1645 5

ASPECTS OF GALLIUM GEBCHEMISTRY
IN

UPPER MANTLE-DERIVED LHERZOLITE XENOLITHS

AND i
CONTINENTAL ALKALINE VOLCANIE ROCKS (
.'1:33? ,2.
n\: "f;’ &
| \ <
BY BN A P

x \ -
> -
.

DOUBLAS BRUCE MCKAYC)

SUBMITTED A5 PARTIAL FULFILLMENT OF THE REGUIREMENTS

FOR THE DEGREE OF MASTER OF SCIENCE

FACULTY OF SCIENCE
LAKEHEAD UNIVERSITY
THUNDER BAY, ONTARIO, CANADA

SEPTEMBER, 1987



ProQuest Number: 10611792

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(QQuest.
// \

ProQuest 10611792

Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

Allrights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346



Permission has been granted
to the National Library of
Canada to microfilm this
thesis and to lend or sell
copies of the film.

The author (copyright owner)
has reserved other
publication rights, and
neither the thesis nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
written permission.

ISBN

L'autorisation a &té accordée
A la Bibliothéque nationale
du Canada de microfilmer
cette thése et de préter ou
de vendre des exemplaires du
film.

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication:

ni la thése ni de 1longs
extraits de celle-ci ne
doivent @&tre imprimés ou

autrement reproduits sans son
autorisation écrite.

0-315-44795-8



ABSTRACT

Various aspects of the geochemistry aof Ga in upper
mantle—derivéd garnet lherzolite xencliths (from the
Bultfontein Floors mine dump in Kimberley, South Africa),
spinel lherzolite xenoliths (from Mount Forndon, Australial,
and continental alkaline wvolcanic rocks (from the Freemans
Cove, Ralcones, Urach and Hegau suites of Canada, the U.5.A.,
and Germany, respectively) have been investigated. Ga
abundances were determined by RNAA. The feasibility of using
epithermal INAA to generate accurate Ga data was investi-
gated. Analysis of U.S5.6.5. standard granite G-2 suggests
that epithermal INRA utilizing 630;1 KeV 728a data.has the
potential to produce génlngically useful Ga data.

The abundance of Ga in the lherzolite xenoliths varies
by a factor of appraximately 10 +from 0.52 * 0.14 ppm to 5.23
e 0.44 ppm. The spinel lherzolite xenoliths contain
appreciably more Ga (2.78 * 0.26 ppm to S5.23 * 0.44 ppm) than
the garnet lherzolite xenoliths (0.52 = 0.14 ppm to 1.44 *
0.18 ppm). The sequence of enrichment of Ga in the minerals
éamprising the lherzolites is, from lowest to highest Ga
content, olivine (0.20 * 0.04 ppm to 0.72 * 0.11 ppm), clino—
pyroxene (1.31 % 0,132 ppm to 4.922 * 0.32 ppm), garnet, 1if
present (3.71 *0.16 ppm to &.03 *0.48 ppm) , phlogmpite, if

present (7.65 +0.21 ppm) , and spinel, if present {(43.49 &%



0.921 ppm ta 65.91 % 2.10 ppm). Ga mineral/mineral distribu-
tion coefficients have been calculated. Freliminary results
suggest the distribution of Ga between certain mineral pairs
(e.g., D;:x/cpx) is temperature dependent and might be profit-
ably utilized as a geothermometer.

The abundance of Ga in the continental alkaline vaolcanic
rocks wvaries by a factor o{_approximately .5 from 12.14 *
0.32 ppm to 41.97 £ 1.20 ppm. Ga behaved as an incompatible
trace element- during the genesis of these rocks. Model ~
derived constraints for 6Ga bulk-solid/melt distribution
coefficients vary from 0.16 (Balcones suite) to 0.28 kHegau
suite). Intrasuite variations in the Ga/Al ratiocs of the
mafic continental alkaline volcanic rocks range from approxi-—
mately 14%Z {(Hegau and Urach suites) to approximately 20%
(Freemans Cove suite). Ga/Al ratios a+f primary melts +From
the Freemans Cove and Balcones suites decrease élightly {+rom
2.86 + 0.16 to 2.28 * 0.13, and from 4.12 * 0.24 to 3.35 *

0.19 respectively) with increasing degrees aof partial melt-

ing.
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CHAPTER ONE

RATIONALE OF THESIS WORK

Al though considerable progress has been made in recent
vears,; many aspects of Ga geochemistry are still poorly under-—
stond andsor have never been investigated. The present
thesis was undertaken in an attempt to expand our knowledge
of BGa geochemistry and to praomote future studies of Ga
geochemistry.

The major objectives of this thesis are cutlined below
and-discussed in detail in follawing chapters.

1. Accurate determination {better than 5% (14)) of the
abundance of Ga at the ppm level in geclogical materials
is presently a relatively complicated procedure. As  a
consequence, few accurate Ga data have been published
and our knowledge aof Ga geopchemistry is incomplete. It
is aof interest, therefore, tao develop simpler analytical
technigues. A major oabjective of this thesis is to
assess the feasibility of using epithermal instrumentail
neutron activation analysis (a relatively simple
analvtical technigque) +to determine accurately the Ga
content of génlogical materials.

2. The present data base faor the abundance of Ga in upper
mantle-derived ultrama$tic xxenoliths is small and biased
towards spinel lherzolites. A& majar objective of this

thesis 1is to expand this data base by accurately



2.
analyzing both garnet lherzolite and spinel'lherzolite
xenoliths.

Very few accurate Ga miﬁeral/mineral distribution
coefficients exist for upper mantle—-derived xenaliths.
A major objective of this thesis 1s to determine
accurate Ga mineral/mineral distribution coefficients
for garnet lherzolite and spinel lherzolite xenoliths
and to assaess the feasibility of using these distribu-—
tiaon coefficients to estimate eqdilibratian conditions
of pressure and temperature.

Very +few accurate BGa data for mafic volcanic rocks have
been published. This 1is especially sa for continental
alkaline wvolcanic rocks. A major objective of this
thesis is to expand the data base for the abundance of
Ga in continental alkaline velcanic rocks by accurately
analyzing four different volcanic suites (all of which
contain rocks believed to be primary partial melts of
the upper mantle) fram widely separated geographical
localities.

Very 1little is known abbut the geochemical behaviour of
Ga during the genesis of continental alkaline volcanic
raocks. A major objective of this thesis is to compare
the Ga data obtained +for these rocks to other trace
element data in order to assess the geochemical
behaviour of Ga during the genesis of these rocks.
Recent studies (discussed below) of mafic oceanic

valcanic rocks suggest that Ga/Al ratios in these racks
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might be used to inter mantle source Ga/Al ratios, to
differentiate basalts derived +from different mantle
saources, and to map mantle heterogeneities. A majar
objective of this thesis is to determine the Ga/Al

ratios of mafic continental alkaline volcanic rocks in

order to assess the validity of these suggestions.

The final major abjective of this thesis is to develop
possible constraints for the Ga bulk—-solid/melt distri-
bution coefficients associated with the genesis af the
primary partial melts of the continental alkaline

volcanic suites studied.



CHAPTER TWO

INTRODUCTION TO GALLIUM GEOCHEMISTRY

Gallium <(Ga) was discovered by LeCoq De Boisbaudran in
1875 and named after the Latin word +for France (Mellor,
1924). Ga is a soft, silvery white metal that melts in your
hand. It Mis the only metal that expands as it freezes
(Schiller, 1987).

The principal use of Ga is in the electronics industry
where it is used in the production of 1light emitting diaodes,
lasers, bubble memories and microwave equipment (Schiller,
1987) . Ga 1is essential for building superfast, supercool
computer chips (Maurice, 1987).

Ga 1is presently recovered as a by-product of zinc
reprocessing and bauxite refining, and from certain rare and
unique sulphide aores (S5chiller, 1987). Major praoducers of Ga
are Alcan and Cominca in Canada and smelters in Europe,
Russia and Japan. Fargo Resources Limited of Vancouver are
presently perfnrminé experiments in attempts to extract Ga
from British Columbian coals (Schiller, 1987). The annual
consumption of Ga in the Western World is believed to be
approximately 50 tons (Wittur, 1987).

General aspects of Ga geochemistry have been reviewed by
Shaw (1957) ‘a;d Vliasav (1266). BGa is a transitiaon element
located in Group I1I of the Feriodic Table. Some of the

physical properties of Ga are given in Table 1.



TABLE 1

Physical Proparties of Gallium

Froperty | Vvalue References
Atomic Number 31
Atomic Weight &9.72
Natural Isoctopes &9 (60.27%) Day, 1963

71 (37.8%) Day, 1963
Valency 1+, 2+, 3+
Specific Gravity (20°C) S.91 g/cc Vliasov, 1966
Melting Point 29.78°C Vlasov, 19&6
Boiling Point 2070°C Vlasov, 1946

Although stable in air at normal temperatures, Ga does
not naturally occur in the native state (Shaw, 1957). Ga is
a typical dispersed element that very rarely forms its own
mineral phases. Examples of +the abundance of Ga in saome
common minerals are given in Table 2.

The only independent Ga mineral reported to exist,
gallite (CuGaSz), occurs in negligible amounts in association
with sphalerite, renierite, germanite and chalcopyrite in
only two known ore deposits: Tsumeb (Sauthwest Africa) and
Kipushi (Congo! (Vliasov, 19&6&).

The solar abundance of BGa has been estimated to be
approximately 38 atoms/io6 Si atoms (Cameron, 1982:; Anders
and Ebihara, 1982). The average crustal‘abundance af Ga has
been estimated to be approximately 19 ppm (Shaw, 1957
Vinogradov, 19&2).

Ga 1is crystallochemically similar (Table 3) tao aluminum

3+ 2+ 3+
(Al )y 2inc (Zn )} and iron (Fe ) and can isamorphously

replace these elements in many minerals.



TABLE 2

Examples of the Abundance of Ga in Some Common Minerals

Valency,

2 — Kurat et al.,

Mineral Ranges in Ba Content (ppm) References
Bervyl 0o - 30 1
Biotite 0o - >100 1
Cassiterite o - S0 1
Clinopyroxene 4.0 - 5.0 2
Chlorite 0O - 100 i
Garnet o - 30 1
Ilmenite 1.1 3
Lepidaolite 10 - 300 1
Magnetite 48.9 - 110.0 3
Muscovite 0 - >100 1
Nepheline 0 - 1000 1
Orthopyroxene 2.6 - 3.8 2
Phlogopite 10 - SO 1
Plagiocl ase 31.0 - 38.0 3
Sericite o - 30 1
Sphalerite O - 10000 1
Spinel 40 2
Spodumene 10 - 700 1
Tourmaline 10 - 100 1
Reference abbreviations: i1 - Vliasov, 1966;

19803

3 — Vincent and Nightingale, 1974.

TABLE 3

Ionic Radii and Ionization Potentials

of Ba, Al, Fe and Zn

Io (A)
(whzttaker and Muntus, 1970)

L J
nic Radius

Ianization

Element Potential (V)
Tetrahedral Octahedral
Coordination Coardination (Vliasov, 1966)
3+
Ga,+ 0.5 0.70 S57.02
AL 0.47 0.61 53.14
Fe:+ 0.57 0.73 55.42
n” 0.68 0.83 27.41
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The geochemical coherence of Ga and Al during partial
melting and fractional crystallization has been noted by many
geochemists (e.g., Boldschmidt, 1937; Ringwood, 1955%:; Ahrens,
19653 and De Argollo, 1974) and méy be attributed to the
similarity of the 1iaonic radii, valency, and ionization
potentials of these two elements.

Ga is siderophile, .lithophile, and chalcaophile in its
geacchemical behaviour.

The siderophile nature of Ga is revealed by 1its
abundance and distribution in iron meteorites. In these
meteorites, the bulk of the‘Ga occurs in the metallic phases
where it attains concentrations af up ta 90 ppm (Wasson,

1970} .

The lithophile nature of Ga is revealed by its abundance
and * distribution in silicate rocks; In these rocks the
distribution of Ga is primarily dependent upon the aluminum
cantent of the major mineral phases present (Shaw, 1237). Ga
can repiace A1 at both octahedfal and tetrahedral lattice
sites in common rock forming minerals. The substitution of
Ga for Al at tetrahedral sites accounts for approximately
30 — 73% of the Ga present in most rocks (Vlasoy, 1F46) .

Although iron alsoc occurs in- four—+old and six—fold

-

3+
coordination with oxygen, it appears that Ga will onlvy

-—

3

replace Fe at tetrahedral lattice sites (Burton et al,

19593 Vincent and Nightingale, 1974). It is not presently
S+ T+

ey
understood why Ga daes not replace Fe at oactahedral

lattice sites.
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The chalcophile nature of Ga is revealed by its occur-
rence in sulphide minerals. The mineral gallite, +for
example, contains up to 35 wt.Z Ga (Viasaov, 19466). Ga also
occurs as a cammon minor constituent of sphalerite (Moller et
al, 1983). Vlasov (1%&646) states there is apparently no Ga—-iZn
isomorphism in oxygen 'compaunds -— silicates, oxides,
carbonates, etc., since Ga is virtually nonexistent in
calamine, willemite and smithsonite. it appears that the
coherence of Ga and Zn 1s weak and mainly restricted to
sulphides (Shaw, 1957).
The dispersion of BGa in the major rock forming minerals
results in its ubiquitous occurrence in all igneous rocks.
Examples of the abundance of Ga in different igneods rock

types are given in Table 4.

TABLE 4

Examples of the Abundance of Ga
in Differant Igneous Rock Types

Rock Type {Range in Ga Content (ppm)‘ References
Ultramafic 1.92 - 3.79 Jagoutz et al. (1979)
Mafic 16.4 - 27.1 De Argolla (1974)
Intermediate 12.2 - 35.6 Vincent and

Nt Nl St

Felsic 2.6 - 36.7 Nightingale (1974:

Ultramafic igneous rocks only contain significant amounts of
Sa when aluminous minerals (biotite, kalsilite, leucite, meli-
lite) are present (Shaw, 1757). The differences between the
abundances of BGa in mafic, intermediate and feléic iLgnecus

rocks are smail. Alkalic and pegmatitic i1gnecus rocks comman—
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ly contain the greatest concentrations of Ga (Vlasov, 1946).

Ga generally behaves as a moderately incompatible trace

element and tends to concentrate in the 1liquid phases

associated with igneous processes (Vlasavy 19466; De Argolla,

19743 Vincent and Nightingale, 19743 Frey et al., 1983).
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CHAPTER THREE

ANALYSIS OF GALLIUM

3.1 INTRODUCTION

Trace amounts of BGa in geological materials have been
determined using a variety aof anaiytical technigques. These
include spectrographic (Goldschmidt and Feters, 19351
Oftedal, 1940; Gabrielson, 1945; Strock, 1945; Mukher)jee,
1948; Ahrens, 1931), fluorimetric (Sandell, 1947 and 1%4%9),
atomic absorptian spectrometric {Van Der Walt and Strelow,
1984), and neutron activation technigues {Morris and
Chambers, 19603 Vincent and Nightingale, 1%974; De fArgollo and
Schilling, 1978(a)). 0f these, neutron activation is, in
general, the most sensitive, accurate and precise analytical
method {(Morris and Brewer, 1934; Meinke, 1955; Morris and
Chambers, 1960; Smales, 19463).

The general principles of neutron activation analysis
(NAA) are discussed by De Soete et al. (1972), Muecke (198a0),

Steinnes (1971). A brief summary is given‘in Appendix 1.

71
NAA of Ba 1s based an the nuclear reaction Ga (n.%;

72 72
Ga. Ga is radiocactive and decays with a half-life of
72 ‘
14.1 hours. A decay scheme for Ga is given in Figure 1.

The activities of the &30.1 KeV and B834.1 ¥KeV gamma ravs
(relative intensities of 10% and 407 respectively) are used
to calculate Ba contents. A worked example 1s given in

Appendix 1.
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In the present study, twa types af NRA of Ga are
compared:
i. radiochemical neutron activation analysis (RNAA) invplv—
ing activation by thermal neufronsé
2. instrumental neutron activation analysis (INAAR) involv-—

ing activation by epithermal neutrons.

The general advantages of INAA involving activation by
epithermal neutrons rather than thermal neutrons are

discussed by Steinnes (1971). The primary advantage 1s that

elements which contribute significantly to the compton
. i i 23 27
continuum of thermally activated samples (i.e., Na, Al,
31 41 45 50 35 58 139 151
P, Ky Sc, Cr, Mn, Fe, La, Eu, etc.? have

low resonance activation integrals compared to their thermal
activation cross—sections. This permits determination of
elements such as Ga, Cs, or U that would otherwise have their

photopeaks obscured by matrix activity.

3.2 ANALYTICAL METHODS

3.2.1. RNAA
The RNAA method used is a madification of the methaods
described by Culkin et al. (1958, Morris and Chambers
(1960), Wasson et al. (19646), and De Argolloc (1974). The
method is described in detaii in Appendix 1; Briefly,
appraoximately 100 mg of powdered sample are irradiated for 7
) -

12
hours in a thermal neutron flux af S x 10 n/cmélsec and

allowed ta "cool" +for approximately 84 haurs. Ga carrier is
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added and the sample decompased in a mixture of HF and HNDS.
The sample is dried, adjusted to N in HCl, and transferreq
to a8 separatory funnel. Ga is extracted into isopropyl
ether and back extracted into HZO. The activity of the
extract is measured and Ga content calculated relative to
standard samples. Chemical vields are determined by
re—irradiation {(see Appendix 1) and are, in general, better
than 20%. Trace amounts of Na, S¢, Co, Fe, and FREE's are

present in the Ga extract but do not significantly affect

72
measurement of the Ga photapeaks.

3.2.2 Epithermal INAA

The INAA methad used is based upon the methods described
by Baedecker et al. (1977) and Brunfelt and Steinnes (1969) .
The method is described in detail in Appendix 1. Briefly,
approximately 300 mg of powdered sample are irradiated in a
cadmium shield Ffor 30 minutes in an epithermal neutron flux

i1 2
of 2 x 10 n/cm /sec. The sample is allowed to "cool" for
72
approximately 12 bhours. Ga activity is measured and Ga

content cal&ulated relative to standard samples.

3.3 RNAA vs. EPITHERMAL INAA

3.3.1 Accuracy and Precision
The accuracy and precision of the technigues were
assessed by performing replicate analyses of the U.5.G.3.
standard granite G6-2 using synthetic gallium standards. The
=

results are given in Tables S and &.

The RNAA data are more accurate, ralative to Abbev’'s



RNAA Ga Data for G-2

TABLE S

{(quoted uncertainties,

14,

14,

due to counting statistics of gamma ray spectrometry)

Sample 6-2,

23 ppm Ga (Abbey, 1%83)

Analytical Feak

630.1 KeV

834.1 KeV

Analysis

Calculated Ga Accuracy Calcul ated Ga Accuracy
Content {(ppm) {(#4) Cantent {(ppm) (%)
1 22.02 * 1.30 —4,246 23.49 % 0.64 +2.13
2 24.82 * 1.49 +7.921 22.99 * 0.7%9 -0.04
3 23.10 * 1.34 +0.43 22.55 x 0.76 -1.986
4 20.83 * 1.23 -%.43 22.4840 * Q.65 -2.561
s 21.18 * 1.27 -7.91 23.31 * 0.77 +1.35
b6 23.43 * 1.38 +1.87 24.53 * 0.81 +46. 65
7 24.43 * 1.41 +5,.22 22.04 * 0,77 -4.17
8 22.57 * 1.35 -1.87 22.11 * 0,82 -3.87
9 20.92 * 1.38 -2.04 23.32 * 0.85 +2.286
10 22.74 = 1.40 -1.13 22.86 * 0.72 -2.32
Mean 22.60 £ 1.40 -1.74 22.94 * 0.76 -0.26
Standard Deviation
(14) 1.32 ppm (S.78%) 0.78 ppm (I.39%)

TABLE &

Epithermal INAA Ga Data far G—2 (quoted uncertainties, 14,
due to counting statistics of gamma ray spectrometry)

Sample G2,

23 ppm Ga (Abbey, 19

83}

Analytical Peak

. 6530.1 KeV 834.1 KeV
Analvysis
Calculated Ga Accuracy Calculated Ga Accuracy
Content (ppm)} (%) Content <(ppm) (%)
i 22.192 £ 3.33 =3.465 32.48 * 2.21 +41,22
2 23.12 * 3.12 +2.22 32.99 £ 2.2 +43.43
3 22.93 £ 2.75 +0.31 29.10 + 2.31 +26. 52
a 29.89 * 3.56 +12.99 32.35 + 2.23 +40, 65
3 27.89 * 3.84 +12.13 30.7t * 2.03 +33.32
& 2Z2.34 * 3,26 +1.48 28.25 * 2.11 +22.83
7 22.49 * 337 -2.27 28.80 * 2.25 +2F.91
Mean 24.84 * 3.32 8. 00 30.63 * Z2.20 +33.17
Standard Deviation
(14) 1.32 ppm (5.76%) 0.78 ppm (3.39%)
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{1983) recommended vélue of 23 ppm, and more precise than the
epithermal INAA data. The 834.1 KeV RNAA data are the most
accuréte {(mean accuracy of —-0.26%L) and most precise (3.397Z at
14).

