrystallized clinopyroxene is rare. Occasional orthopyroxene
rimning clinopyroxene is observed. Hornblende with or without quartz blebs

commonly rims clinopyroxenes grains. Garnet occurs as in gpecimen WB-3.
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L1-81: Porphyritic Facies (etypically rich in mafics)

11-81 shows a slightly subophitic texture of recrystailized plagio-
clase (An52) partially enclosed by generally recrystallized, subhedral
clinopyroxene, The subhedral plagioclsse grains contzin abundant scapolite
which occasionally enzulfs several grains, but normally is limited to
plagioclase interfaces, fractures, and cleavages, Scapolite is found only
with plagioclase. The unrecrystallized, subhedral pyroxene has abundant
opaque oxides oriented 45° to cleavage. The margins of these plagioclase
grains contain recrystsllized, subhedral to anhedral clinopyroxene grains
often enclosed in a rim of hornblende,

L1-85: Glomeropoikilitic Facies

Ap ophitic texture is suvggested even though both plagioclase (An54)
and clinopyroxene have been completely recrystallized into more equidimen-
sional grains. This is most evident in the "glomerules" (see Mason, pezges
32-33). Scapolite occurs mainly et plagioclase interfaces. Hornblende,
occasionally containing quartz blebs, rims most clinopyroxene and occasicne
ally rims opaque oxide grains.

L1-126: Glomeropcikilitic Facies

In the glomerule, a poikilitic texture is suggested havirg now
partially recrystallized plagioclase enclosed by areas of now recrystallized
clinopyroxene. Where pyroxene is more evenly distributed the texture is
subophitic., Plagioclase (An77, anomalously calcic) grains are not eguidimen-
sional, but show a cataclastic texture of large unrecrystallized (?) grains
in a matrix of smaller {av. 0.5 mm. dia.) grains. The large porphyroclasts
are strained., Scapolite is abundant and occurs as in specimen L1-81, The

clinopyroxene is often rimmed by horrblende and/or nornblende-quartz inter-
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(sausseritization?) at interfaces and along cracks and cleavages.

L1-354: Foliated Epidote-bearing Facies

L1-354 has a subophitic to granitic texture a nd shows complete re-
crystallization of plagioclase (Anss).
areas‘of plagioclase. The originally interstitial (?) clinopyroxene has
been strongly uralitised with the growth of marginal hornblende. Locally,
uralitisation is complete, with an intergrowth of hornblende and quartz
rimmed by hornblende and occasionally biotite. The plagioclase are badly

altered, especially along interfaces and fractures. Foliation is not ob-

served in thin section,

A short description of the three envelope rock samples analyzed
follows. The sample locations ere showrn on Map 1, page 4. Samples Munmi-2
and S-32 were collected by R, Mummery, sample WB-4 was collected by this
author,

l. Mum-2 - amphibolite:
Estimated thin section mode:

45% plagioclase

40% hornblende

5% Qquartz

5% garnet

5% opaque oxides
The mafic minerals are lineated and the specimen has a generally grano-
blastic texture.

2, 532 - gneiss:
Estimated thin section mode:

50% quartz

35% K-~feldspar

10% plegioclase

2%  Dbiotite

2%  opaque oxides
1% garnet

Scapolite again engulfs considerable
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The thin section shows a granoblastic texture, but does not show a linea~
tion - this is probably a quartzo-feldspathic band.
3. WB-4: -~ granite gneiss:

Estimated mode:

60% K-feldspar

15% plagioclase (An;g)
10% quartz

10% hornblende

3% opaque oxides

2% Dbiotite

The mafic minerals are concentrated in bands with quartz, giving the speci-

men a good foliation,



AFPENDIX B

ANALYTICAL PHOCELURE

B-I. Samples
l. Crack the ampoule open well above the sample and transfer the
sample to a 20-25 ml. teflon crucible.
2, Add the rare esrth carrier solutions to the crucitle, ensuring that
the sample is completely wetted,
3. Add about 5 ml, concentrated HF and about 2 ml. 60% HC1l04 and evapo-
rate on 8 sznd bath under heat lamps to copicus HC10, fumes.,
4., Add about 2 ml, C.5 M HC1l and 1 ml. 60% HClO4 and evaporate to
incipient dryness to convert fluorides to perchlorates.
5. Transfer the residue to a 150 ml. giass beaker by washing with C.5 M
HCl, Add 10 ml. 0.5 M HCl and heat until solution clears.
6. Add concentrated NaOH sclution in excess to precipitate rare earths
as hydroxides (about 25 ml.).
7. Transfer solution and precipitate to s 50 ml, polycarbonate centri-
fuge tube,
8. Centrifuge and discsrd the supernatant. VWzsh with dilute NaOll,
S. Dissolve the hydroxides in about 10 ml. 6 M HCl, Add 5 ml. concen-
trated HF and 5 ml. NH4F (10% solution) to precipitate the rare earthr
fluorides, Centrifuge and discard the supernatant and wash with dilute
HF,
10. Dissolve the flucrides in about 5 ml. 2 M KC1l saturated with boric
acid, Heat in sand bath to hasten disscluticn.

1l. To precipitzte the rare earth hydroxices add 1l:1 NH4OH in excess,
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Centrifuge and decant. Wash with dilute NH4OH.

12. Repeat the fluoride-hydroxide cycle 3 times (steps 9-11).

13. Dissolve the last hydroxide precipitate in 15 ml. 8.0 M HC1l, trans-

fer solution to a 125 ml, separatery funnel and shake for 2 minutes with

15 ml. tri-butyl phosphate (pre-equilibrated with 8.0 M HC1l, see note 1).
14, Drain the HCl phase containing the rare earths into a 25 ml., volumetric
flask, Add 8 ml, 8.0 M HC1l to the tri-butyl phosphate fraction, shake

for 2 minutes and again drain the HC1l phase into the volumetric flask.

15. Add 8.0 M HC1 to bring the volume to exactly 25 ml. and put aside

for counting.

B-II. Standards ;
1. Carefully clean the outside of the standard ampoules with acetone
and 0.5 M HCI,

2. Crack the ampoule open and place it in a 150 ml. beaker to which
the two rare earth carrier solutions have been added.

3. Completely remove the rare earths from the inside of the ampoule by
repeated washing with the carrier solution. Finally, wash the ampoule
using 0.5 M HCl, monitor to ensure removal of all rare earth activity,
and discard the ampoule.

4. Add about 20 ml. 0.5 M HCl and stir to equilibrate carriers and

standard,

Note 1: Take 50 ml. portions of tri~butyl phosphate and shake over=-
night with about the same volume of 8.0 M HCl. Decant and store the
tri-butyl phosphate.
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5. Add concentrated NaOH solution in excess to precipitate rare earth
as hydroxides,

6. Transfer solution and precipitate to a 50 ml. polycarbonate centri-
fuge tube, centrifuge and discard the s upernatant, Wash once with dilute
NaCH,

7. Dissolve the precipitate in about 15 ml. 8.0 M HCl and transfer to

a 25 ml. volumetric flask. Add enough 8.0 ¥ HCl to bring volume to

25,0 ml,

8. Shake the flask to obtain a homcgeneous solution and put aside for

counting.

B-III. Chemical Yields

Chemical yields are determined by re-irradiation of accurately
weighed fractions of each sample and standard. The absolute yield is
not determined - only the yield of REE in each sample relative to thre
yield in the standerd is determined by the following metihod:

1, Accurately weigh about 0.1 ml. of each sample and standard into
silica ampoules.,

2. Eveporate the solutions to dryness in a heating oven (at 70-80 oC)

and seal the open end of each ampoule by fusing,

3. Irradiate together the 6 sample :nd 1 standard ampoules for 5 minutes
and cool 4 days,

4. After bresking open each ampoule, transfer the activity completely
into separate 1 dram vials by repeated washings with 0.5 M HCl.

5. Couni each vial on the Ge(Li) detector to determine 140La and 175Yb
activity.

140
By comparing the areas of gamms peaks 490 KeV La and 396 KeV
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l75Yb, the yield of La and Yb in the ssmple fractions relative to the

standard fractions is calculated. This is converted to yield in the
samples by multiplying by the weights of standard fraction over the
weight of sample fraction taken. A linear relationship between yield
and atomic number is assumed and the yield of the other REE is calcu=-
lated accordingly. |

The relative yield of La varied from 1;0% to 90% while the

relative yield of Yb was lower, ranging from 1027 to 81%.