The &30.1 and 834.1 KeV RNAA data are similar (mean
values of 22.40 * 1.40 and 22.94 * 0.76 ppm Ga respectively).
This suggests spectral interference has not affected measure-—
ment of either 7263 phaotopeak.

The 630.1 and 834.1 KeV epithermal INAA data are
significantly different (mean values of 24.84 * 3.32 and
30.683 2 2.20 ppm Ga respectively). This difference suggests
that spectral interference has affected measurement of the

72
834.1 KeV Ga photopeak.

54

Mn emits 834.8 KeV gamma rays (1004 intensity) and is
a possible source of the aobserved interference. Unfortunate-
ly, 54Mn does not emit any other gamma rays that can be used
to detect its presence. As a result, it is difficult to
determine whether or not the observed interference of the

72 . 34 S4 .
834.1 KeV Ga photopeak is due to Mn. Mn 1is generated

by the nuclear reaction 54Fe tn, p) 54Mn. 54Mn has a half-
life of 291 days (De Saoete et al., 19272).

In order to assess the possibility that 54Fe derived
54Hn is produced during epithermal neutron activation, 5 fe
solutions (Fe contents ranging fram 482.49 ug to 17980.57 xg)

were prepared, irradiated, and analyzed. The results are

given in Table 7.
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TABLE 7
Epithermal INAA Activity Data for Fe Solutions
(quoted uncertainties, 14, due to counting statistics
of gamma ray spectrometry)

Sample Fe Caontent Activity (Net Area Counts/4000sec)

Solution (g 6£30.1 KeV 834.1 KeV
i 482.69 O 0 11 + 18
2 22246.39 0O x£0 60 * 27
3 3768.78 o * 0 173 + 24
4 8561.87 446 = 35 353 £ 29
S 17980.57 36 * 42 326 * 35

The 630.1 KeV and 834.1 KeV activities of the samples
are compared in Figure 2.

The 834.1 KeV activities (net area) increase systematic-
ally (from 11 * 18 to 326 * 335) with increasing Fe content.
The 630.1 KeV activities (net area) are negligible (O * O to
44 x= 35) and, in all but one sample (sample 4), below the
minimum detection 1limit (Woldseth, 1973) far the technique.
The measured 630.1 KeV activities (net area) of samples 4 (46
T 353 and S (36 %t 42) may reflect the presence of small
quantities of contaminating Ga in these samples. The 1large
differences between the 630.1 KeV and B34.1 KeV activities

72
preclude the possibility of Ga as the major 83F4.1 KeV

72
activity source (if Ga was the activity source, the B34.1

KeV activity would only be approximately 4 times that of the

S4
630.1 KeV activity). The data suggest Mn is the major

=

b=
834.1 KeV activity source and demonstrates that Mn is

54
produced fromn Fe during epithermal neutron activation.

sS4 54
In order to assess the effect of Fe derived Mn on
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(average Ga

measurement

o+f

content

approximately
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. 72
834.1 KeV Ga photopeaks, Ga soiutions

18.5 ppm) containing

varying gquantities of Fe (from ©0.16 wt.% to 4.54 wt.%) were
prepared, irradiated and analyzed. The results are given 1in
Table 8.
TABLE 8
Epithermal INAA Data for Ga+Fe Solutions
(quoted uncertainties, 14, due to counting statistics
of gamma ray spectrometry)
True Analvytical Feak
Samplie Fe -
Ea &350.1 KeV 834.1 KeV
Salu~- |Content
. Content| Calculated| Accu-— Calculated| Accu-—
ticn (wt. %) Ga Content racy Ga Content racy
{(ppm) {ppm) (4 (ppm) ()
1 0.156 17.24 16.98x0.44 -0.15 17.4120.19 +0.99
2 0.4&8 18.64 18.33*x0.46 -1.66 19.02+%0.20 +2.04
3 1.20 12.24 19.20%0.490 —-0.21 192.98+x0.18 +3.85
4 2.38 18.82 18.24*0.40 +.64 20.14%0,18 +7.835
S 4,54 18. 63 18.66*x0.39 +0.16 21.1130,.17 +13.31
The accuracies of the calculated Ga contents (relative

to the true Ga contents) based

+0.99%

to +1

I.31%

on

and become

approximately 34 for each weight

The accuracies of the calculated Ga contents

true Ga cantents),

834.1 KeV data range +from

systematically

% of Fe present

based on &630.1 KeV data range

(relative

+rom

poorer

(Figure

by
3.
to the

—-1.6&6%

to +0.64%, do not vary systematically with Fe content (Figure

3}, and can be accounted for by the anai§tical ervrors

counting statistics.

The epithermal INAA &30.1 KeV

the present study,

630.1 EeV or 834.1 KeV RNAA data,

-

due ta

“Ga data collected during

suggest

that

although not as accurate or precise as the

epithermal
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20.
INAA based an measurement of the 726a 630.1 KeV photopeak has
the potential to produce geclogically useful Ga data. If the
Fe content of the rocks or minerals of interest are suffi-
ciently low ({~1 wt. %) epithermal INARA based on measure-—
ment of the 726a 834.1 KeV phaotopeak may be viable.

Activity data for repfesentative epithermal INAA of G-2
and RNAA of 6-2 are given in Table 9. The average baCkgrDund
activity associated with epithermal INAA is approximately 10
times greater than that associated with RNAA. The peak apex
to average background ratios associated with RNAA (2.3 and
3.6 for the 630.1 and 834.1 KeV 726a photopeaks respectively)
are greater than those associated with epithermal INAA (1.1
and 1.4 for the 630.1 and 834.1 KeV 7283 photopeaks respec-—
tively). These differences account, in part, faor the
differences in accuracy and precision associated with each
technique.

TABLE 9
Activity Data for Representative Analyses of G-2

Net Peak Background Peak Apex Average
Count Area Area (counts/ Background
Tech- (counts) (counts) channel) (counts/
. Time channel)
nique
a (sec) |1630.1|8B34.1]630.1|834.11]1630.1|834.1}630.1{834.1
KeV KeV KeV Kev KeVv KeV KeaV KeV
RNAA
Sample 4000 1022 3049 1230 1800 487 1014 208 180
Standard 4000 3248 9444 280 810 1137 3421 156 0
Yield '
Sample 1000 2753 7348 8S00 7217 2788 4552 1703 1512
Yield

Standard 1000 3285 10405 10970 8500 3434 5894 1907 1752
INAA

Sample 10000 1385 S027 146800 18700 2758 3334 2407 2400
Std. 10000 4517 12402 3IT20 1&65 1470 3589 332 120
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The U.S.6.5S. standard rock BHVO-1, a basalt, was also
analyzed by epithermal INAA. The results are given in Table
i0. The 630.1 KeV data are more accurate, relative to
Abbey ‘s (1983) recommended value of 21 ppm Ga, than the 834.1
KeV data. The differences between the 630.1 and 834.1 KeV
data are due tao spectral interference in the region of the‘
834.1 KeV 726a photao—peak.
TABLE 10

Epithermal INAA aof BHVO-1 (uncertainties, 14, due
to counting statistics of gamma ray spectrometry)

Sample BHVO-1, 21 ppm Ga (Abbey, 1983)

Analytical Peak
. 630.1 KeV 834.1 KeV
Analysis ,
Calculated Ga Accuracy Calculated Ga Accuracy
Content {(ppm) S Content {(ppm) (%)
1 17.73 £ 1.82 -15.57 24.82 * Q.82 +18. 19
2 17.82 = 1.92 -15.14 25.31 * 0.83 +20.52
3 12.07 £ 1.93 -2.19 24.76 * 0.85 +17.90
4 18:29 + 1.98 -12.%90 26.23 x* 0.90 +24.90
5 17.90 = 2.04 -14.76 24.46 * 0.86 +14.48
é 18.97 * 2.42 -2.67 24.30 * 0.98B +15.71
7 12.91 = 2.19 -5.19 26.78 £ 1.08 +27.52
8 19.00 = 2.39 -2.52 29.10 £ 0.99 +19.52
9 18.75 = 2.34 -10.71 24.23 * 1.07 +15.38
10 21.25 * 2.74 +1.19 27.24 * 1.27 +29.71
Mean 18.87 =+ 2.18 -10.14 25.32 * 0.97 +20.357
Standard Deviation
(14) 1.08 ppm (S.73%) 1.07 ppm (4.217%)

3.3.2 Relative Sensitivity
The sensitivity of each technigue is largely dependent
an the background activity in the regian of the photopeaks of

interest. An estimate of the minimum detection limit (MDL)
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for each technique is given by Egquation 1 (Woldseth, 1973).

MDL = 2/ B (1)

where: MDL = is the minimum detection limit in net area
cpunts,
E: is the background activity at the photopeak

of interest in counts.

Table 11 gives a comparison of estimated minimum
detection 1limits +for Ga in representative samples of G-2
(calculations based on activity data given in Table %2).

TABLE 11

Comparison of Estimated Minimum Detection Limits
for Ga in Representative Samples of G-2

. Estimated MDL
Technique p
Net Area Corresponding Ga
Counts Content (ppm)
RNAA
630.1 KeV 70 1.70
834.1 keV 85 0.61
Epithermal INAA
630.1 KeV 259 4.17
g34.1 KeV 2735 1.57

The estimated minimum detection 1limits for 6Ga in G-2 are
lower for RNAA than for epithermal INAA 834.1 KeV RNAA has
the lowest minimum detection 1imit for Ga i1n G-2 (D.&61 ppm).
The estimated minimum detection limits for Ga in G-2 do
not necessarily apply to analysis of other materials. In
mineratl samples, for example, the background activities are
lower than those asscciated with G-~-2 and £he estimated
minimum detection 1limits for Ga would be lower than those

given in Table 11. Table 12 gives some estimated minimum
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detection limité faor Ga in mineral samples analyzed using
834.1 KeV RNAA (calculations based on activity data collected
during the present study).

TABLE 12

. Estimated Minimum Detection Limits for Ga
in Mineral Samples Analyzed Using 834.1 KeV RNAA

Estimated MDL

Mineral Sample Carresponding Ga
] Net Area Counts Content {(ppm)
Olivine 75 0.13
arXx 57 0.10
CFX 106 0.18
Garnet 89 0.1S
Spinel i11 0.19
Phlogopite 104 » Q.18

Accuracy and precision decrease as the minimum detection

limit is approached.

3.3.3 Cast
S.3.3.1 Labour Cost

The approximate labour costs associated with each
technique, expressed in “"man—hours", are given in Table 13.

TABLE 13
Approximate Labour Costs

Cost (man—hours/sample)

Epithermal INAA RNAA

Sample preparation priaor to-
irradiation: Rock Samples 0.35 0.35
Yield Samples - 0.15

Sample preparation prior to
specti-ometry: Rock Samples 0.05 0.32
Yield Samples - 0.05

Total Caost 0.40 1.10
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Tede-3a2 Chemical Cost

The approximate costs of chemicals used in processing
are given in Table 14. The costs are expressed in Canadian
dollars according to 1985 price esﬁimatesa

. TABLE 14
Approximate Costs of Chemicals Used in Processing

. Cost (# per sample)
Chemical
Epithermal INAA | RNAA
HNO - 0.06
3
HF - 0.70
HC1 - 0.36
TiCl - 0.12
3
Isopropyl Ether ~ 1.41
Gallium Carrier . - Q.05
Total Cost - 2.70

3.3.3.3 Irradiation Caost

The appraximate irradiation costs are given in Table 15.

TABLE 13
Approximate Irradiation Costs

Techniqgue ] Cost (¥ per sample)
RNAA Sample Exposure 7.30
Yield Expaosure 7.50
Total 15.00
Epithermal INAA
Sample Exposure 10.70
Total 10.70
Spatial and temporal canstraints associated with

epithermal INAA restrict the maximum number af samples that
can be irradiated together to 7. This increases the sample

exposure cost relative to RNAA.
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RNAA of Ga costs appraoximately 7 dollars more, per

sample, and requires approximately 0.7 more man-hours to

perfarm, pevr sSample, than epithermal INAA of Ga.

CONCLUSIONS

RNAA of Ga in GB-2 1is more accurate and precise than
epithermal INAA of Ga in G-2. RNAA utilizing 834.1 KeV
72

Sa activity data is the most accurate and precise
analvtical technique.

. . S4 . S4 L
During epithermal INAA of Ga, Fe-derived Mn activity
interferes with accurate measurement of the 834.1 KeV
72

Ga phaotopeak.

. 72
Epithermal INARA 630.1 KeV Ga data, although not as
accurate or precise as 630.1 KeV or 831 KeV RNAA Ga
data suggests that epithermal INAA has the potential to
praoduce geologically useful Ga data.
The estimated sensitivity of RNAA of Ga is lower than
the estimated sensitivity of epithermal INAA of Ga.
RNAA of BGa costs approximately 7 dollars (Canadian)
more, per sample, and requires appraximately ©.7 more

man—hours to perform, per sample, than epithermal INAA

ot Ga.

72
RNAA utilizing 834.1 KeV Ga activity data is judged

the superior techniqgue. All subsequent Ga data reported in

this

wark were obtained using this technique. During

hoc

72
analysis, the 630.1 KeV Ga activity data was measured and
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. 72 i ’
used to monitor the 834.1 KeV Ga activity data for spectral

interference. Naone was aobserved.
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CHAPTER FOUR
ASPECTS DOF GALLIUM GEDCHEMISTRY IN UPPER MANTLE-DERIVED

GARNET AND SPINEL LHERZOLITE XENOLITHS

4.1 INTRODUCTION

4.1.1 Comments on Sidercophile Element Geochaemistry

Knowledge of the composition of the upper mantle is
fundamental to our understanding of major Earth—forming
processes. Numerous hypotheses and considerable controversy
exist concerning the exact nature of such processes. In
recent vyears, the abundance and distribution of siderophile
(metal—-loving) elements in the Earth’'s upper mantle have been
used by geachemists to constrain models of basalt petro-
genesis, the extent of core-mantle equilibration, and the
amount of post core—formatiaon meteoritic input to the mantle
(e.g., Ringwood, 196S; Brett, 19703 Ringwood and Kesson,
1977; Chou, 1978; Mitchell and Keays, 1981; Keays et al.,
1984; Garuti et al., 1984; Newson and FPalme, 19845 and
Maorgan, 1986).

The rationale faor using siderophile element abundances
to canstirain such hypotheses is based on the fact that sidero-—
phile elements tend ¢to become strongly enriched in Fe-Ni
phases (e.g., the core of the Earth) and depleted in silicate
phases (e.g., the mantle of the Earth) if these phases are in
equilibrium with aone ancther. By determining the siderophile

element abundances in the core and mantle of the Earth, it
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may be passible to estimate the extent of core-mantile
equilibration and to develap constraints for various Earth-
férming processes such as those mentioned above. |

The validity of hypotheses based upon the distribution
of siderophile elements between the core and mantle of the
Earth depend upon:

1. _accurate determination of the abundances of siderophile
elements in the mantle and caore of the Earth; and

2. accurate determination of metal/silicate distribution
coefficients for siderophile elements at core/mantle
conditions of P, T, and composition.

It is presently impossible to determine directly either of

the above parameters.

The abundances of siderogphile elements in the Earth’'s
mantle have generally been estimated by assuming the compasi-
tion of the mantle corresponds to the composition of pyrolite
(i.e., a mixture of 1 part of occean—-floor tholeiite to S
parts of residual refractory peridotite (Ringwood, 1973).

The abundances of siderophile elements in the Earth’'s
core have been estimated by assuming the composition of the
bulk Earth corresponds to the composition of Cl carbaonaceous
chondrites. By subtracting the estimated siderophile element
contributions of the crust and mantle from the bulk Earth
estimate,zvan estimate of the abundances of siderophile
elements 1n the core is abtained.

Metal/silicate distribution coefficients for siderophile

elements have been estimated using:
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1. data obtained from C1 carbonaceous.chondrites; and
2. data obtained from experiments on simple systems at low
pressures.

Chou (1978) has classified siderophile elements in the
Earth’'s upper mantle into highly siderophile elements (e.g.,
FGE, Re, Au) which have metal/silicate distribution
coefficients greater than 10,006, and moderately siderophile
elements (e.g., Ga, Niy; Co, W, Mo) which have metal/silicate
distribution coefficients less than 10,000. Figure 4 shaws
the estimated abundances of siderophile elements 1in the
Earth’'s upper mantle relative tao typé Cl chondrites (Chou et
al;, 1983).

The highly siderophile elements are depleted by factors
ranging from about 120 to 150 relative to their abundan;es in
€1 chondrites (Chou et al., 1983). The moderately sidero-—
phile elements are depleted by factors ranging from 15 to SO
relative to their abundances in C1 chondrites (Choﬁ, 1978).

The abundances of siderophile elements in the upper
mantle are higher, by factors varying from 10 to 1000, than
the abundances predicted on the basis of 1low pressure
partitioning experiments aof these elements between metal and
silicate phases (Chou, 1978). Kimura et al. (1974, for
example, have experimentally deteémined the Au metal/
silicate distribution coefficient to be approximately 3.3 x
104, whereas Mitchell and kKeays (1981) assuming a Ci1 carbona-
ca2ous chondrite parent and a spinel lherzolite based pyrolite

have determined the Au core/mantle distribution coefficient
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to be approximately S5 x 10 . Thus, if the above distribu-—
tion coefficients are valid, Au .is over—abundant in the
mantle by a ftactor of approximately 66.

Numerous models have been 'propmsed in attempts to
explain the apparent overabundance of siderophile elements in
the Earth's upper mantle. Morgan et al. (1980) preéent the
following summary of recent models:

1. segregation af metal from the upper mantle in the later
stages af accretion was so rapid that equilibrium was

not attained (Ringwoad, 1966

2. solution of Fell in the core raises the f(D?) conditions
at the caore—mantle interface sufficiently to increase
the equilibrium concentration of the siderophile
elements in the mantle (Ringwood, 1977);

3. heterogeneocus accretion allowed siderophiles to be
accumul ated along with the Earth's complement o+f
volatile élements, after the formation of the core, as a
veneer of material somewhat resembling carbonaceous
chondrites (Anders, 19588; Turekian ané Clark, 194693 and
Ganapathy and Anders, 1974);

4, pressure and temperature effercts, calculated Ffor Ni as
an example, may shift the distribution coefficients 1in
favour of the silicate phase (Brett. 1970, 197&); and

Sa Meteoritic influx after planetary differentiation has
clearly taken place on the Mocan (Morgan, 1977; H%er{ogen

et al., 1977 and must surely have intraduced at least
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saome siderophile elements to the Earth’'s crust (Kimura
et al., 19743 Chou, 1978; and Chou et al., 1983).

Chou (1978B) states that models 4 and 5 above provide the most

viable mechanisms Ffor explaining the "overabundance"” of

siderophile elements in the upper mantilie.
Saome geachemists (é.g., Mitchell and Keays, 1981; and

Sun, 1981) have expressed concern regarding usage of sidero-

phile element abundances in constructing and constraining the

typaes of madels described above. The siderophile element
data base currently available for the upper mantle has besen
derived from very limited numbers of analyses. Doubts exist
concerning the wvalidity of calculating geochemical averages
for the upper mantle based on such a 1limited data base

(Mitchell and Keays, 1981). Sun (1981) cautions that various

factors including chemical alteration, mantle metasomatism

and magma generation processes can act together to complicate
estimation of siderophile element abundances in the mantle.

Jagoutz et al. (1979) caution that:

1. geclogists do not really knaow what rock type comes
closest in composition to primitive mantle material and
therefore problems exist 1in estimating siderophile
element abundances in the mantle using data obtained
fro@ the wvaricus rocks believed to be transported
fraéments of the upper mantle; and

2. prablems exist in calculating sideraophile element
abundances in the mantle using data obtained +from

primary partial melts aof the mantle because current
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melting models do not +Fully explain obhserved trace

element abundances in these rocks and many relevant

trace element distribution coefficients are not known.
In addition, 1little consideration has been given to the
chalcophile (Arculus and Delano, 1981;: and MMitchell and
Keays, 1981) and lithophile (Chou et al., 19733 and Morgan et
al., 1980) tendencies of "siderophile” elements dufing core—
mantle fractionation.

As a result of the limitations discussed above, it is
presently not possible to state categarically whether or not
the core and mantle of the Earth were equilibrated and
therefare whether aor not any of the models created to explain
the "overabundance" of siderophile elements in the upper
mantle have real significancé. In order to resoclve these
problems, much more data must be obtained. Towards this end,
this wark provides a detailed study of the abundance and
distribution of the maderately siderophile element Ga in

upper mantle-derived garnet and spinel lherzolite xenclitns.

4.1.2 Reviaw of Recaent Studies of Ga in Upper Mantle-derived
Materials
VYery Ffew accurate {(better than 5% (14)) data exist +or
the abundance and distribution of Ga in upper mantle-derived
materials.

4.1.2.1 Whole Rock Data

A summary of recent whole raock 6Ga abundarces in upper

mantle—-derived materials is given in Table 16&.
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TABLE 164
Summary of Récnnt Whole Rock Ga Abundancés

in Upper Mantle—derived Materials

Range in No._ of i Source
Ba Content |[Samples Guoted Analytical | (see

Rock Type {ppm) Analyzed |Accuracy|Technique naote)
Ultramafic
Xenoliths
- spinel

lherzolite 1.4-3.4 4 * 10%4 (37%) INAA(RNAA) (1)
- spinel

lherzolite 1.92-3.70 &6 *5% RNGA (2)
— garnet '

peridotite 2.3-3.7 7 not given XRF (3
— garnet—free

peridotite 1.5-3.6 11 not given ARF (3)
- Websterite 10.6 1 *S5%4 RNAA (1)
Alpine
Peridatites
- spinel

harzburgite 0.5-2.0 6 not given XRF (4)
- plag-.

harzburgite 1-2 2 not given " XRF (4)
- gspinel _

lherzolite 2.5-3.5 4 not given XRF (4)
- garnet 7

lherzolite 4.5 1 not given XRF (4)
- plag-

lherzolite 2.5 1 not given XRF (4)

Note: (1) Kurat et al. (1980
(2) Jagoutz et al. (1979)
{3) Rhodes and Dawson {(19735)
(4) Frey et al. (1985)

The abundance of Ga in mast ultrama+fic xennliths
analyzed in previous studies varies from approximately 1.4

ppm to 3.7 ppm. The abundance of Ga in alpine peridotites
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varies from Q.5 ppm to 4.5 ppm. Accurate (better than 5%
(1d4})) data for the abundance of Ga 1in garnet lherzolite
xenaliths could not be found in the literature.

4.1.2.2 Mineral Data

Accurate data for the abundance of BGa in constituent
mineral phases of upper mantle—derived materials are véry
scarce. The only recent data found in the literature are for
mineral separrates fram 4 ultramafic xencliths +ram
Kapfenstein, Austria, (Kurat et al., 1980). These data are

given in Table 17.

TABLE 17
Abundances of Ga in Mineral Separates of Ultramafic Xenoliths

from Kapfenstein, Austria, (N.A. = not analyzed)

Sample Ga Content {(ppm) Analytical Buoted
ol [Dpx lcpx ! sSp lamph Techniques |[Accuracy

Spinel

lherzolite NA 3.8 S5.0 NA - INAA +10%
Hbl-spinel

lherzolite NA NA 4.0 NA NA INAA *10%
Harzburgite NA 2.8 NA NA - INARA +10%
Hornblendite NA NA Né& 40 14 INAA +10%

Although the mineral data is incomplete, i1t appears that
the sequence of enrichment from lowest to highest Ga content
is orthopyroxene, clinopyroxene, amphibole‘ {(i+ present), and

spinel. The anly mineral/mineral distribution coefficient

] opx/Ccpx
for Ga that can be calculated from the data is DG for
a
. . apx/cpx
the spinel lherzolite (DG = 0.73 * 0.11).
a
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4.1.2.3 Estimated Abundance of Ga in the Upper Mantle and

Pyrolite

Most previous recent estiﬁates of the abundances ot Ga
in the upper mantle.and in pyrolite (e.g., Jagoutz et él.,
197%9; Sun, 19813 and Brett, 1984) are based on the spinel
lherzolite data of Jagoutz et al. (1979). Mitchell and Keays
(1981) caution that spinel lherzolites are not necessarily
representative of the mantle as a whole and mantle abundances
based upon garnet lherzolites may be significantly different.

A summary of recent estimates aof the abundance of Ga in

the upper mantle and in pyrolite is given in Table 18.

TABLE 18
Summary of Recent Estimates of the Abundance of Ga

in the Upper Mantle and in Pyrolite

Estimated Ga Content
(ppm)
Upper Data Base Saurce
Mantle Pyrolite ‘
3.0 * 0.29 & & spinel lherzolite Jagoutz et
xenoliths al. (1979)
2.5 'S.3 Baedecker et al. (1971) Chau (1978)
Rhodes & Dawson (19735)
4 - Jagoutz et al. (1979) Sun (1981)
Margan % Wandless (1977)
4.5 - 5.0 - Sun & Nesbitt (1977)
3 & De Argollo (1974) Ringwood %
Baedecker et al. (1971) Kessan
Goles (1967) (1977)
3.0 - Jones &% Drake (1982) Brett (1984)
4.5 - Jagoutz et al. (19279)

The estimated abundance of Ga in the upper mantle ranges

from 2.5 ppm (Chou, 1978) to 5.0 ppm (Brett, 1984). The esti-
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mated abundance of Ga 1in pyrolite ranges from 5.3 ppm (Chou,
1978) to &6 ppm (Ringwood and Kesson, 1977; Jagoutz et al.,

1979) .

4.2 PETROGRAPHY OF THE XENOLITHS STUDIED

4.2.1 Garnet Lherzolites

Three garnet lherzolite xencliths from the Buitfontein
Floors mine dump in Kimberley, Scuth Africa (Wagner , 12143
Boyd and Nixon, 1979 were examined. These xenaliths are
believed to have come from the Bultfontein or Dutoitspan
kimberlite diatremes (Bayd and Nixon, 1978). The xenoliths
were raunded ovoids appraximately & - 10 cm in diameter.
Using Harte’'s (1977) classificatian, 2 of the xenciiths (385
and 390) were classified as parphyroclastic garnet lherzolite
and the other (387) a coarse granular garnet lherzolite.
Modal mineralogies were determined by point counting thin

sections. The results are given in Table 19.

TABLE 19

Modal Mineralogies of Bultfontein Garnet Lherzolites

Total Modal Mineralogy (%)
Sample Counts Dlivinel Cpx 41 Cpx i Garnet l Fhlogop:te
8% P32 36.40 31.78 &.98 4.84 -
387 2528 &3.54 19.43 12.26 3.12 1.65
390 9335 &R.72 22.6= 2.74 4.91 -
Samples 3835 and 390 consist of large (2 - S ma), exten—

sively +fractured and strained, rounded paorphvrocliasts of

clivine, orthopyroxene, clinopvroxene, and garnet set in a
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poorly developed matrix of small (0.05 - ©0.i0 mm), strain-—
free olivine neoblasts. The glivine necoblasts have a
granulaoblastic mosaic texture. The olivine porphyroclasts
are moderately serpentinized. Rare phlogopite and spinel
form thin (0.01 mm), irreqular mantles about the garnets
which, in general, appear less deformed than the other
porphyroclasts. Clinopyroxene is irregularly distributed as
a lobate, interstitial phase.

Sample 387 consists primarily of large (2 - S mm), exten-
sively fractured, rounded grains of oalivine, opx, cpx, and
garnet. Subhedral laths of strained phlogopite up to 3 mm in
length occur as randomly oriented interstitial grains.
Phlogopite also occurs as rare, thin (0.01 mm), irreqular
mantles surrounding garnet. Clinaopyroxene 1s more abundant

than in samples 385 and 390.

4,.2.2 Spinel Lherzolites

Three spinel lherzolite xenoliths from the QGuaternary
Newer volcanics of Western Victoria, Australia, (Frey and
Green, 1974) were examiqed. The xenoliths were collected
from Mount Porndan. They were rounded, +Friable avoids
approximately 10 - 25 cm in diameter. Using Harte’'s (1977)
classification, all 3 xenoliths were classified as coarse
granular spinel lherzolite.

Modal mineralogies were determined by point countinag
thin sections. The results are given in Table 20.

All 3 xenoliths consist primarily of large (1 — 3 mm),

slightly fractured and strained, rounded grains of olivine,
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Modal Mineralogies of Mt. Porndon Spinel Lherzolites

Total Modal Mineralogy (%)
Sample Counts Olivine ( Opx i Cpx Spinel
vSL=-3 2608 67.09 23.49 7-40 2.02
VSL—-6 009 47 .58 30.87 17.20 4.38
vsL-7 803S 65.15 18.46S 10.51 S.469
opx and cpx. Spinel occurs as smaller (0.1 - 1.0 mm), irregu-—

larly distributed, red-brown grains. The olivine is rarely

serpentinized.

4.3 ABUNDANCE AND DISTRIBUTION OF Ga

4.3.1 Whole Rock Data
The abundance of Ga in the lherzolite xenoliths is given

in Table 21i.

TABLE 21
Abundance of Ga in the Lherzolite Xenaoliths (uncertainties

(14) based on counting statistics of gamma ray spectrometry)

Sample Ga Abundance (ppm;

Garnet Lherzolites
385 1i.44 * .18
387 1.12 £ 0.21
3270 0.32 = 0.14
Spinel Lherzolites '
VSIL-5 2.78 * 0.26
VSL-6 + S8.23 % 0.44
VSL-7  3.78 + 0.36

The abundance of Ga in the xenoliths varies by a factor

of ten from 0.52 % 0.14 ppm (390) to $5.23 * 0.44 oppm (VGL-&).
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The spinel lherzolites contain more Ga (2.78 * 0.26 ppm to
35.23 * 0.44 ppm) than the garnet lherzolites (0.3532 * 0.14 pom
to 1.44 * 0.18 ppm).

The range in the abundance of Ga in the spinel lherzo-
lites of the present study (2.78 * .26 ppm to 5.23 * 0.44
ppm) is similar to the range in the abundance of Ga in other
spinel lherzolites analyzed in recent studies (Tabie 16).
The present analyses extend the upper limit for Ga in spineil
lherzolite xenoliths from 3.7 ppm (Jagoutz et al.. 1979
Rhodes and Dawson, 19735) to S.23 * 0.44 ppm.

The range in the abundance of Ga 1in the garnet
lherzolites of the present study (0.32 * 0.14 ppm to 1.44 %
V.18 pom) is substantially lower than the range in the
abundance of Ga 1in any of the xenolith types analyzed in
recent studies (Table 16). The present analyses eaxtend the
lower 1limit for Ga in ultramafic xenoliths from 1.4 ppm

(Kurat et al., 1979) to 0.52 £ 0.14 ppm.

4.3.2 Mineral Data

The abundance of Ga in the major mineral phases
comprising the lherzolite xenoliths is given in Table 22.

The mineral phases comprising the spinel lherzolites
generally contain maore Ga than similar phases in the garnet
lherzolites.

The distribution of Ga between the minerals comprising
the lherzolites 1is illustrated in Figures 5 and 6. The
sequence of enrichment of Ga in the minerals is similar in

all six lherzalite samples. The sequence aof enrichment, from
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TABLE 22
The Abundance of Ga in the Major Mineral Phasaes
Comprising the Lherzolite Xenoliths (uncertainties (14)

based an counting statistics. of gamma ray spectrometry)

Ga Abundance (ppm)

Sample} Olivine Opx Cpx Spinel | Garnet Phio-
gapite
Barnet Lherzolites
385 0.72+0.11}11.89%0.12(|2.93+0.21 - H.0Z*0.48 -
387 0.3020.05}1.54%20.09}{3.521+0.22 - 4.46x0.2517.6520.21
390 0.2020.0410.9020.07{1.31%0.13 - 3.71x0.148 -

Spinel Lherzolites
VSL-5 [0.34%0.0613.35%0.11}3.6520.1B8163.92%1.09) - -
VSL—-6 |0.38%20.09}4.42+0.18}14.9220.32|65.921*2.10} - -
vSL-7 0.5020.11 2.43+x0.1312.49+0.21{43.49X0.91} - -

lowest to bhighest Ga content, is olivine, orthopyroxene,
clinopyroxene, garnet (if present), phlogopite (if present),
and spinel (if present). This sequence of enrichment in Ga
content is similar to the sequence ocbserved by Kurat et al.
(1979) .

The consistency in the sequence of enrichment of Ga in
the minerals comprising the lherzolite samples of the present
study suggests there is a crystallochemical control aon the

distribution of Ga in these rocks.

4.3.3 Ga Mineral/Mineral Distribution Coefficients

Calculated Ga mineral/mineral distribution coefficients
for the 1lherzolites are given in Table 23 and compared in
Figure 7.

' The Ga mineral/mineral distribution coefficients for the
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TABLE 23

Calculated Ga Mineral/Mineral Distribution Coefficients
far the Lherzolites (uncertainties (14) based on

counting statistics of gamma ray spectrometry)

Sample |[Mineral/Mineral Distribution Coefficients for Ga
Barnet :
Lherzo—| ol/opx ol /cpx ol /gnt ol /phl opx/cpx
lites
385 0.38%0.06|0.25%0.0410.12+0.02 - 0.65+0.064
387 0.1220.03{0.0920.02{0.07x0.01}0.04%.007{0.44*x0.04
390 0.22+0.05({0.1520.03{0.05+0.01 - Q.469x0.08
opx/gnt opx/phl cpx/qgnt cpx/phl gnt/phl
389 0.31%x0.03 - 0.49+0.03 - -
387 0.3520.03{0.20£0.01}0.79+0.07§0.46%0.03}|0.538+0.04
390 0.24%+0.03 - 0.30+0.04 - -
Spinel
Lherzo—|{ ol /apx« cl /cpx al/sp opx/cpx
lites
VSL-S |0.10%0.02}0.09%0.02 .OOSi.OOO$ . 82*0.06
VSL-6 [0.13%20.0210.12+0.02}.009+.001|0.%0x0.07
VSL—-7 {0.21%0.05{0.2020.04}.011*,003}0.98x20.09
opx/sp cpx/sp
VEL-5 [.0532+.002].057+.003
VSL—-6 |.0671.003}.075%.005
VSL~-7 |.056x.003).037%2,.005
Abbreviations: ol - olivine
opx — orthapyroxene
cpx — clinopyroxene
gnt - garnet
sp — spinel

phl

phlogopite
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Comparison of Ga mineral/mineral distribution coefficients
for the lherzolites. Abbreviations: OL- olivine, OPX-
orthopyroxene, CPX~ clinopyroxene, QIT- garnet, SP- spinel,
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spinel lherzolites are slightly more consistent (they wvary by

opx/cpx ol /cpx
factors of 1.1 for DG ta 2.2 for DS ) than the Ga
a a

mineral/mineral distribution coefficients for the garnet

i : opx/gnt
lherzolites (these vary by factors of 1.5 +for DG ta 2.8
a
ol /cpx
for D )

Ga
The G&Ga mineral/mineral distribution coet+ficients for

mineral pairs commaon to both the spinel and garnét lherzo-

lites (i.a., o0l/opx, o©0l/cpx, and opx/cpxl), if considered

. apx/cpx
collectively, vary by factors of 2.2 for DG a 3.8 +for
5 .
ol /opx
D -
Ga
opx/cpx . . .
The values of DG for the spinel lherzolites o+ the
a

present study (0.0 = 0.07 to 0.98 £ 0.09) are slightly
greater than the value of 0.76 * 0.11 obtained from the data
given by Kurat et al., (1979). Na other estimates of Ga.
mineral/mineral dist;ibution coafficients could be found for

comparison.

4.3.4 Comparison aof Calculated and Measured Whole Rock Ga
Abundances

Calculated and measured whole rock Ga abundances for the
lherzolite xenoliths are compared in Table 24.

The 6Ga in the major mineral phases accounts, within
experimental error, for all of the Ga present in the whaole
rock lherzolite samples. This suggests that minar
intergranular mineral phases which hast the bulk of the
strongly siderophile elements in other lherzolite xenoliths

{(Mitchell and Keays, 1981), do not contain appreciable

amounts of the moderately siderophile slement Ga.
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TABLE 24

Comparison of Calculated and Measured Whole Rock Ga Abundances

for the Lherzolite Xenoliths (calculatians based on data given

in Tables 19 to 22, uncertainties (14) based on counting

statigstics of gamma ray spectramétry)

Sample Calculated Contributions
to Whole Rock Ga Content (ppm)
Garnet
Lherzolites ol opx cpx gnt
385 0.41%0.0710.60%0.04}0,20+%0.01}10.2920.02
87 0.19%20.03}{0.03%0.02]0.43+0.0310.1420.01
320 0.1420,.03{0.17x0.01}10.04%_004{0.1820.01
Calculated Whole |Measured Whole
phl Rock Ga Content |Rock Ga Content
{ppm) {ppm)
389 - 1.50 = 0.08 1.44 * 0.18
387 0.13+0.01 1.19 * 0.05 1.12 * 0.21
390 - 0.33 = 0.03 0.32 * 0.14

SRinel .

Lherzolites ol opx cpx sp
vSL-5 0.230.0410.79X0.03j0.27+x0.01{1.29+0.02
VSL—6& 0.28+0.05|1.36+0.06|0.85*+0.04|2.89%£0.09
vSL—7 0.33+0.08{0.45+x0.02}10.26%0.02]2.47+0.05

Calculated Whole Measured Whole
Rock Ga Content Rock Ga Content
(ppm) (ppm)
VSL-5 2.38 = 0.05 2.78 * 0.26
VSL-& 5.38 % 0.13 5.23 % 0.44
vSsL~-7 3.51 * 0.10 3.78 = 0.34
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4,.3.5 Estimated Abundances uf.Ga in the Upper Mantle
and in Pyrolite
The abundance of Ga in upper mantle-—derived xenoliths
varies by at least a factor of ten from approximately 0.5 ppm
to approximately 5.0 ppm. The dispersion of Ga abundances in
ultramafic xenaliths and the limited number of analysaes
presently available for consideration may preclude calcula-—
tion oaof a geochemically significant estimate for the
abundance of BGa in the upper mantle.
Bearing the abave in mind, maximum, minimum and average
estimates for the abundance of Ga in the upper mantle based

on the data obtained in the present study are given in Table

23.
TABLE 25
Estimates for the Abundance of Ga in the Upper Mantle
Assumed Upper Estimated Abundance of Ga
Mantle Compoasition in the Upper Mantle (ppm)
Spinel Garnet
Lherzolite Lherzolite Minimum Max imum Averaqge
100%Z Q%L 2.78 S5.23 3.93
90 10 2.55 4.82 3.44
80 20 2.33 4,47 3.35
70 30 2.10 4,09 3. 064
&0 40 1.88 3.71 2.77
S0 30 1.65 3.34 2.48
40 &0 1.42 2.96 2.19
20 70 1.20 2.58 1.90
20 80 0.97 2.20 1.61
10 0 0.75 1.82 1.32
9] 100 0.352 1.44 1.03
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The estimate faor tse abundance of Ga in the upper mantle
based solely on the averaged spinel lherzalite data of the
present study (i.e., 3.93 ppm) is in good agreement with
previous estimates based solely on spinel lherzolite &ata
{i.e.y, from Table 18, 3 ppm to S ppm}. The estimate far the
abundance of Ga in the upper mantle based solely on the
averaged garnet lherzolite data of the present study (1.e..,
1f03 ppm) is significantly lower than all previous estimates
based oan spinel lherzolite or other rock data (i.e., +from
Table 18, 2.5 ppm to Svppm). The accurrence of significant
numbers of garnet lherzolite xenoliths in kimberlites
suggests an appreciable portion of the upper mantle is
caompased of garnet lherzolite. The results of the present
study sugqgest that previous estimates of the abundance of Ga
in the upper mantle may be too high by factors ranging +rom
approximately 2 tao 3. Previous estimates of the depletion of
Ga in the upper mantle relative +to Cl carbonaceous chondrite
abundances (e.g., 0.28 (Jagoutz e¢ al., 1979) to 0.4 (Sun,
1981) may alsa be tco high by factors ranging from approxi-
mately 2 to 3. The estimated depletion of Ga in the upper
mantle relative to.  Cl1 carbanaceagus chondrites calculated
using the averaged upper mantle estimates of the present
study and the chondrite data of Chou et al. (1975 and
Kallemeyn and Wasson (1981) (i.e., 10.5 ppm Ga and 9.8 ppm Ga
respectively) range from 0.1 to 0.4.
Reduction of fhe average abundance of Ga in the upper

mantle necessitates revision of previocus estimates of the
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abundance of Ga in pyrolite (i.e., fram Table 18, 3.5 ppm to
& ppm). Estimates of the asundance of Ga in pyrolite based
aon Ringwoad and Kesson’'s (1977} and De Argollo‘'s (1974) MORB
abundances and the average upper mantle estimates of the

present study are given in Table 26&.

TABLE 26

Estimates af the Abundance of Ga in Pyrolite

Assumed Upper Estimated Abundance of Ga in Pyrolite#
Mantle Composition (ppm)
DRirze- | Cherso- | (19997°9verS5aRBrE | Sverade momrp *7 Y
lite lite © (20 ppmaéggage ?Ygraaepmlea)
100% 0% 7 b6
Q0 10 & &.3
80 20 -] 6.1
70 30 & S.8
60 40 6 S.6
S0 S0 S 5.4
40 &0 5 S.1
3 70 5 4.9
20 80 S 4.6
10 Q0 4 4.4
0 100 4 4.2

* pyrolite = 174 MORB + B83% ultramafic xenolith

Previous estimates of the abundance of Ga in pvrolite
may be too high by factors ranging from approximately 0.25 to

0.50.

4.3.6 <;ssessment of Core—-Mantle Equilibria

The results of the present study suggest that previous
estimates of the "overabundance" of Ga in the Earth’'s mantle
(e.g., Ringwood, 1245; Ringwood and Kesson, 1977;: Jagoutz et

al., 197%9) may be too high.
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An estimate of the distribution of Ga between the core
and mantle of the Earth is given by Equation 2 (Brett, 1970).

Dcore/mantle _ 100a - 49b .

= (2)
Ga 31b
caore/mantle .
where: DG : is the estimated Ga core/mantle
a

distribution coefficient;

a is the abundance of Ga in Cl carbaonaceous
chondrites;

b: is the abundance of Ga in pyrolite;

the constants 69 and 31 refer to the present ratio,
by mass, of the mantle to core.
. core/mantle . .
Estimates o+f DG calculated using Equation 2, the
a

pyrolite data of the present study, and the chondrite data of
Chou et al. (1973) and Kallemeyn and Wasson (1981) are given

in Table 27.

TABLE 27
core/mantle
Estimates of D
Ga

Assumed Average core/mantle
Upper Mantle D
Camposition Ga
Sginel Garnet 10.5 ppm Ga in Ct 7.8 ppm Ga in Ci
Lherzo— Lherzo— |chondrites (Chou et| chrondites (Ka llemeyn
lite lite al., 1973) and Wasson, 1981)

100% Q% 2.94 2.59

0 10 3.14 2.78

80 20 3.35 2.97

70 30 3.57 3.19

&0 490 3.82 3.42

30 S0 4,09 3.57

40 60 4,39 3.9S

30 70 4.71 4.25

20 80 S.09 4. 60

10 90 5.49 4.98

0 100 5.94 5.39
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. 3 care/mantle
The estimated values aof DG vary from 2.359 to
&

S.94.

Drake et al. (1984) have experimentally determined that
metal/silicate '
Ga

values ranging from —-13.0 to —-13.4 at 1190°C and 1 bar total

varies from 1.0x0.1 to 3.8*0.7 for log 502

core/mantle .
pressure. The DG estimates of the present study
a
are nat significantly different from the experimentally
i metal/silicate
determined values for DG given by Drake et al.
a
L. . core/mantle .
(1984). The similarity between the D estimates of
a
metal/silicate i
the present study and the DG estimates of Drake
a
et al. (1984) suqgests that Ga 1s not significantly over-
abundant 1in the Earth’'s mantle relative to the abundance
predicted on the basis of low pressure partitioning experi-

ments of Ga between metal and silicate phases.

care/mantle .
The similarity between the D estimates of the
a
metal/silicate . :
present study and the DP estimates of Drake et
£1-3

al. (1984) provides no direct proof as to whether the core

and mantle of the Earth are, or ever have been, in equilib-
) core/mantle .
rium or nat. The DG estimates of the present study
a

are only af geochemical significance if:

i. the abundance of Ga in Cl1 carbonaceocus chondrites corres-—
ponds to the abundance of Ga in the bulk Earthg;

2. the abundance of Ga in pyrolite correspond to the abun-—
dance aof Ga in the Earth’'s mantle.
If the abundance of BGa in C1 carbonaceous chondrites and
pyralite do not correspond to the abundance of Ga in the bulk
core/mantle

Earth and mantle respectively, then the DG estimates
a
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of the present study will have no geachemical significance.
L . metal/silicate
In additiaon, if the DE estimates of Drake et al.
a

(1984) do not apply to core-mantle conditions of pressure,

temperature and composition, then assessment of care—mantle
equilibria using these estimates will be invalid.

Bearing the above in mind, it is presently impossible to

state categorically whether or not the core and mantle of the

Earth are, or ever have been, in equilibrium.

4.4 RELATIONSHIPS BETWEEN Ga MINERAL/MINERAL DISTRIBUTION
COEFFICIENTS AND ESTIMATED ERQUILIBRATION PRESSURES
AND TEMPERATURES
Previous studies {(e.g., Stosch, 1981; Kurat et al., 1980
and Jagaoutz et al., 1979) indicate that the distribution of

various trace elements (e.g.4, Co, Ni, and 5Sc between

coexisting minerals in ultramafic xenaoliths may serve as

potential geothermometers. Stosch (1981), for example,

L . . opx/cox

presents empirical temperature calibrations for DS 3
c

al /opx ol /cpx . . . . .
D and D which, in principle, might be used to
Sc Cr
estimate equilibration temperatures for spinel lherzolites,
harzburgites and arthapyroxene—free peridotites. Data
obtained in the present study {(e.g., the consistency in the
sequence of enrichment of Ga, in the lherzolite minerals and
the minor variations of the Ga mineral/mineral distribution
coefficients) suggest that the distribution aof Ga between

coexisting minerals in lherzolite xenoliths might also serve

as potential geothermobarometers.
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The mast reliable estimates aof equilicration

temperatures and pressures for ultramafic xenocliths are
presently obtained by using:s

1. the Wells {(1977) calibration of the pyroxene solvus to

determine equilibration temperaturess;

-

‘wf

2. the Wood (1974) calibration of the solubility of AIZD
in' arthopyroxene to determine equilibration pressures
(Carswell and Gibb, 19803 and Mitchell et al., 1380).

Estimates of equilibration temperatures and pressures for the

lherzalites of the present study are given in Table 28. The

major element data used to calculate these equilibration
conditions were obtained +from multiple analyses of clean
mineral grains using energy dispersive and wavelength
dispersive electron microprobe techniques. The micFDprDbe

data are given in Appendix 2.

TABLE 28
Estimated Equilibration Conditions

of Pressure and Temperature

Estimated Equilibration Conditions

Sample Tem?erature °C Pressure Kb
{(WNells, 1977) (Wood, 1974)

Garnet Lherzolites

3845 P42, 22 3S7. L2
=87 734,81 22,72
390 FEF. 31 37.28.

Spirel Lherzolites
VSL-5 975 ~
VSL—-& 945 -
vSL-7 285 -




55.

Correlation coefficients (r) for the relationships
between estimated equilibratipn conditions of F & T and Ga
mineral/mineral distribution coefficients are given in Tabie

’

29.

TABLE 29
Correlations Between Estimated Equilibration Conditions

and Ba Mineral/Mineral Distribution Coefficients

Eguilibra- Correlation Comfficients (r:
Samples tion_ :
Conditions |ol/opx lol/cpx lollgnt ‘ al/sp {ppx/cpx
Garnet Temperature O0.54 0.72 0.15 - 0.99
Lherzo—
lites Pressure 0.62 0.77 .22 - 0.99
[pr/gnt opx/sp lcpx/gnt!cpx/sp j
Temperature 0.83 - -0.726 -
Pressure Q.79 - -0.80 -
[éi/opx Jol/cpx lol/gnt ! ol /sp iopx/cpx
Spinel Temperature 0.48 0.48 - 0.05 0.85
Lherzo-
lites

[opx/gnt opx/sp [cpx/gﬁtlcpx/sp

——

Temperature - -0.88 - -0.97

Although the data are wvery 1limited, it appears that
significant correlations may exist between the estimated
equilibration conditions of temperature and pressure and
several of the Ga mineral/mineral distribution coefficients.
The garnet lherzolife data yields the best correlations. For
example:

apr/cpx
1. for temperature vs. D H =

!

o
Q0
0

a
cpx/gnt
2. faor temperature vs. S

a

opx/cpx

Sa for pressure vs. s H
a



Far the spinel lherzolite data:
' opx/cpx

1. for temperature vs. 5 = 0.85,
a
cpx/sp

2. far temperature vs. D H = -0.97,
a
opx/sp

3. for temperature vs. 5 : r = —0.88.
a

More data are required to assess the significance of the
carrelations aobserved in the present study. The preliminary
results suggest that the distribution of Ga between certain

. . opx/cpx .
mineral pairs (2.g., DB ) is temperature dependent and
a
might be profitably used as a geaothermometer for garnet and

spinel lherzaolite xenoliths.

4.5 Ga/Al RATIOS

The abundance of Al in the lherzolites was determined by
X-ray fluaorescence spectrometry using a maodification aof the
procedure described by Harvey et al., (1973). The Al data
are believed correct to *5Z of the weight of Al present in
each sample.

The Ga/Al ratios for the 1lherzolites are given in Table
30. " The Ba/Al x 104 ratios for the garnet lherzolites vary
from O0.74 * 0.20 tao 1.40 * 0.19 with a mean of 1.16 * 0.38B
and a standard deviation (14) of 25.B86%. The Ga/Al x 104
ratios for the spinel lherzaolites vary fram 2.72 * 0.27 to
3.38 x 0.37 with a mean of 3.00 = 0.46 and a standard
deviation (14) of 2.29%. The mean Ga/Al x 104 ratio +or the
garnet lherzafites (1.16 * 0.38) is significantly lower than
the mean Ga/Al x 104 ratin for the spinel lherzolites (3,00 X

0.44).



TABLE 30

Ga/Al Ratios for the Lherzolites

Sample Ga (ppm) Al (wt %) Ga/Ail « 104
Garnet Lherzolites
3835 1.44 = 0.18 1.03 £ 0.05 1.40 £ Q.19
387 1.12 £ 0.21 .83 = 0.04 1.35 £ 0,26
390 0.32 = 0.14 0.70 = 0.04 0.74 * 0,20
Mean 1.16 £ 0.38
Standard Deviatian (14) 25.86%
Spinel Lberzolites
VsL-3 2.78 * 0.26 D.96 * 0.05 2.90 * 0.31
VSL—-& S.23 * 0.44 1.92 +* 0.10 2.72 * 0.27
vsL—-7 3.78 £ 0.36 1.12 % 0.06 3.38 * 0.37
Mean 3.00 * 0D.44
Standard Deviatiaon (1d) Q. 29%

4.5 ABUNDANCE AND DISTRIBUTION OF OTHER MODERATELY

SIDEROPHILE ELEMENTS (Ca AND Ni) AND Sc
4.4.1 Whole Rock Data

The abundances of Co, Ni, and Sc in the 1lherzolite
xenoliths are given in Table 31.

Co and Sc abundances were determined by instrumental
neutran activation analysis (INAA). A brief descriptiaon of
the INAA procedure used is given in Appendix 1, section A1.2
(REE data collected during the INAA procedure are given 1in
Appendix 3).

Ni abundances were determined by atomic absorption
spectruscopy. Replicate analysis of Ni in U.S.G.S. standard
rock MRE—-1 were accurate to *S weight percent of the Ni

abundance given by fAbbey (1983). The Ni abundances given 1in



TABLE 31

Abundances of Co, Ni, and Sc in the Lherzolite Xenoliths
(uncertainties (14) for Co and Sc based on counting
statistics of gamma ray'spectrometry)

Element Abundances (ppm)

Sample Co | Ni { Sc
Garnet Lherzolites
385 102.32 * 0.68 2130 * 100 8.00 = 0.085
387 106.79 £ 0.25 2298 + 108 2.85 x* 0.05
390 108.51 * 0.&9 2100 * 99 6.51 * .04
Spinel Lherzolites
vSsSL-5 137.99 = 0.79 2866 * 116 .53 £ 0.01
VSL -4 122.83 £ 0.70 1895 = g9 15.36 £ 0.02
vsL-7 124,55 = 2.13 2340 * 110 10.60 £ 0.0S

the present study are also believed correct to *5 weight
percent aof the Ni present.

The spinel lherzolites contain slightly more Co (122.83
* 0.70 ppm to 137.99 % O0.79 ppm vs., 102.32 * 0.48 ppm to
108.51 * 0.49 ppm) and Ni (iB?S + 89 ppm to 2466 * 116 ppm
vs. 2100 * 99 ppm to 2298 * 108 ppm), and significantly more
Sc (?.53 * 0©0.01 ppm to 15.36 * 0.02 ppm vs. &.51 £ 0.04 ppm
to 92.83 * 0.05 ppm) than the garnet lherzolites. The abun-
dancesof Co and Ni in the lherzolites of the present study
are similar to the abundances of Co and Ni in other spinel
lherzolites analyzed in recent studies (e.g.. Jagoutz et al.,
19723 Kurat et al., 19803 Stosch, 1981). The abundance of
Sc in the spinelxlherzolites nf the present study is similar
ta the abundance of GSc in othef-;pinel lherzolites analyzed
in recent studies (e.g., Jagaoutz et al., 1979: Kurat et al.,
1980; Stosch, 1981), but the abundance of Sc in the garnet

lherzolites of the present study is significantivy lower.



4.6.2 MHMineral Data

The

abundances

of

Ca,

Nl

39,

s and Sc in the major mineral

phases comprising the lherzolites are given in Table 32.

Co,

TABLE 32

on éaunting gtatistics of gamma ray spectrometry)

(# = microprobe data; N.A.

= not analyzed)

Ni, and Sc Abundances for the Major Mineral Phases
Comprising tha Lherzolites (uncertainties (14) based

Abundances (ppm)
Sample .
Co { N1 * { Sc

Garnet Lherzolites

38s ol 141.39 * 0.58 2671.78 * 53.44 0.60 £ 0.02
opx S9.66 * 0.50 NA 1.55 %= .02
cpx 23.11 * 0,34 NA& 13.56 * 0.06
gnt 43.22 £ 0.43 NA 108.89 = 0.16

387 cl 132.48 £ 0.71 28593.17 % 51.86 0.80 % 0,02
opx S4.32 £ 0.42 NA 2.44 * 0,02
cpx 16.65 =+ 0.24 NA 465.74 * 0.09
gnt 40.33 * Q.32 NA 101.19 * 0.12
phl 95.02 * 0.50 1493.05 t 29.86 1.63 £ 0.02

390 ol 147.62 * O.79 2750.36 * T5.01 D.61 £ 0,02
opx 60.45 * 0.351 NA 1.44 = 0,02
cpx 22.44 * Q.35 NA 12.34 = 0.06
gnt 43.28 * 0.50 NA 109,19 * <. 18

Spinel Lherzolites

VSL-5 ol 146.76 * 0.68 2677.18 * 53.14 2.32 £ 0.03
opx 62.81 * 0.46 NA 15.78 * Q.06
cpx 22.60 * 0.33 NA 6&9.34 £ D.13
sp 229.39 * 0.96 1964.54 * 39.29 1.12 * 0.03

vVSL—-6& ol 150.09 * 0.36 19465.45 * 39.31 2.28 £ 0.02
opx &0.39 * 0.36 NA 16.70 * 0,05
cpx 23.38 £ 0.23 NA &1.90 % .09
sp 225.04 £ 1,046 2436.03 % 48.72 0.&687 * 0.03

YsL-7 ol 14Z.48 * 0.54 2278.87 * 45.58 2.3%9 x Q.02
opX 63.03 * 0.51 NA 18.462 = 0.07
cp¥ 23.97 * 0.24 N& 60,635 X 0,09
sp 233.68 * 1.01 2043.12 * 40.8B6 1.36 * 0.03
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The mineral phases comprising the garnet lherzolites
contain similar amgunts of Co and Ni, but significantly less
S5c than similar phases in the spinel lherzolites. The distri;
butions of Ca and Sc between the mineral phases of the lherzo-
lites are illustrated in Figures 8 and 9. The sequences of
enrichment of Co and Sc in the minerals of the garnet
lherzolites are similar to the sequences of enfichment of Co

and Sc in the minerals of the spinel lherzolites (Table 33).

TABLE 33

Sequences of Enrichment of Co and Sc
in the Minerals Comprising the Lherzolites

Minerals
Sequence of - - -
. Garnet Lherzolites Spinel Lherzolites
Enrichment
Co Sc Co Sc
Lowest Abundance cpx ol cpx sp
gnt phl opx ol
phl * apx ol opx
opx cpx sp cox
Highest Abundance ol gnt

* if present

The sequences of enrichment aof Co and Sc in the minerals
of the lherzolites of the present study are similar to the
sequences obtained for other lherzolites in Hecént studies
(e.g., Kurat et al., 1979; Mitchell, unpublished data given
in Appendix 4). The consistency in the sequences of enrich-
ment of Co and Sc suggests that there are crystallachemical
controls for the distribution of these elements 1in these

rocks.
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4.6.3 Mineral/Mineral Distribution Coefficients
Calculated mineral/mineral distribution coefficients for
Co and Sc in the lherzolites are given in Tables 34 and 3S5.
The mineral/mineral distribution coefficients for Co are

mare consistent than the mineral/mineral distribution coeffi-
mnrl/mnrl -

cients for Sc. For the garnet lherzolites, D values
{]
gnt/apx cpx/ant mnrl/mnril
vary by S4 (D ) to 259%4 (D Yy and D_ values
Co Ca Sc
al /opx _cpx/gnt .
vary by 254 (D } to 75% (DS ). Far the spinel
C c
. mnrl/mnrl : opx/sp
lherzolites D values vary by 0% (DC ) to 12%
o o
cpx /0l mnrl/mnrl ol /cpx )
(D ) and D values vary by 154 (D y ta S04
‘Co/ Sc Sc :
sp/cpx
D e «p ).
Sc . . ) )
mineral/mineral mineral /mineral
The values of DC and DS far
o c

the spinel lherzolites of the present study are similar to
the values reported for other spinel lherzolites in recent
studies (e.g., Kurat et al., 1979; Stosch, 1981).
4.46.4 Comparison of Calculated and Measured Whole Rock
Co and Sc Abundances

Calculated and measured whole rock Co and Sc abundances
for the 1lherzolite xenoliths are compared in Tables 346 and
37.

The minerals account for B83% to 1107Z of the measured
whale rock Co and Sc abundances. In some of the samples

(e.g., 387, VSL-7) the minerals account for nearly 1004 of

the measured whole rock Co and Sc abundances.

4.6.5 Estimated Abundances of Co, Ni, and Sc
in the Upper Mantle

Maximum, minimum, and average estimates for the



TABLE 34

64,

Calcul ated M;nnrallnineral Distribution Coefficients

for Co and Sc in the Garnet Lherzolites (uncertainties (14)

based on counting statistics of gamma ray spectrametry

Sample Mineral/Mineral Distribution Coefficients far Co
Garnet ' '
Lherzaolites| cpx/gnt cpx/phl cpx/opx cpx/0l gnt/phl

3895 10.53%£0.01 - 0.39%0.01]0.16+0.01 -
387 0.41+0.0110.30x0.01]0.31x0.01{0.12%0.01{0.73x0.01
390 0.52+0.01 - 0.37+0.01{0.15+0.01 -
gnt/opx gnt/ol phl /0l opx/phl opx /ol
85 0.72%0.0110.31%0.01 - - Q.42+x0.01
387 0.74+0.0110.29+0.01{0.39%0.01{0.98*0.01|0.3%9+0.01
390 0.7120.01}10.29+0.01 - - 0.41+0.01

Sample Mineral /Mineral Distribution Coefficients for Sc
Garnet
Lherzolites ol /phl ol /opx ol /cpx ol /gnt phl /opx

3895 - 0.39+0.01| .044%_,001|.0005*x,. 0002 -
387 0.49+0.0110.32+0.01}.012+.001 .00791.0962 )
0.6720.01
390 = 0.42%0.0110.49%0.01].0054&%,. 0002 -
phl/cpx phl/gnt opx/cpx opx/gnt cpx/gnt
3895 - - -114%+_.002}|.014%.001}.125+.002
387 L0352.0011.016%.001].052+.001|.024*.001}.462+,.005
390 - - 21172.002{.013+x.001§{.113%.002




TABLE 335
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Calculated Mineral/Mineral Distribution Coefficients

for Co and Sc in the Spinel Lherzolites (uncertainties (14)

based on counting statistics of gamma ray spectrometry

Sample Mineral/Mineral Distribution Coefficients faor Co
Spinel
Lherzolites| cpx/opx cpx/ol cpx/sp opx/sp opx/sp
VSL-5 0.36+0.01]0.15%0.01}.099%x.002|0.43%0.01}{0.27%20.01
VSL-& 0.3820.01{0.16%0.01].104%2,.002]|0.4020.01{0.47%0.01
VsSL-~7 0.38+x0.0110.1720.011{.103*x.002{0.44%20.01}0.2720.01
ol /sp
VSL-5 0.54+0.01
VSL.—-4 0.4647£0.01
vSL—-7 0.61%0.01
Sample Mineral /Mineral Distribution Coefficients for Sc
Spinel
Lherzolites sp/ol sp/opx sp/cpx ol /opx ol /ecpx
VSL-5 0.48%0.01].071x.002|.016+.002}.147x.002].033%+.002
vSL—-é 0,.2930.01].0402x.002}.011+,.002{.136%x.002|.037%.002
vSsSL-7 0.5720.01{.073x.002}.022%.002}.128+.002}.039%.002
opx/Ccpx
VSL-5 0.23+0.01
VSL—-6 0.27>0.01
vsSL—-7 0.F1%0.01
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TABLE 346
Comparison of Calculated and Measured Whale Rock
Co and Sc Abundances for Garnét Lherzolites (calculations
based on data given in Tables 19, 20, 31 and 32,

uncertainties (14) based on counting statistics

of gamma ray spectrometry

Calculated Contributions to Whole Rock Co Content
Garnet {ppm)
Lherzo—-
lites ol opx cpx gnt phl
385 79.74%0.30}18.926*0.16{1.61£0.02|2.09+0.02 -
387 88.63#0.49110.53%0.08|2.04%10.02]1.26X0.02]10.91+0.01
390 102.92240.55|13.68+0.1210.61F0.01 |2, 132x0.02 -
Calculated Whole Rock |Measured Whole Rock
Co Content (ppm) Co Content (ppm)
385 102.40 * 0.34 102,32 £ 0.48
387 103.392 £ Q.46 T106.79 £ 0.26
390 1192.34 * 0.56 108.351 * 0.469
Calculated Contributions to Whole Rock Sc Content
Garnet (ppm)
Lherzo—- .
lites ol opx cpx gnt phl
385 0.3420.01} 0.49%0.01]0.95%0.01 |5.27x0.01 -
387 0.53120.01)} 0.47%0.01]5.73%20.01|3.16%0.0110.03%. 002
320 0.43%30.01} 0.3330.01]0.34*0.01 |5.3620.01 -
Calcul ated Whole Rock i{Measured Whole Rock
Sc Content (ppm) Sc Content (ppm)
385 7.05 * 0.02 8.00 % 0.05
87 9.90 * 0.02 9.85 * 0.05
320 6.46 = 0.02 6.31 * 0.04




TABLE 37
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Comparison of Calculated and Measured Whole Rock

Co and Sc Abundances for Spinel Lherzolites (calculations

based on data given in Tables 19, 20, 31 and 32,

uncertainties (14) based on counting statistics

of gamma ray spectrometry

Calculated Contributions to Whole Rock

Spinel Co Cantent (ppm)
Lherzolites
ol opx cpx sp
VSL—-5 98.46+20.46}114.7320.1111.67X0.0214.63F0.03
VSL—-6& 71.3720.38118.64+0.10{4.02x0.029.86*0. 08
vSL-7 3.48%20.41)11.7620.09|2.83220.01 |13.3%0.10
Calculated Whole Rock | Measured Whole Rock
Co Content (ppm) Co Content (ppm)
VSL-3 119.51 * 0.48 137.99 * 0.79
VSL-6 103.89 * 0.40 122.83 * 0.70
vsL—-7 121.06 * 0.49 124.55 * 2,15
i Calculated Contributions to Whole Rock
Spinel . Sc Content {(ppm)
iLherzalites
ol opx cpx sSp
vSL.-9 1.56%20.02] 3.7120.03|3.1320.02]0.02%+, 002
VSL—-& 1.0820.0171 4.8720.03]10.65%.08]0.03%. 002
vsSL-7 1.56%0.02) 3.47+0.0316.3730,.07)0.08%,003
Calculated Whole Rock |Measured Whole Rock
Sc Caontent {(ppm) Sa Content (ppm)
vsL-S 10.42 * 0.04 2.93 = 0.01
VSL—&6 16.683 * 0.10 15.36 * 06.02
VvSL-7 11.48 * 0.09 10.60 = 0.05
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abundance of Co, Ni, and Sc in the upper mantle based on the
data of the present study are given in Table 38. Average
estimates for the abundance of Co and Ni in the upper{mantle
based on combinations of both the spinel and garnet
lherzolite data of the present study (i.e., Co = 105.87 ppm
to 128.45 ppm; Ni = 2176 ppm to 2237 ppm) are in good agree-—
ment with previous average estimates based on spinel
lherzolite data (e.g., Jagoutz et al., 1979, give Co = 105 *
S ppm and Ni = 2108 * 105 ppm). Average estimates of the
abundance aof Sc in the upper mantle based an combinations of
both the spinel and garnet lherzolite data of the present
study (i.e., 8.12 ppm to 11.88 ppm) are significantly laower
than previous average estimates based soclely on spinel
lherzolite data (e.g., Jagoutz et al., 1979, give Sc = 17.0 *
0.85 ppm).

The results of the present study suggest that previous
estimates of the average abundance of Sc in the upper mantle
may be too high by factors réﬁging from approximately 1.5 to
2.

4.46.6 Relationships Between Co and Sc Mineral/Mineral

Digtribution Coefficienta and Estimated Equilibration
Tamperatures ‘

Stosch (1981) has studied the partitioning of divalent
(Co, Ni) and trivalent (Se, GCr) trace elements in spinel
peridotite xenoliths. Stosch (1981) concluded that the Sc
and Cr mineral/mineral distribution coefficients displayed
high but systematic variations which could be assigned to

dependencies upon equilibration temperature. The Sc mineral/



Max

imum, Minimum,
of Co,

TABLE 38
and Average Estimates for the Abundance

Ni, and Sc in the Upper Mantle

65%.

Assumed Upper

Mantle

Compositions

Estimated Abundances in the

Upper Mantle

Egégel . Garnet — - C? v
zolite Lherzaolite Minimum Maximum ! Average
i00% o% 122.83 137.99 128.45
20 10 120.78 135.04 126.20
80 20 118.73 132.09 123.94
70 30 1146.68 129.15 121.68
&80 40 114.63 126,20 119,42
Sa S0 112.58 123.23 117.16
40 60 110.52 120.30 114.90
30 70 108.47 117.35 112,465
20 80 10&6.42 114.41 110.73%
io F0 104,37 111.46 108.13
0 100 102,32 108.51 105.51
[ Ni

100% o 1895 2466 227

20 10 19146 2449 2228

80 20 1935 2432 2222

70 30 1957 2416 2216

&0 490 1977 2399 2211

S0 So 1998 2382 2205

40 650 2018 2365 2199

30 70 2039 2343 2193

20 80 2059 2332 2183

10 Q0 2080 23135 2132

0 100 2100 2298 2176

( 5c¢

100%L O% Q.53 15.3& 11.8=
0 10 ?.23 14.81 11.46
80 20 8.93 14,26 i1.G69
70 30 8.62 13.71 10.72
&0 40 8.32 3.16 10.35
S0 50 8.02 12. 61 .98
40 &0 7.72 12.05 F. &0
30 70 7.42 11.50 .23
20 80 7.11 10.95 S.86&
10 20 &6.81 1G.40 3.49
0 100 6.51 .85 8.12




70.
mineral distribution coefficients, and to a lesser degree the
Co mineral/mineral distribution coefficients, for the
lherzolite xenoliths of the present study alsa display
variations which may be attributable to differences 1in
equilibration temperature.

Correlation coefficients (r) for the relationships
between the Co and Sc mineral/mineral distribution
coefficients and the estimated equilibration temperatures for

the lherzolites of the present study are given in Table 39.

TABLE 39

Correlations Between Estimated Equilibration Temperatures
and Co and Sc Mineral/Mineral Distribution Coefficients
(temperature data from Table 28, mineral/mineral
distribution coefficients from Tables 34 and 35)

Element Samples Correlation Coefficients (r)
ol /opx [ol/cpx ]ol/gnt l ol /sp lopxlcpx

Co Garnet

Lherzolites 0.90 0.94 0.41 - 0.94
opx/gnt jopx/sp jcpx/gnticpx/sp
0.97 - 0.98 -
(ol/cpx lol/cpx ol /ant ol/sp |opx/cpx
E épgélites 1.00 0.24 . 0.96 0.28
{opx/gnt |opx/sp |epx/gnt [cpx/sp
- - - 0.45
ol/opx |ol/cpx |(ol/gnt ol/sp |opx/cpx
Sc Garnet
Lherzolites 0.98 0.9%9 0.99 - Q.99
(opx/gnt opx/sp jepx/gntilcpx/sp
0.99 - - 0.99 -
ol/opx |ol/cpx |ol/gnt ol/sp lopx/cpx
Eginel .
erzolites 0.15 Q.05 - 0.99 D.24

(cpx/gntlopx/sp Icpx/gnticpx/sp {
- 0.98 - 0.24
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Although the data are very limited, it appears that
significant correlations may exist between the estimated

equilibration temperatures and several of the Co and Sc

mineral/mineral distribution coefficients (e.g., for the

cpx/gnt Dopx/gnt Dopx/cpx Dopx/gnt

garnet lherzolites: D N 9 .
Co Co Sc Sc
. ) ol /opx cl/sp ol/sp
for the spinel lherzolites: D s D sy D ’
Co Co Sc

opx/sp i i . i . .
DS Y. The 5c mineral/mineral distribution coefficients

c

are more variable than the Co mineral/mineral distribution
coefficients. As a result, geothermometers based on'the
distribution of Sc might be more temperature sensitive, as
suggested by Stasch (1981), than thaose based on the
distribution of Co.

Stosch (1981) presents empirical temperature calibra-—
i . opx/cpX ol /cpx
tions for geothermometers based on DS and DS - A
c c

comparison of estimated equilibration temperatures for the

lherzolites of the present study based on the Stosch (1981)
. . opx/cpx ol /cpx
calibrations of the DS , and DS gecthermometers and
c c

the Wells (1977) calibration of the pyroxene solvus is giwven
in Table 40.

The estimated equilibration temperatures based on the
. i ' opx/cpx ol /cpx
Stosch (1981) calibrations of the DS and DS gea—
l c c

thermometers are generally not in good agreement with ane
another or with the temperature estimates based cn the bells
(1??7) calibration of tﬁe pyroxene solvus.

The estimated equilibration temperatures for the garnet
lherzolites based on the Stosch (1981) calibrations of the

opu/cpx ol /cpx .
DS and DS geothermometers are 646°C to 156°C icwer
c c
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TABLE 40

Comparison of Estimated Equilibration Temperatures

Estimated Equilibration Temperatures (°C)
Wells (1977) ) Stosch (1981»
Samples y 7 :
Dupx cpX DD cpx
Sc Sc
Garnet
Lherzolite
383 942. 807 1046
387 737 &71 877
390 6T 813 1068
Spinel
Lherzalite
vSsSL—-5 975 248 990
VSL-6 945 1012 1012
vSL-7 985 1032 1022

and 99°C to 140°C higher, respectively, than the temperature
estimates based on the Wells (19773 calibration of the
pyfoxene sol vus.

The estimated equilibration temperaturas for the spinel
lherzolites based an the Stosch (1981) calibrations of the
D;zx/cpx and D:l/ch geothermometers are 13°C lower to &7°C
higher and 15°C to &7°C higher, respectively, than the
temperature estimates bhased on the Wells (1977) calibratiaon
of the pyroxene solvus.

More data, from both natural and experimental systems,
are required to assess the significance of the correlations

observed in the present study. The results suggest that the

distribution of Sc between certain mineral pairs (e.g.
opx/cpx '

) = p
Sc

used as a geothermometer for garnet and spinel lherzolite

) 1is temperature dependent and might be profitabliv
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; ' . . . opx/cp¥
xenoliths., The Stosch (1981) calibrations of the DS
c
al/cpx . . Ly -
and DS geothermometers do not yield estimates of equili-
c

bration temperatures for the lherzolites of the present study
that are consistent with those based on the Wells (1977)

calibration of the pyroxense solvus.
4.7 CONCLUSIONS

1. The abundance of Ga in the lherzolite xencliths studied
varies by a factor aof approximately 10 from 0.52 * 0.14
ppm (sample 390) to 3.23 = 0.44 ppm (sample VSL—-6). The
spinel lherzalites contain more Ga (2.78 * 0.26 ppm to
5.23 % Q.44 ppm than the garnet Yherzolites (0.52 * 0.14
ppm to 1.44 * 0.18 ppm).

2. I+ the 1lherzolite =xenocliths studied are residua from
melting of the upper mantle, then the fact that thev
contain appreciable amounts of Ga (i.e., 0.532 * 0.14 ppm
to 5.23 * 0.44 ppm) suqggests that the Ga bulk-solid melt
distribution coefficient during the genesis of these
rocks must have been considerably greater than zero
(i.e. BGa did naot behave as a highly incompatible trace
element during the genesis of these lherzolites).

3. Estimates n; the abundance of Ga in the upper mantie
based on the averaged lherzolite data of the present
study range from 1.03 ppm (10074 garnet lherzolite based
upper mantle composition) to 3.93 ppm (1007 spinel
lherzolite based upper mantle composition). The latter
estimate (1.e., 3.93 ppm Gal) is in good agreement with

previous estimates for the abundance of Ga in the upper
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mantle (i.e., 3 ppm to S ppm). The estimate based
solely on the averaged garnet lherzolite data (i.e.,
1.05 ppm Ba) is substantially laower than all previous
estimates. The occurrence of significant numbers of
garnet lherzolite xencoliths in kimberlites suggests an
appreciable portion of the upper mantle is compused of
qarnet lherzolite. As a cansequence, previous estimates
of the abundance of Ga in\ the upper mantle and 1in
pyrolite may be taoc high by factors ranging from 2 to 3
and from 0.25 to 0.50 respectively.

Estimates of the distribution of Ga between the care and
mantle of the Earth based on the lherzaolite data of the
present study vary from 2.59 (100% spinel lherzolite
based upper mantle composition) to S.94 (1007 garnet
lherzolite based upper mantle compaosition). These
estimates are in good agreement with experimentally
determined values for the distribution of Ga between
equilibrated metal and silicate phases (i.e. 1.0 £ 0.2
to 3.8 * 0.7 (Drake et al., 1984)). As a consequence,
Ga may not be significantly overabundant in the Earth's
mantle relative to the abundance predicted on the basis

of low pressure partitioning experiments of Ga between

~metal and silicate phases.

The abundance aof Ga in the major mineral phases
comprising the lherzolites of the present study varies
from 0.20 * 0.04 ppm (an olivine from sample 390) to

&3.921 * 2.10 ppm (a spinel from sample VSL-4). The
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sequence of enrichment of Ga in the minerals of the
garnet and spinel lherzolites are simi!ar. The sequence
af enrichment, from laowest 0o highest Ba content, is
clivine, orthopyroxene, clinopyroxene, garnet (i+f
present), phlogopite (if present),; and spinel {(i+
present). The cdnsistency in the sequence p+ enrichment
cf Ga in the minerals comprising ‘the lherzolites
suggests there 1is a crystallochemical control for the
distribution of Ga in these rocks.
The Ga in the major mineral pbases of the lherzolites
can account, within experimental errary for all of the
Ga present in the whole rock lherzaolite samples. This
suggests that minor intergranular mineral phases, which
host the bulk of the strongly siderophile elements in
other lherzolite samples, do not contain appreciable
amounts of the moderately siderophile element Ga.
Although the data are very limited, preliminary results
suggest that the distribution of Ga between certain
mineral pairs'(e.g., D;:x/cpx) is temperature dependent
and might be profitably utilized as a gecthermometer for
garnet and spinel lherzolite xenoliths.
The Ga/Al x 104 weight ratios for the garnet itherzoiites
of the present study wvary from 0.74 * Q.20 to i.40 *
0.19 (mean 1.16 * 0.38). The GasAl x 10 weight ratios
+ar the spinel lherzaolites of the present study varv
from 2.72 % 0.27 to 3.38 * 0.37 (mean 3.00 * 0.48). The

4
mean Ga/Al x 10 weight ratioc for the garnet lherzolites
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(1.16 * 0.38) is signif;éantly lower than the mean Ga/Al
x 104 weight ratio for the spinel lherzolites (3.00 £
0.46).
The abundances of the moderately siderophile elements Co
and Ni in the lherzolites agf the present study (i.e..,
for the garnet lherzolites: 102.32 * 0.68 ppm Co to
108.51 % 108 ppm Ni; for the spinel lherzolites: 122.83
* 0.70 ppm Co to 137.99 * 0.79 ppm Co and 1895 * 89 ppm
Ni ta 2466 % 1146 ppm Ni) are similar to the abundances
af Co and Ni in other spinel lherzalites analyzed 1in
previous studies. As a consequence, estimates of the
abundances of these elements in the Earth;s upper mantle
based on the averaged lherzolite data of the present
study (i.e., Caoa = 105.87 ppm tao 128.45 ppm, Ni = 2175
ppm to 2237 ppm) are in good agreement with previous
estimates based salely on spinel lherzolite data.

The abundance of Sc in the garnet 1lherzolites of the

present study (i.e., 6.51 * 0.04 ppm to 9.85 * 0.85 pom)

is significantly lower than the abundance of Sc 1in
spinel lherzolites analyzed in recent studies. As a
cansequence, estimates of the abundance of Sc in the
Earth’'s upper mantle based solely on the spinel
lherzolite data of previgus studies may be tog high by
factors ranging from approximately 1.5 to 2.

The sequences of enrichment of Co and Sc in the minerals

of the garnet and spinel 1lherzolites are similar. The

sequences of enrichment, from lowest to highest Co and
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Sc contents, are, for Co, clinaopyroxene, garnet (1+
present), phlogopite (i+¥ present), orthopyroxene, and
spinel {(i1f present) and, for Sc, spinel (if present),
olivine, phlogopite (if presént)9 orthopyroxene,
clinopyroxene, and garnet (if present). The consistency
in the sequences of enrichaent of Co and Sc in the
minerals comprising the lherzaolites suggests there are
crystallochemical controls for the distribution of these
elements in these rocks.
Al though the data are very limited, preliminary results
suggest that the distributiaon aof Sc between certain
. ) opx/cpx . . ‘
mineral pairs (e.g., DS } is temperature dependent
c
and might be profitably utilized as a gecthermometer for
garnet and spinel lherzolite xenaliths. The Stasch
. . opx/cpx ol /cpx
(1981) calibrations of the D and D gea—
Sc Sc
thermometers do not vield estimates of equilibration
temperatures for the lherzolites of the present study

that are consistent with those based on the Wells (1977}

calibration of the pyroxene solvus.
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CHAPTER FIVE
ASPECTS OF GALLIUM GEOCHEMISTRY

IN CONTINENTAL ALKALINE VOLCANIC ROCKS

S-1 INTRODUCTION

Very few accurate Ga data for volcanic rocks have been
published. Most recent studies of the abundance of Ga 1n
volcanic rocks have been undertaken on various types af
oceanic basalts (e.g., Wasson and Baedecker, 19703 De
Argollo., 1974; De Argollo and Schilling, 1978 {(a,b): Saunders
and Tarney, 1979 . No accurate Ga data for continental
alkaline volcanic rocks could be found in the available
literature (i.e., Chemical . Abstracts, Mineralogical
Abstracts, Geochimica et Cosmochimica Acta, Contributions to
Mineralogy and Petrology, Journal aof Petrologv).

The abundances of Ga, Al, and various compatible and
incompatible trace elements in rocks from 4 continental
alkaline wvolcanic suites (Freemans Cove, Balcones, Hegau, and
Urach) are presented belaw and compared with the abund;nces
of Ga in, and the Gas/Al ratios of, mid-oceanic ridge basalts
fram the Reyvkjanes Ridge (De Argolla, 1971), back—arc basalts
from the East Scotia Sea (Saunders and Tarney, 1979, and
aceanic island basalts from Hawai; and Iceland (De Argollo,

1974; De Argollo and Schilling, 1978 (a,b)).
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S.2 PETROLOGY OF THE CONTINENTAL ALKALINE VOLCANIC
ROCKS STUDIED

S5.2.1 Freemans Cove Suite

g9.1.1.1 Geologic Setting

The Freemans Cove Eocene Volcanic Suite (Temple, 194&65:
Kerr, 1974; Mitchell and Platt, 1983, 1984) is located in the
Freemans Cove area of southeastern Bathurst Island in the
Canadian Arctic Archipelago. The suite is composed of
numerous dikes, sills, small plugs, and agglomeratic vents.
Magmatism in the region is b£m0d31 consisting predaominantly
of nephelinite or larnite—normative nephelinites ;nd
basanites with subordinate amounts of olivine-melilite
nephelinites, phonolites and tholeiitic and alkali basalts
'(Mit:hell and Platt, 1984). Present levels of erosion are
such that the lavas are preserved only as clasts within the
agglomeratic vents.

Xenoliths of spinel and garnet lherzolite do not occur
in this suite aof rocks (Mitchell and Platt, 1984). The
Freemans Cove volcanic suite possesses the petfnlugical
characteristics of intraplate continental magmatism aof the
tvype associated with rifting and doming (Bailey, 1974), and
is believed tao have been emplaced during uplift and
compression of the region during the Eurekan rifting episode
tMitchell and Platt, 1984).

S.2.1.2 Petragraphy

One melilite olivine nephelinite (BI-2648), 5 olivine

nephelinites (B1-49, BI-B4, BI-104, BI-245, BI-247) and 4
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basanites (BI-4, BI-63, BI-75, N2—-13) were studied.
Fetrographic descriptions and representative chemical composi-
tions of the rocks are given by Mitchell and Piatt4<1?84)q

Briefly, the nephelinites are fine—grained, porphvritic
rocks containing phenocrysts of forsteritic olivine and
augitic clinopyroxene. The groundmass consists of nepheline,
glass and accessory phlogopite and apatite.

The basanites are fine-grained parphvritic rocks
coantaining phenacrysts of forsteritic olivine and augitic
clinopyroxene. The groundmass consists of plagioclase, nephe—
line, glass, and accessory apatite, zeolite, ang caicite. =)
complete gradation to nephelinite appears to exist with
decreésing amounts of modal plagioclase (Mitchell and Platt.
1784).

5.2.1.3 Fetrogenesis

Many of the nephelinites and basanites have the
geochemical characteristics of primarvy magmas (it.e., Mg—
numbers between &35 and 75 and Ni contents greater than 250
pom: Brey, 1978:; Frey et al., 1278; Wass, 1980) and it has
beern proposed by Mitchell and Platt (1983, 1984) that these
members of the suite represent an integrated series of
Brimary melts etupted in an essentially unmodified state from
the upper mantle. The sequence olivine melilite nephelinite-
oclivine nephelinite - basanite is believed to represent
increasing degrees of fusion of a common mantle source

{Mitchell and Flatt, 1984; Barker et al., 1%985).
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S.2.2 Balcones Suite

S.2.2.1 Geglogic Setting

The Balcones Magmatic Province fLonsdale, 1927; Spencer,
1946%; Barker and Young, 19793 Barker et.al., 1985) consists
of intrusive, extrusive, and pyroclastic silica undersatur-—
ated rocks that occur in a belt over 400 km laong stretching
from saouthwest and west of Uvalde to northeast of Austin,
Texas. More than 100 sills, laccoliths and plugs are exposed
on the surface. Many more are unexposed but have been
detected by means of gravity and magnetic surveys. Magmatism
in the region 1is bimodal consisting of olivine melilite
nephelinite, alivine nephelinite and minor amounts of alkali
basalt, phonolite and nepheline basanite (Spencer, 1969).

Xenoliths of spinel lherzaglites, dunite, and.harzburgite
occur in the mafic rocks of the suite (Barker et al., 1983).

Valcanic racks in the region are believed to have been
deposited on the floor of a shallow epicontinental sea (Ewing
and Caranj; 1982) during Cretaceous time, approximately 100 to
64 Ma ago (Barker et al., 1985). The Balcones Province
coincides with a part of the buried OQuachita structural belt
and lies along the major Balcones Fault Zone (Spencer, 196%).

The Balcones Fravince differs from the Freemans Cove in
being exposed at a relatively higher level and in being, on
average, mare undersaturated (Mitchell and Platt, 1984).

F5.2.2.2 Petrography

Five olivine melilite nephelinites (6-1, 6;3, uz-1, vz-

S, V3-3), 2 alivine nephelinites (7-4, V1i-2) and 3 phonolites
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(7-7 V4—é, VvS—-1) were studied. Fetrographic descriptions
and representative chemical compositions of the rocks are
given by Lonsdale (1927), Spencer (1969), McKay (1984), and
Barker et al. (1983). Petrographically many of the mafic
rocks are identical to those of Freemans Cove (Mitchell and
Filatt, 1984).

Briefly, the nephelinites are fine—grained porphyritic
racks caontaining phenocrysts of forsteritic olivine and
augitic clinopyroxene. The groundmass consists of nepheline,
clinopyroxene, apatite, and titanomagnetite. Melilite and
locally peravskite are additional groundmass phases in the
clivine melilite nephelinites.

The phonolites are fine—grained porphyritic rocks
containing phenocrysts of olivine, clinopyraoxene, sphene,
kaersutitic amphibole, nepheline, and alkali feldspar. The
groundmass consists aof nepheline, clinopyroxene, apatite,
titanomagnetite, alkali feldspar, and analcime.

2.2.35 Petrogenesis

S.

Many of the nephélinites, basanites, and alkali basalts
aof the Balcones Pravince have the geochemical characteristics
of primary magmas and may have formed by wvarying (but small)
degrees ot fusion of a common upper mantle source (Barker et
al., 198%). .The sequence olivine melilite nephelinite-
alivine nephelinite-basanitéfalkali basalt 1is believed ta
represent increasing degrees of fusion.

The phonoclites probably formed from olivine nephelin:ite

magma by fractiocnation of kaersutitic ampbhibole, olivine, and
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clinaopyroxene at high pressure (McKay, 1984: Barker et al.,

1985) .

5.2.3 Hegau and Urach Suites

Se2.3.1 Geologic Setting

The Hegau and Urach Miocene Volcanic Provinces
{Wimmenauer, 19703 Sick, 19703 Brey, 19783 Brey and Keller,
1982) are located in BGermany approximately 70 km éast of the
eastern shoulder of the Rhine graben. The provinces are
composed of numerous plugs, dikes, lavas, tuffs, and
diatremes and are considered to be tectonically related tao
the Rhine graben (Brey and Keller, 1982). Magmatism in the
region consists primarily of olivine melilitites, melilititic
tuffs, and phonolites (Brey, 1978). Xenoliths of spinel
lherzaolite occur in the melilititic tuffs of the Hegau
Frovince (Brey and Keller, 1982).

S.2.3.2 Petrography

Eight olivine melilitites, 4 +from the Hegau Province
(HEG-3, HEG—-4, HEG—~&, HEG-7), and 4 from the Urach Province
(U-1, u-4, U—7; U—18) were studied. Fetrographbic descrip-—
tions and representative chemical compositions of the rocks

are given by Sick (1970) and Brey and Keller (1982).

Briefly, the cglivine melilitites are fine—grained
porphyritic rocks containing phenocrysts of forsteritic
olivine and augitic clinopyraxene. Microphenocrysts of
melilite are also present. The groundmass consists of

nepheline, melilite, magnetite, glass, cpx, mica, perovskite

and cr—-spinel. Amygdules of zeolite are present in some. of
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the samples.

The Hegau rocks are petrographically and geochemically
similar to the mafic rocks of the Balcones and Freemans'céve
Suites. The Urach rocks are petrographically similar to the
mafic rocks of the Balcones and Freemans Cave Suites but
contain more Ca0 and MgO and less Nazﬂf F\IZDS9 and 5102
(Brey, 1978).

S.2.3.2 FPetrogenesis

The olivine melilitites of the Hegau and Urach Volcanic
Provinces have the geochemical characteristics af primary
magmas and are considered to have been produced from a common
upper mantle source (Brey, 1978). The Urach rocks are
believed to have formed by smaller degrees aof partial melting
(and/ar higher C02 contents) thanr vthe Hegau racks (Brevy,

1978).

S.3 Ga ABUNDANCES

S5.3.1 Freemans Caove Suite

The GBa contents of the Freemans Cove volcanic rocks are
given in Table 41.

The Ga contents of the rocks vary from 15.85 * 0.45 ppm
(BI-4) to 18.22 *+ 0.49 ppm (HI-75). Considerable overlap
exists between the Ga contents of the different rock types.
Faor example, BI-268 {(an olivine melilite nephelinite contains
17.22 * O.44 ppm Ga, BI-84 (an olivine nephelinite) contains
17.0&4 £ 0.48 ppm Ga, and N2-13 (a basanite) contains 17.31 *

J.48 popm Ga. As a result it is not possible to differentiate
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TABLE 41

Ga Contents of tha Freemans Cove Volcanic Rocks
(uncertainties (1d4) due to counting statistics of
gamma ray spectrometry)

Sample Rock Type i Ga Content {(ppm)
BI-2&8 OMN 17.23 * 0.44
BI—4%9 ON 16.54 * 0.48
B1—-84 ON 17.06 £ 0.48
BI—~104 ON 16.53 x .45
BI-245 ON 18.192 x 0.44
BI-247 anN 16.46 * 0.49
BI—-4 B 15.85 * 0.45
BI-&63 B 16.07 = 0. 47
BI-7S B 18.22 * 0.49
NZ~13 B 17.31 % 0.48
Abbreviations: OMN — olivine melilite nephelinite

ON - olivine nephelinite
B ~ basanite

categorically the rock types on the basis of their Ga

contents.

S.3.2 Balcones Suite

The Ga contents of the Balcones volcanic rocks are given
in Table 4Z2.

The Ga contents of the rocks vary from 16.97 * .48 ppm
tV1-2) to 41.97 £ 1.20 ppm (V4-2). The Ga contents of the
olivine melilite nephelinites and the glivine nephelinites
dverlap. For example, V3—-3 {(an olivine melilite nephelinite)
contains 17.88 * 0.47 ppm Ga, and Vi-2 (an plivine
nephelinite) contains 16.97 * 0.48 ppm Ga. The Ga contents

of fhe phonolites vary +fram 31.07 % 0.91 ppm (7-7) to 41.97 x
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TABLE 42

Ga Contents of the Balcones Volcanic Rocks
(uncertainties (1d4) due to counting statistics of
gamma ray spectrometry)

Sample Rock Type l Ga Content (ppm)
v2-S OMN 22.02 * 0.62
uz2-1 OMN 20.29 £ 0.37
6—1 OMN 20.62 £ 0.60
Y3-3 OMN 17.58 = 0.47
6—3 OMN 192.40 = Q.47
7-4 ON 26.26 * 0.72
vi-2 anN 16.97 * 0.48
VA-2 P 41.97 * 1.20
7-7 P 31.07 * 0.721
vS-1 P 32.32 £ 0.791
Abbreviations: OMN — oclivine melilite nephelinite

ON - olivine nephelinite
P — phonolite

1.20 ppm (V4-2) and are significantly higher than the Ga
contents of the mafic rocks.

The Ga contents of the Balcones olivine melilite
nephelinite and olivine nephelinites are similar tao, although
elightly higher than, the Ga contents of the corresponding

mafic rocks of the Freemans Cove Suite.

5.3.3 Hegau and Urach Suites

The Ga contents of thé Hegau and Urach wvolcanic rocks
are qgiven in Table 43.

The Ga contents of the Hegau rocks vary +from 12.14 =

0.32 ppm (HEG-3X) tao 14.82 *= 0.44 ppm (HEG-&) and are

generally lawer than the Ga contents of similar rocks fraom
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TABLE 43

Ga Contaents of the Hegau and Urach Volcanic Rocks
(uncertainties (14) due to counting statistics of
gamma ray spectrometry)

Sample Rock Type { Ga Content (ppm)

Hegau Racks

HEG—-3 oM 12.14 = 0.32
HEG-4 oM 12.43 = 0.35
HEG-6 oM 14.82 = 0.44
HEG—-7 oM . 12.73 = 0.33
Urach Racks

U=1 oM 17.00 * 0.49
U-4 oM 15.73 = ©.45
u-7 oM 17.33 £ 0.51
U-1i4 oM 14.20 % 0.42
Abbreviation: OM - olivine melilitite

the Freemans Cove and Balcones volcanic provinces.

The Ga contents of the Urach rocks vary from 14.20
0.42 ppm (U—-146) to 17.33 * 0.51 ppm (U-7) and overlap with
the Ga contents of similar rocks from the other volcanic

provinces studied.

S.4 OTHER TRACE ELEMENT ABUNDANCES

S¢y, Cry, Co, La, Eu, Hf, Ta, and Th abundances were
determined by instrumental neutron activation analysis
(Appendix 1, sectiaon A1.3). Ni abundances were determined by

atomic absorption spectrascopy.

S5.4.1 Freemans Cove Suite

The trace element contents of the Freemans Cove vglcanic
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rocks are given in Table 44. Systematic variatians exist in
the trace element cantents of thg different rock types (2.g.,
see Figures 10, 11, and 12). These variatians suggest the
rocks are genetically related.

Mitchell and Flatt (1984) have proposed that the differ-—
ent rock types were formed by varying degrees of partial
melting of a common upper—mantle source. The trace element
data for these rocks are consistent with this proposal and
reflect not only the effects aof increasing degrees of fusion
but also, for some of the rocks (BI-49, BI-84, BI-245, BIiI-4,
and N2-13), the effects of subsequent crystal fractionation.

Samples BI-268 (an olivine melilite nephelinite), BI-104
{an olivine nephelinite), BI-247 (an olivine nephelinite),
and BI-63 (a basinite) possess the geochemical characteris-
vtics of primary magmas. Sample BI-268, which is believed to
have formed by the least degree of partial melting, 1is
enriched in incompatible trace elements (Figure 12) and
depleted in compatible trace elements (Figure 11) relative to
the other primary melts.

Samples BI-49, BI-84, BI-245, BI-4, and NZ-~13, which are
believed to be related to the primary melts by fractionation
of plivine and clinopyrovene, are enriched in incompatible
trace elements (Figure 12) and depleted in compatible trace

elements (Figure 11) relative to the primary melts.
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Trace Element Contents of the Freemans Cove Volcani: Rocks

(uncertainties, 14, due to counting statistics
of gamma ray spectrometry)

Rock Trace Element Abundances (ppm)
Sample .

Tvpe Sc Ca Ni La cr
BI-268|0MN |31.80%0.464)68.62%X0,.35)263£13}103.49+1.55}314.372 2.42
BI-49 ON |22.4130.51}64.12%0.34j218%11) 93.468%+1.468(281.58* B. 1S
BI-84 ON |29.792%0.59)75.S120.39}233x12}| 67.40%£1.081283.80x 8.10
BI-104| ON |{34.343%0.46&}49.70+0.37 |335%17] 60.460+1.05)419.30+11.73
BI-245| ON [(26.02%0.S0152.77%0.26113535x 8]178.75x3.20}182.41%+ 5,11
BI-247| ON |{29.8020.59]|70.36*0.38}330*12}] S56.31*1.01}35391.78%x17.73
Bi-4 B 126.86%0.31]539.99%0.30]210%10)] 82.32%1.65}388.14+10.51
BI-&3 B |28.36%0.955}68.8120.36 1260213 | 61.71x1.05}542.93*17.01
BI-735 B |22.33%0.45}61.34120.32}143% 7} 99.29*+1.50}257.58x 8.03
N2-13 B [26.61%0.51}|65.4420.34|245x12] 6%.44*1.10{387.44*10.84

Rock . Trace Element Abundances (ppm)

Sample

Tvype Eu Hf Ta Th
BI-248| OMN 3.03+0.68) 2.80%0.17} 7.463%0.10] 12.68B+0.63
B1—-49 ON 2.6530.15]| 3.7620.23| 6.95X0.09) 12.3230.61
BI-84 ON 2.6320.15| 3.98x0.28B} 4.14+0.08 8.33%0.,42
BI—-104( ON 2.93x0.17) 3.8520.75} 5.54x0.05 7.2220.33
BI-245( ON 4.1310.24) 3.8720.25] S5.97*0.06] 22.63*1.13
BI-247| ON 2.1720,.13) 3.67X0.22) 4,.35x0.04 6.39*0,.31
BI—4 B 2.34%0.14] 3.33%0.21| 4.36+0.04 ?.99+0.51
BI-463 B 2.25%0.14) 3.29%0.21) 3.89*0.04 6.87+x0.34
BRI-79 B 2.69+£0.15) 3.4720.22] 6.09%20.041 12.48*0.62
NZ2-13 B 1.9130.11} 3.52*%0.21] 3.81x0.04 7.93%0.359

Abbreviations:

ON

B - basanite

- olivine nephelinite

DMN - olivine melitite nephelinite
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S.4.2 Balcones Suite

The trace element contents of the Balcones volcanic
rocks are given in Table 45. Systematic variations exist 1in
the trace element contents of the different rock types (e.g.,
see Figures 13, 14, and 15). These variations suggest the
rocks are genetically related. |

Barker et al., (1985) have proposed that the different
rock types were formed by varying degrees of partial melting
of a common upper—-mantle source. The trace element data for
these rocks are cansistent with this proposal and reflect not
only the effects of increasing degrees of fusion but also,
for some of the rocks (6-1, 7-4, V4-2, 7-7, and VS5-1), the
effects of subsequent crystal fractionation.

Samples v2-5, U2-1, V3-3, 6-3 (all olivine melilite
nephelinites), and V1-2 (an olivine nephelinite) possess the
geochemical characteristics of primary magmas. Sample V2-5,
which is believed to have formed by the 1least degree of
partial melting, 1is enriched in incompatible trace elements
(Figure 135) and depleted in compatible trace elements (Figure
14) relative to the other primary melts. Sample V1-2, which
is believed to have formed by the greatest degree of partial
melting is depleted in incompatible trace elements (Figure
15) and enriched in compatible trace elements (Fiqure 14)
relative ta the ather primary melts.

The , phonolite samples ((V4-2, 7-7, V5-1), which are
believed related to the primarv melts by fractionation of

amphibole, olivine and clinopyroxene, are enriched in incom-



TABLE 45

Trace Element Cantents of the Balcones Vaolcanic Rocks
(uncertainties, 14, due to counting statistics

4.

of gamma ray spectrometry)
Rock Trace Element Abundances (ppm)
Sample -
Type Sc Co Ni La Cr
V2-5 |OMN |22.2830.45(69.7420.63 (33817 68.83*x1.348|384.26*11.84
Uz2—-1 {OMN [|24.75%0.48)69.0320.55]400220 | 60.63*1.211510.62%14.81
6—1 OMN [22.1910.446]61.26+0.51 |235*12) 59.41%1.18|350.76%10.87
V3-3 [(OMN [21.88+0.42]63.64%0.52]515+246] S53.47%1.01445.46*13.36
&-3 OMN |26.2930.55|46%.70+0.39|340%17 | 46.5520.95]532.14*16.50
7—-4 ON |15.833%0.31|48.91+%0.45]184%10}| 52.42+1.00)|252.68% 7.83
vi-2 ON [25.5610.51]91.85+0.85]|630+£32]| 44.26X0.95}168B.49*x19.97
v4-22 P 0.5730.0228.46+0.33| 30%x 2}]101.0122_.05 8.35% 0.27
7-7 P 2.38+x0.05)22.38+x0.30] 30 2} 88B.846*1.78)] 21.13% 0.61
V5-1 P B8.11+0.13|27.58+x0.29] 45% 3| 76.61*1.446) S3.02% 1.59
Rock Trace Element Abundances (ppm)
Sample -
Type Eu H¥ Ta Th
V2-5 |{OMN 3.77%0.18} &.70*0.41)] 4.00+0.08 7.85%0.40
uz-2 (aMN 3.51*x0.17| 6.93%0.42) 5.42+0.07 7.77£0.40
&—-1 OMN 3.45*0.17 ) 6.08%0.17 ] 4.06*0.08 &.6520.33
V3-3 |(OMN 2.96*0.14 | 3.3710.33] 4.B0+0.06 S5.94%0.30
&—3 OMN 2.6330.13| 5.2110.31}] 5.83x0.07 S5.66%0.28
74 ON 2.86%0.14| 7.0630.44) 6.41+0.08 S5.6210.28
vi-2 ON 2.3520.12)] 2.39%0.16} 4.43X0.05 4.99+0.25
v4-2 P 1.7720.09}113.640%0.81 ] 2.78%0.13)] 24.10%1.20
7-7 P 2.92#%0.13}12.20%0.761 2.90X0.14)} 13.40*0.468
v5—-1 P 2.71%0.14| 7.90x0.47} 7.12%0.09| 10.40%0.52
Abbreviationss OMN ~ olivine melitite nephelinite
ON - olivine nephelinite

P - phonolite
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patible trace elements (Figure 15) and depleted in compatible

trace elements (Figure 14) relative to the primary melts.

3.4,3 Hegau and Urach Suitas

The trace element contents of the Hegau and Urach
volcanic rocks are given in Table 4é6. Systematic variations
exist in the trace element contents of the different rock
types (e.g., see Figures 16, 17 and 18). These variatioaons
suggest the rocks are genetically related.

] Brey (1978) has proposed that the Hegau and Urach rocks
were produced by varying degrees of partial melting of a
comman upper-—-mantle source. The Urach rocks are bhelieved to
have been produced by the least degrees of partial melting
(Brey, 1978). The trace element data for these rocks are
consistent with these propaosals. The Urach rocks (U-1, U-4,
-7, U—-16), for example, are enriched in incompatible trace
elements (Figure 18) and depleted in compatible trace
elements (Figures 16 and 17) relative to the Hegau rocks.

All of the samples possess the geocchemical characteris-—

tics of primary magmas.

S.9 RELATIONSHIPS BETWEEN Ga ABUNDANCES

AND OTHER TRACE ELEMENT ABUNDANCES

The results of comparisons between the abundances of
Ga and the abundances of other trace elements in the rocks of
the present study are given in Table 47.

In all cases the data points define broad linear trends

{(e.g.., see Figures 19 to 24). Positive linear correlations
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99,

Trace Element Contents of the Hegau and Urach Volcanic Rocks

(uncertainties, 14, due to counting statistics

of gamma ray spectraometry)

Rock Trace Element Abundances {(ppm)
Sample -

Tvype Sc Ca Ni La Cr
Hegau .
HEG—-3 oM 141.4830.83196.3520.34 35018} 35.82%0.88}1074.02+32.22
HEG—4 OM 133.46%0.63186.4810.441340x17 ] 84.86%1.36) 902.29%27.10
HEG-6 OM |3353.8630.65)70.39%0.36}268%14] 89.43F*1,39) 752.72%x22.52
HEG—-7 oM {35.0820.70165.63X0.33})315%16] 83.26*1.29] F08.60+22.25
Urach
U-1 oM |34.8730.68162.65320.32|1330%17)108.88*%1.72) 842.48%*25.20
-4 aM | 32.5720.64174.7320.38)519+246 | 93.96*1,.50}1308B.96x3=. 24
u-7 OM |32.80%0.63]465.96X0.33 38019 |113.95x1.82] 931.62x27.99
U—-16 OM |37.0920.74]466.99X0.34|350%18| 88B.99*1.38| 900.14*27_15

Rock Trace Element Abundances {(ppm)
Sample

Type Eu Hf Ta Th
Hegau
HEG-3 oM 1.8130.11] 4.68x0.28B) 5.71%0.07 65.35+0.31
HEG—4 oM 3.08%0.18| 6.346%0.39] ?.5120.12 8.83%0.43
HEG—-& oM 3.05%0.,18) 5.78+0.35) 2.07x0.11} 10.83X0.53
HEG-7 oM 3.01%0.18] 3.24%0.32] 8.18%0.11 ?.60x0.47
Urach
u-t amMm 2.80%0.17| 4.52+0.40] 9.36%0.12| 13.18%0.4&5
u-4 am 3.36%0,20) 4.7320.29) 7.95+0.10| 11.31H0.56
u-7 oM 3.3530.20) S.46F0.33| 9.35%0.11| 13.1020.65
u-146 oM 2.90%0.17| S5.77x0.35| 9.39x0.11} 10.70X0.353
Abbreviation: OM — olivine melitite



TABLE 47

Relationships Baetween the Abundances of Ga
and the Abundances of Other Trace Elements

100.

Trace Element
Abundances Compared

Correlation
Coefficients (r)

Eguations of Lines
of Best Fit (y=mx-+b)

Freemans Coye Suite

Ga vs. S5c -0.46 vy = —0.52 x +31.92
Ba vs. Cr -0.70 y = —-0.01 x +20.23
Ga vs. Co ~0.41 y = =0.30 x +36.91
Ga vs. Ni -0.61 y = =Q.02 x +22.01
Ga vs. La +0.66 y = +Q.04 x +13.99
Ba vs. Hf +0.12 y = +18.46 x -48.66
Ga vs. Ta +0.42 vy = +1.48 x +8.84
Ga vs. Th +0. 66 vy = +0.25 x +14.24
Balcones Suite
Ga vs. S5c -0.94 y = -0.88 x +40.28
Ga vs. Cr -0.921 y = —0.04 x +37.12
Ga vs. Co -0.87 y = —0.41 » +47.25
Ga wvs. Ni ~0.87 y = —0.04 x +37.13
Ga vs. La +0.90 y = +0.48 x —-&6£.42
Ga vs. Hf +0.90 y = +2.71 2 +4_.935
Ba vs. Ta +0.90 y = 44,77 x —&.49
Ga vs. Th +0.91 v = +1.52 % +10.81
Hegau and Urach Suites

Ga vs. Sc ~0.54 v = =1.27 x +359.1C
Ga vs. Cr Q.02 vy = ~0.35 x +3542.36
Ga vs. Co -0.47 y = —=0.26 x +33.41
Ga vs. Ni +0.13 V% 0.10 x -20.38
Ga vs. La +0.89 y = +0.13 x +2.90
Ga vs. HF +0.22 y = +13.79 x —-&2.24
Ga vs. Ta +0. 48 y = +3.27 x —-13.48
Ga wvs. Th +0.93 y = +0.96 x +4.42
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exist between the abundances of Ga and the abundances af the
incompatible (La, Thy, Hf; Ta) trace elements (e.qg., see
Figures 19, 20, 21). Negative 1linear carrelations exist
between the abundances of Ga and the abundances of the
compatible (Sc, Cr, Co, Ni) tface elements (e.g., see Figures
22, 23, 24) except for Ni in the Heqgau and Urach rocks, for
which a poorly defined positive carrelation exists.

The data suggest Ga behaved as an incompatible trace
element during the genesis of the rocks of the present study.
The slopes of the lines of best fit defining the correlations
between the abundances of Ga and the abundances of the other
incompatible trace elements suggest that the bulk solid/
liquid distribution coefficients for Ga during the genesis of
these rocks were greater than those for La and Th (except +for

S/L S/L

the Balcones Suite in which DB < DTh ) and less than those
a

far Hf and Ta.

S.4 BGa/Al RATIOS

S«6.1 Introduction

The geachemical coherence of Ga and Al during partial
melting and fractional crystallization has been naokted by many
gecchemists (e.g., Goldschmidt, 1937; Ringwood, 1955; Ahrens,
1963; De Argolla, 1974:; De Argolla and Schilling, 1978) and
can be attributed to the similarity of the ionic radii,
valency and ionization potentials of the two elements.

De Argollo (1974) and De Argollo and Schilling (1978)

have studied the Ga/Al ratios of different types of Hawaiian
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basalts (alkalic, nephelinitic, and tholeiitic) and found
that no systematic variations of the Ga!él.ratins coulagd be
assigned to distinct pressure regimes, or degrees of partial
melting. As a 'result, they prapcsed {De Argollo and
Schilling, 1978) that Ga/Al ratios in basalts might be used
to infer mantle source Ga/Al ratios, to differentiate basalts
derived from different mantle sources, and to map mantle
heterageniﬁies. In order to assess the validity of these
proposals, the Ga/Al ratibs of the mafic caontinental alkaline
valcanic rocks of the present study were determined.

The Al contents of the raocks were determined by X—-ray
fluorescence spectrometry using a modification of the
procedure described by Harvey et al. (1973). The Al data are
believed correct to 37 of the weight of Al present in each

sample.

S.6.2 Freemans Cove Suitae

The aluminum abundances and the Ga/Al Fatins of the
Freemans Cove volcanic rocks are'given in Table 48.

Although considerable variation exists, the A1 abun-
dances of the Freemans Cove rocks correlate pasitively with
the Ga abundances of the Freemans Cove rocks (Figure 25 .
The Ga x 104/91 weight ratios of the Freemans Cove rocks varvy
by appraximately 204 Ffram 2.28 * 0.13 (sample BI—&E,Va
basanite) to 2.848 * 0.16 {(sample BI-2464B. an olivine melilite
nephelinite). The mean Ga x 104 /Al weight ratioco of the

Freemans Cove racks is 2.51 * (0.14.



112,

TABLE 48

Al Abundances and Ga/Al Ratios of the Freemans Cove
) Volcanic Rocks

Rock 4
Sample Type Ga (ppm) Al (wt.%) Ga/Al x 10
BI-2&8 CMN 17.23 = 0.44 6.02 + 0.30 2.86 * Q.16
BI-49 ON  156.54 * 0.45 6.81 + 0.34 2.43 % 0.14
BI-84 ON 17.06 £ 0.48 65.93 £ Q.35 2.46 £ 0.14
BI-104 ON 16.93 £ 0.45 6.192 % 0.31 2.67 * 0.15
BI-243 ON 18.19 * 0.46 6.57 £ 0.33 2.76 £ 0.15
BI—-247 ON 14.46 * 0.49 b.62 * 0.33 2.49 = 0.14
BI—-4 B 15.85 % 0.45 6.71 * 0.34 2.36 * 0. 14
BI-63 B 16.07 * 0.47 7.03 * 0.35 2.28 £ 0.13
BI~-73 B 18.22 * 0.49 7.-98 * 0.40 2.29 * 0.13
NZ=-13 B 17.31 * 0.48 7.00 * 0.35 2.47 * 0.14
Mean 2.91 £ 0.14
Standard Deviation (14) 0.19
Abbreviations: OMN — olivine melilite nephelinite
ON - olivine nephelinite
B — basanite

Although considerable overlap exists in the Ga/Al ratios
of the different rock types, the data for the primary melts
{BI-268, BI-103, BI-247, BI-43) suggest the Ga/Al ratios of
the Freemans Cove volcanic rocks decrease slightly with

increasing degrees of partial melting.

S.4.3 Balcones Suite

The abundances and the Ga/Al ratios of the éalccnes
volcanic rocks are given in Table 49.

The Al abundances of the Balcones rocks pasitively cor-—-

relate with the Ga abundances of the Balcones rocks (Fig.26).
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TABLE 49

Al Abundances and Ga/Al Ratios of the Balcones
Volcanic Rocks

Rock 4q
Sample Type Ba (ppm) Al (wt.%) Ga/Al » 10
v2-35 OMN 22.02 * 0.62 S5.35 * 0.27 4.12 * 0.24
uz2-1 OMN 20.29 £ 0.57 5.21 % 0.26 3.89 * 0.22
&-1 OMN 20.482  0.60 S.21 * 0.26 3.96 * 0.22
v3-3 OMN 17.38 % 0.47 5.03 £ 0.25 3.50 * 0,20
6-3 OMN 192.40 * 0.34 5.32 * Q.27 3.65 * 0.20
7-4 ON 26.26 £ 0.72 7.81 £ 0.39 J.36 £ 0.19
vi-2 ON 16.97 * Q.48 5.046 * 0.25 3.395 % 0.19
V42 P 41.97 * 1.20 10.84 = 0.54 3.87 £ 0.22
7-7 P 31.07 £ 0.91 11.00 * 0.55 2.82 * 0.146
Vv3—-1 P 35.32 * 0.91 .80 = 0.49 3.32 * 0.19
Mean (all rocks) 3.98 * 0.20
Mean {(mafic rocks anly) 3.69 * 0.21
Standard Deviation (14) {all rocks) ' 0.19
(mafic raocks only) 31
Abbreviations: OMN - olivine melilite nephelinite

ON -~ plivine nephelinite

P - phonolite
The Ga x 104 /Al weight ratios of the Balcones rocks vary by
approximately 32%L from 2.82 * 0.16 (sample 7-7, a phonolite)
to 4.12 + 0.24 (sample V2-5, an olivine melilite nepheli-
nite). The mean Ga x 104 /Al weight ratioc of the Balcones
rocks is 3.38 * 0.20. fhe Ga x 104 /Al weight ratios of the
Balcones rocks, exctluding the phonolites, vary by approxi-
mately 19%Z From 3.35 * 0.19 (sample V1i-2, an alivine

nephelinite) to 4.12 * 0.24 (samplile V2-3, an olivine melilite

4
nephelinite). The mean GBa x 10 /ARl weight ratioc of the matic



Balcones rocks, excluding the phaonolites, is 3.69

I+
s 0
)
[y

This vaiue is significantly greater than the GBa % 10 /41
werght ratiao of the Freemans Cove volcanic rocks (2.51 *
o.14).

Although considerable averlap exists in thé Ga x 10 /Al
weight ratios of the different rock types, the data for the
primary melts (V2-5, UZ2-1, V3-3, &6&~-3, V1-2) suggest that the
S8a/Al ratios of thess Balcones volcanic rocks decrease

slightly with 1ncreasing degrees of partial melting.

S5.6.4 Hegau and Urach Suites
The Al abundances and the BGa/Al ratios of the Hegau and

Urach velcanic rocks are given in Table SO.

TABLE S0

Al Abundances and Ga/Al Ratios
of the Hegau and Urach Rocks

Sample ?33: Ga (ppm) Al (wt. %) Ga/Al x 104
Hegau
HEG-3 oM 12.14 * 0.32 5.51 * 0.28 2.20 * o.11
HEG—4 am 12.43 * 0.35 S5.63 = 0.28 2.21 * 0.12
HEG—& oM 14.82 * 0.44 S.76 = 0.29 2.97 * 0.13
HEG-7 oM 12,73 £ 0.33 S.66 = 0.28B 2.25 * 0.13
Mean ‘ 2.31 * Q.13
Standard Deviation (14) 0.15
Urach )
u-—1 oM 17.00 * 0.49 4.54 * 0.23 S.74 * 0.22
u-—-4 omM 15.72 % 0.45 4.43 * 0.22 3.53 £ .20
u-7 oM 17.33 £ 0.51 4,29 * 0.21 4.04 * 0,23
u-16 am 14.20 * 0.42 4.10 * 0.21 3.46 * 0.20
Mean 3.69 £ 0.22
Standard Deviation (14) 0.23

Abbreviation: OM — olivine melilitite
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The Ga and Al data for the Hegau and Urach rocks define

two separate trends on a Ga vs. Al plot (Figure 27). The Al
abundances of the Hegau rocks correlate positively with the
Ga abundances of the Hegau racks (Figure 27). The Ga 104
/Al weight ratios of the Hegau rocks vary by approximately
14% Ffrom 2.20 % 0.12 (sample HEG-3) tp 2.57 * 0.14 (sampie
HEG—6) . The mean Ga x 104/A1 weight ratio of the Hegau rocks

a
is 2.31 * 0.13. This wvalue is similar to the mean Ga x 19

/Al weight ratio of the Freemans Cove rocks (2.51 % 0.14) but
1

is significantly lower than the mean Ga x 104/Al weight ratia

of the Balcones rocks (3.58 * 0.20).

The Al abundances of the Urach rocks carrelate
positively with the Ga abundances of the Urach rocks (Figure
27) . The Ga x« 104 /Al weight ratios of the Urach rocks vary
by approximately 147 from 3.46 * 0.20 {(sample U-1&) to 4.04 *
0.23 (sample U-7). The mean Ga x 104 /Al weight ratio ot the
Urach rocks 1s 3.6 x 0.22. This wvalue is similar to the
mean Ga x 104 /A1 weight ratio of the Balcones rocks (3.58 %
0.20) but i1s significantly higher than the mean Ba x 104 /AL

weight ratios of the Freemans Cove rocks (2.51 % 6.14) and

the Hegau racks (2.31 % 0.13).
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S.7 COMPARISONS WITH Ga ABUNDANCES AND Ga/Al RATIOS
OF MAFIC OCEANIC VOLCANIC SUITES

S.7.1 Results of Previous Studies of Mafic Oceanic Volcanic
Suites

S.7.1.1 Mid—oceanic Ridge Basalts

De Argollo (1974) has studied the abundances of Ba in
mid-oceanic ridge basalts (MORBs) from the Reykjanes Ridge
south of Iceland. The abundance of Ga in the MORBs studied
varies from 16.4 ppm to 18.5 ppm and average 17.5 ppm (De
Argollao, 1974). The Ga x 104 /A1l weight ratio of the MORB
samples varies by approximately 13574 from 1.97 * 0.12 to 2.33
+ 0.14 (mean 2.16 * 0.13).

S5.7.1.2 Back—-Arc Basalts

Saunders and Tarney (1979) have determined the abundance
of Ga in basalts from a back-arc spreading center in the East
Scotia Sea. The abundance of Ga in these basalts varies fram
12 ppm tao 19 ppm and average 16 ppm. The Ga x 104 /Al weight
ratiao of tﬁé back—arc basalts (BAB) wvaries by approximately
414 from 1.37 to 2.32 (mean 1.80).

S.7-.1.3 Oceanic Island Basalts

Se7e1.3.1 Icel and

De Argollo (1974) has studied the abundance of Ga in
tholeiitic basalts from Iceland. The abundance of Ga in
these oceanic island basalts (OIBs) varies +from 19.1 ppm to
23.46 ppm and averages 21.3 ppm (De Argollo, 1974). The Ga x

4
10 /Al weight ratioc of these 0IBs varies by approximately 247%
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from 2.17 *+ 0.13 to 2.85 * 0.17 (mean 2.59 * 0.1&).

S.7.1.2.2 Hawaii

De Argollo (1974) and De Argollo and Schilling (1978
(a,b)) have studied the abundance of Ga in nephelinitic,
alkalic, and thaoleijitic basalts from Hawaii. The abundance
of Ga in these Hawgiian 0IBs varies from 18.2 ﬁpm to 27.1 ppm
and averages 22.2 ppm. The Ga x 104 /Al weight ratio of the
Hawaiian OIBs varies by approximately 6174 from 2.54 * 0.15 to

4.08 £ 0.24 (mean 3.02 % 0.18).

S5.7.2 Comparisons of Ga Abundances and Ga/Al Ratios

The Ga abundances and Ga/Al ratios of the mafic continen-—
tal alkaline wvolcanic suites of the present study are
campared to the Ga abundances and Ga/él ratios of the mafic
oceanic volcanic suites studied by De Argollo (1974) and
Saunders and Tarney (1979) in Table 351.

The ranges in the abundances af Ga and Al in these
volcanic suites are illustrated in Figqure 28.

The abundance of Ga in the rocks comprising the
different mafic wvolcanic suites varies by a Ffactor of
approximately 2 From 12.14 * 0.32 ppm (an olivine melilitite
from Hegau) to 25.0 * 1.5 ppm (a melilite nepheline basalt
from Hawaiil). Considerable overlap exists between the ranges
in GBa abundances for the different suites (Figure 28) despite
the fact that the suites were formed under very different
conditions in very different tectonic settings. The Hegau
suite is slightly depleted in Ga (mean abundance af 13.03 *

Q.40 ppm), and the Hawaiian and Icelandic suites are slightly



Comparisons of Ga Abundancas and Ga/Al Ratios

TABLE S1

121.

Rack Ga Abundances
Locality Data Source
Type Range Mean
cav Ereemans Present Study 15.8530.45-18.22*30.49 |146.95+0.47
ove
CAV Balcones ” " 16.97%20.48-26.26%0.72 {20.45x0.58
CAvV Hegau " " 12.14%0.32-14.82+0.44 |13.03%0.40
CAV Urach " " 14,.2010.42-17.3330.51 }14.06%*0.48
MORB| Reykjanes| De Ar?ollo :
Ridge {1974 16.410.8 - 18.5120.9 -12.5%0.9
BAB East Saunders and
Scotia Sea| Tarney (1979) 12+0.7 - 19+1.5 16x1.3
OIE Iceland De Ar?olla
(1974 19.1*1.1 - 23.6*1.4 21.3+%1.3
OIB Hawaii DeArgollo and
Schilling(1978) 18.2+1.1 - 25.0*1.53 21.1x1.3
4
Ga/Al x 10
cav Ereemans Present Studvy 2.28*%0.13 - 2.86*0.14 2.51%0.14
ave :
cav Balcones " " 3.35%0.19 — 4.1220.24 3.6920.21
CAV Hegau " . 2.20*0.12 - 2.57%0.13 2.31%20.13
CAV Urach " » 3.46F0.20 - 4.04X0.23 3.69%0.22
MORB] Reykijanes| De fAraollo
Ridge _(19747 1.9720.12 - 2.331x0.14 2.156%x0.13
BAB East Saunders and
Scatia Seal Tarney (1979) 1.37*0.14 - 2.32x0.23 1.80x1.18
a1e Iceland De Ar?ollo .
(1974 ] 2.17*0.13 - 2.85x0.17 2.89+x0. 16
0IB Hawai i De Argollo_and
Schilling(1978 2.34X0.15 - 4.08%0.24 3.20%0.18

Abbreviations:

cAavy -

MORB -~
BAR -
gI1B- -

back—-arc basalts

oceanic island basalts

continental alkaline volcanics
mid—oceanic ridge basalts
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enriched in Ga (mean abundances of 21i.1 * 1.3 ppm and 2193'2
1.3 ppm respectively) relative to the other suites.

The Ga x 104 /Al weight ratios of the rocks comprising
the different suites vary by a #éctor aof approximately 3.0
from 1.37 * 0.14 (a basalt from the East Scotia Sea) to 4.12
* 0.24 (an olivine delilite nephelinite frﬁm Balcones). Con-—
siderable overlap exists between the ranges in Ga x 104 /Al
weight ratios for some aof the suites, for example, the Free—
mans Cove and Iceland sﬁites (mean Ga ¥ 104 /Al weight ratios
of 2.51 % 0.14 and 2.59 % 0.16 respectively), the Balcaones
and Urach suites (mean Ga % 104 /Al weight ratios of 3.69 *
0.21 and 3.69 * 0.22 respectively), and the Hegau and
Reykjanes Ridge suites (2.31 * 0.13 and 2.16 % 0.13
respectively).

I¥f Ga/Al ratios in basalts can be used to infer the
composition of their mantle saources (as proposed by De
Argnllo‘and Schilling (1974, 1978) and supported by the
results aof the present study), then the similarities in the
mean Ga x 104 /Al weight ratios of the suites compared above
may reflect énmpositional similarities in the mantle sources

- of these suites, at least with respect to Ga and Al.

S.8 CONCLUSIONS

i. Ga positively correlates with Al in the continental
alkaline volcanic rocks studied.
2. The abundance of Ga in the continental alkaline wvolcanic

rocks studied varies by a factor of approximately 3.5
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from 12.14 * 0.32 ppm (an olivine melilitite of the
Hegau suite) to 41.97 * 1.20 ppm (a phonolite of the
Balcones suite). The abundance of Ga in the mafi:
alkaline volcanic rocks studied (excluding the Balcones
phonolites) varies by a factor of approximately 2.2 from
12.14 * 0.32 ppm (an olivine melilitite of the Hegau
suite) 'ta 26.26 * 0.72 ppm {(an olivine nephelinite of
the Balcones suite).

Intrasuite variations in the abundance of 0Ga in the
maftic continental alkaline voalcanic éuites studied range
from approximately 15% (Freemans Cove suite) to
approximately S47Z (Balcones suite).

Ga behaved as an incompatible trace element during the
genesis o©of the continental alkaline wvolcanic suites
studied. Comparisons between BGa abundances and other
incompatible trace element abundances suggest the bulk
solid/liquid distribution coefficients for Ga during the
genesis of these suites were greater than thase for La
and Th and less than those for Hf and Ta.

Considerable overlap exists between the abundance of Ga
in the different mafic continental alkaline volcanic
suites studied. The Hegau suite is slightly depleted in
Ba relative to the other suites.

Ga/Al ratios of primary melts from the Freemans Cove and
Balcones suites decrease slightly (from 2.84 * 0.146 to
2.28 * 0.13, and from 4.12 % 0.24 tao 3.35 = 0.19 respec-

tively) with increasing degrees of partial melting.
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Ga/Al ratios of the Balcones rocks decrease slightly
with increasing degrees of differentiation (e.g., the
mean Ga x 104 /Al weight ratio of tﬁe mafic Balcones
racks is 3.469 = 0.21 and the mean Ga x 104 /A1 weight
ratio of the felsic Balcones rocks is 3.34 £ 0.1%9).
Intrasuite variations in the Ga/Al ratios of the mafic
continental alkaline volcanic rocks studied range from
1474 (Hegau and Urach suites) tae 204 (Freemans Cave
suite). These small intrasuite variations support De
Argollo and Schilling’'s (1978) praposals that Ga/Al
ratios of basalts might be used to infer the Ga/Al
ratios of the mantle sources aof the basalts, and to map
mantle hetefugeneities.
The mean Ba « 104‘/A1 weight ratios of the following
mafic continental and oceanic volcanic suites are

similar:

a) Freemans Cove (2.51 * 0.14) and Iceland (2.59
0.186);

b) Balcones (3.6% £ 0.21) and Ufach (3.69 £ 0.22):

c) Hegau (2.31 * 0.13) and Revykijanes Ridge (2.16 *
0.13.

If Ga/Al ratios 1in basalts reflect mantle source Ga/Al
ratios, then the similarities in the mean Ga x 104 /Al
weight ratios af/the pairs of suites above may reflect
compgsitianal similarities in the mantle sources of
these suites, at least with respect to Ga and Al.

4
The mean Ga x 10 /Al weight ratios of the Hegau and
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Urach suites (2.31 * 0,13 and 3.4%9 * 0.22 respectively)
are significantly different even though Hegau and Urach
are geographically close. I+ Ga/Al ratios in basalts
reflect mantle saurce Ga/Al ratios, then this difference
may reflect compositional differences in the mantile
sources to these suites, at least with respect to Ga and
Al.
Considerable overlap exists between the abundances of Ga
in the different types of basalts (alkalic, nephelinite,
and tholeiitic) compared in the present study despite
the fact that these basalts were farmed under different

canditions in very different tectonic settings.
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CHAPTER SIX

APPLICATION OF GALLIUM DATA TO TRACE ELEMENT MELTING MODELS

6.1 INTRODUCTION

Trace element behaviour during partial melting 1is
not fully understood. Attempts to explain and predict trace
element behaviour during partial melting have resulted in the
development of numercus mathematical models (e.q., ©bast,
19483 Sh#w, 19703 - Hertogen and G6Gijbels, 19763 Shaw, 19773
Langmu;r et al., 1978). All af these models incorporate
trace element distribution coefficients (the theory of trace
element distribution coefficients and their application to
geclogy are discussed by MciIntire, 1963, and Arth, 197&4) and
are based on equations develaoped by Ravleigh (1896 ,
Schilling and Winchester (19467), and Gast {1948). Examples
of how trace element melting models may be used ta help solve
problems of petrology are given by Allegre and Minster
}1978), Minster and Allegre (1978), and Clague and Frey
(1982). |

Although considerable progresé has been made in recent’
vears cancerning the development of trace element melting
models and their application to solving problems of petro-—
logy, many difficulties still exist. For example. our
present knowledge of distribution coefficients is imperfect
(Shaw, 1977). In general, the numerical wvalues presentliy

available +or distribution coefficients are of gquestionable
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validity. At best they are thought only to approximate true
values (Allegre and Minster, 1978). In addition, it 1is
presently not possible to adjust quantitatively distribution
coefficients for variations in temperature, pressure, and
composition. As a result, distribution coefficients deter-
mined for one system are prebably not applicable to other
systems unless the conditions of temperature, pressure, and
composition are identical in each. This is unlikely and
would praobably be impaossible to prove. Another difficulty
arises from the <fact that the phase petrology of melting is
actually much maore complex than depicted by the simplified
mathematicalhmodels (Shaw, 1977).

At best, trace element melting models can anly be used,
in conjunction with other geological information, to deter-
mine a) the bossibility of a genetic relationship between the
members of an igneous rock suite, b) the possible magmatic
processes which may have acted to produce the rock suite, and
c) estimates of possible constraints for the parameters (i.e.
source gecochemistry, bulk distribution coefficients, degrees
of melting, etc.) associated with the genesis of the sﬁite.
Many combinations of models and parameter values may satisfy
the available trace element data. In general, it is usuallv
impassible to determine which models or parameter values are

true.
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&b.2 PREVIOUS ESTIMATES OF Ga DISTRIBUTION COEFFICIENTS

Very few estimates of Ga distribution coefficients
(i.e., mineral/melt distribution coefficients and bulk-
solid/melt distribution coefficients) have been published.
All available estimates (e.g., Goodhan, 1972;: De Argollo and
Schilling, 1978 {(a,b); Frey et al., 1985) are based on
studies of natural systems. Estimates based aoan analyses of
artificial samples created under controlled experimental
canditions could nat be found in the available literature
{(i.e., Chemical Abstracts, Mineralogical Abstracts, Geo-
chimica et Caosmachimica Acta, Contributions to Mineralocay and

FPetrology, Journal of FPetrology).

6.2.1 BGa Mineral/Melt Distribution Coefficients

Goodman (1972) measured Ga phenocryst/melt distribution
L phenocryst/melt . i .
coefficients (DG ) in a large variety of mafic
a
volcanic rocks from Hawaii, Iceland, Azores, and Jaun Fernan-—

plagioclase/melt
dez Islands. Gaoodman (1972) found that D

Ga
values in these rocks vary from 0.84 to 1.27 (mean 0.98),
’cpx/melt
DG values wvary from 0.30 to 0.58 (mean ©.41), and
a
olivine/melt
D - values vary from 0.04 £t 0.05 (mean 0.04).

Ga
De Argollo and Schilling (1978(b)) used the abundance of

Ga in garnet and clinopyroxene from a Raberts Victor Mine
i . garnet/melt cpx/melt
eclagite to estimate D‘3 to be 0.39 and DB '
a a

0.41 during high pressure fractional crystallization of this

tvype of eclogite.
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6.2.2 Ga Bulk-Sclid/Melt Distributiaon Coefficients

De Argallo and Schilling (1978¢a)) used a variety of
mathematical madels in attempts to estimate the Ga bulk-sglid
/melt distribution coefficient during the genesis of a suite
of Hawaiian alkaline volcanic rocks. De Argallo and
Schilling f1978(a)) found that their estimates of the Ga bulk-
salid/melt distribution cnefficient' far this suite varied
from 0.27 to 0.95 depending on the mathematical model used.
The lower estimates (i.e., 0.27 to 0.59) were aobtained using
equations which incorporated the Ga mineral/melt distribution
coefficients given by Goodman (1972). The higher estimates
{(i.e., 0.79 to 0.93) were obtained using equations which did
not incorporate Goodman ‘s (1972) Gé mineral/melt distribution
coefficients. De Arggllo and Schilling (1978(a)) state that
the discrepancies between the different estimates emphasize
the need for Ga mineral/melt distribution coefficient
determinations under various temperature, pressure, and melt
compositions. De Argollo and Schilling (1978<¢a)) emphasize
that actual observations of the abundance of Ga in the
Hawaiian rocks indicate that the abundance of Ga changes only
slightly during shallow depth fractional crystallization of
the olivine gabbro type, and that the Ga bulk—-soclid/melt
distribution coefficient during the genesis of these rocks
was indeed less than, but close tao, unity. Accordingiy, De
Argqollo and Schilling (1978(bj) give an average estimate for
the Gé bulk—-sclid/melt distribution coefficient during the

genesis aof the Hawaiian alkaline volecanic rocks aof .75,
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Frey et al. (1983) used two methaods, one incarpoarating
Goodman ‘s (1972) Ga mineral/melt distribution cpoefficients,
to esti%ate the Ga bulk-solid/melt distribution coefficient
during the genesis of the Rhonda peridotite. The estimates
abtained using each technique were identical vielding a value
of 0.12.

Claque and Frey (1982) measured (by X—Fay fluorescence)
the abundance of Ga in a 1limited number of mafic volcanic
rocks from Honolulu and concluded that the Ga bulk-solid/melt
distribution coefficient during the genesis of these rocks
was greater than unity (i.e., Ga behaved as a compatible
trace element). Clague and Frey ((1982) did 'not try to

calculate a numerical value +for this ©Ga bulk—solid/melt

distribution coefficient.

6.3 TRACE ELEMENT MODELLING APPRDACH

Interpretation of the G&Ga data aobtained in the preseﬁt
study is based on equilibrium mass-balance equations for
simple single stage modal batch melting. During modal batch
melting, the solid and 1liquid phases remain in constant
equilibrium as melting proceeds and the minerals melt i1n the
proportions in which they occur in the original solid. This
maodel was chosen for use, naot because it 1s believed that
there 1is no variation in the modal composition of the
rasidual solid, but mainly to reduce the number of variable
parameters because neither the Dmineral/melt values (2.Q.

. Ga -
Dphlagopxte/melt)

5 nor the maodal compositions of the residual
a



solids are precisely knawn.
The basic equation used to describe trace element

behaviour during modal batch melting was developed by Shaw

(1970):
C/€C = 1/(D +F({(1-D ?) (Shaw, 1970, equation (11i)) 3)
L o o o )
where: CL = the concentration of a trace element in the

derived liquid:
C = the initial concentration of a trace element
in the solid, i.e. the source rock, be+ore

partial melting:

n
]

the degree of partial melting;

D = the initial bulk-solid/liquid partition coeffi-—

o
. . o /g - B _BA
cient, given by X D + X D + e » where
o o
8
X%, X ...., are the weight fractions of phases
o o

Xy Be o4y in the initial selid and the indivi-

dual—-mineral/liquid distribution coefficients,

. concentration of element in mineral
i.e2.

concentration of element in liquid

Possible constraints for the initial Ga bulk-solid/melt
distfibution coefficients (Dgzlk-solid/melt) and the deqgrees
of melting (F) associated with the genesis of the primary
melts of the _present study will be déveloped by assigning
values to CD (i.e., Cn = 4.2 ppm Ga and 4.4 ppm Ga, corres—
paonding ta 100% garnet lherzolite based pyrolite and 100%
spinel lherznlite_based pyrolite source compositions respec-—
tively) and comparing the ranges in model-derived CL values

to the measured ranges in the abundance of Ga in the primary

melts. Simce Sun and Hansen (1973) determined that the range
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of melting associated with the genesis of Antarctic

nephelinites was 3% to 74, F will be restricted to the range

14 to 10%4 in the madel calculations.

6.4 POSSIBLE CONSTRAINTS FOR Ga BULK~SOLID/MELT DISTRIBUTION
COEFFICIENTS

The ranges in the abundance of Ga in the primary melts

of the present study are compared to model -derived CL values
bulk-solid/melt

The ranges in DG and F

in Figures 29 to 3é.
a -

that correspond tao ranges in CL comparable to the observed

ranges in the abundance of Ga in the primary melts are given

in Table 32.

TABLE 352

. . bulk—-asclid/melt
Poxgsible Constraints for DG and F

C -

4.2 ppm Ga C = 6.6 ppm Ga
o =) .
Primary bul k- bul k-
. sglid/melt solid/melt
Melts D
Ga F{7Z) Ga Fo
Freemans '
Caove 0.18-0.24 8-10, 1-3 0.35 - 0.38 S—10, 1-5
Balcones 0.16-0.18 }3.5-10, 1-8 0.29%— Q. 32%] 1—-10%,1—-10#%
Hegau 0.27-0.28 1—-10, 1-10 j0.43#— Q. 49%| 1—-10%,1—-10%
Urach 0.21-0.23 4-10, 1-9 O0.37%— 0. 41} 1—-10%,1—-10*%

»* Model —derived C

values do not duplicate the entire range

of observed Ga abundances.

The
primary

derived:

based pvrolite source composition estimate (i.e.,

measured ra

melts can

c values
L

nges for the

all be

calcul ated

abundance

of

Ga in the

duplicated by ranges in model-

using the garnet lherzolite

c =
o

4.2 ppm
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Ga) of the present study. The measured ranges far the abun-—
dance of Ga 1in the Balcones, Hegau, and Urach primgry melts
cannat be duplicated by ranges in model-—-derived CL values cal-
culated using the spinel lherzolite basad pyrolite source
composition estimate (i.e., Co = 6.5 ppm Ga) of the present
study. As a consequence, the constraints calculated using
the garnet lherzolite based pvyrolite source compasition

estimate are considered more realistic.

. . bulk—-solid/melt
Possible canstraints for DG calculated
a
using C = 4.2 ppm Ga vary from O.14 (Balcones) to 0.28
o
(Hegau) . These estimates are slightly greater than the

estimate of 0.12 given by Frey et al. (1983) +Ffor the genesis
of the Rhonda peridotite; and substantially lower than the
estimate of 0.75 given by De Argollo and Schilling (1978(b))
for the genesis of Hawaiian alkaline volcanic rocks.

Assuming a mantle source mineralogy of 55%Z aolivine, 254
. mineral/melt .

apx, 13%4Z cpx, and 9% garnet and using the DG esti-

a

mates of Goodman (1972) and De Argollo and Schilling (1278
bulk-solid/melt .

b))y, DG is calculated to be 0.21. This

a
estimate is within the range of possible constraints for
Dbulk—salid/melt
Ga

primary melts of the present study using C = 4.2 ppm Ga.
: o

{i.e., 0O.16 to 0.28) calculated for the

&.5 ADDITIONAL POSSIBLE CONSTRAINTS FOR THE RANGES OF MELTING

Of the incompatible trace elements analvzed for in the
present study (i.e., Ba, La, Eu, Hf, Ta, and Th), Th has the

widest abundance range in the primary partial melts. The
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abundance of Th ;éries by factors aof 2.0, 1.6, 1.7, and 1.2
in the Freemans Cove, Balcones, Hegau, and Urach suites
respectively. Since Th has the widest abundance ranges, it
is inferred that Th is the most incompatible trace element in
the suites of the present study. If Th was not retained by
any residual solids during the melting that generated these
suites, then the ranges in Th abundance for each suite can be
used as a measure of the ranges in the degrees of melting
associated with the genesis of each suite (i.e. if DTh = 0,
then C:h/CZh+ 1/F for equation ((3)). Thus the melting ranges
for the Freemans Cove, Balcones, Hegau, and Urach suites are
at least aver factors of 2.0, 1.6, 1;7, and 1.2 respectively
(e.g., from 14 to 24, 2% to 4%, etc. for the Freemans Cave
Suites; 12 to 1.6%, 24 to 3.2%, etc. for the Balcones suite,
. etc.).

The Th—der i ved constraints for the ranges of F
as=wociated with the genesis of the Freemans Cove and Balcones
primary melts (i.e., ranges in F over factors of 2.0 and 1.6
respectively) are consistent with the model -derived
canstraints for F given in Table 32 for CD = 4.2 ppm Ga.

Far the Th-derived and model -derived constraints for F
to be consistent, both C and DD for Hegau and Urach would

o
have to be reduced.

6.6 CONCLUSIONS

i. The ranges in the abundance of Ga in the primary partial

melts of the present study can be duplicated using a



144,

simple modal batch melting madel.
bulk-solid/melt
Fossible model ~derived constraints for DB
a

calculated using € = 4.2 ppm Ga (the garnet lherzoliite
o

based pvyrolite composition estimate of the present

study) vary from 0.146 (Balcones) to 0.28 {(Hegau).

bulk—-sclid/melt R mineral/melt ,

5 calculated using the DG esti-—
a a

mates aof Goadman (1972) and De Arqolle and Schilling

{(1978(b)) and assuming a mantle source mineralogy of 5S5%

olivine, 254 op:, 154 cpx, and 5% garnet is 0.21. This
bulk—solid/melt X . . )
DG estimate is within the ranaqge at

a
bulk-solid/melt

possible mcdel—Qerived constraints far DGa
given above.

Possible constraints for the ranges in melting associ-
ated with the genesis of the Freemans Cove, Balcones,
Hegau, and Urach primary melts derived uéing Th data are
over factors aof 2.0, 1.6, 1.7, and 1.2 respectively.

The Th—derived constraints for the ranges in melting for
the Freemans Cove and Balcones primary melts are consis-—
tent with the model-derived ' constraints +or F given
abave.

The Th—derived constraints for the ranges ;n melting for
the Hegau and Urach primary melts are not consistent
with the model-derived constraints for F given above.
Far the Th-derived and model-derived constraints for F
ta be consistent, both Co and D for Hegau and Urach

o
would have to be reduced.



CHAPTER SEVEN

RECOMMENDATIONS FOR FUTURE STUDIES

In arder to assess the potential of epithermal INAA to
generate accurate Ga data it is recommended that a wide
variety of geoclogical materials of known Ga content be
analyzed using this technigue.

In order to expand further the data base for Ga in ubpper
mantle—derived materials, and to assess the significance
aof the relatively low Ga content of the garnet
lherzolites of the present study, it is recommended that
mare garnet lherzolite xenoliths fraoam a wide variety of
geographical localities be accurately analyzed. |
In aorder tao assess the potential of using the distribu-—
tion of Ga between certain mineral pairs in xenoliths
(2e.g-., D;zx/cpx) as geocthermometers it is recommended
that a wide variety of xenoliths and their constituent
mineral phases be accurately analyzed.

In order to assess further De Argolio aﬁd Schilling’'s
(1978) proposals that Ga/Al ratios of basalts might be
used to infer the Gas/Al ratios of the mantle sources of
the basalts, and to map mantle heterageneities, it is
recommended that the Ba/Al ratios of coexisting upper
mantle—derived primary partial melts and ultramafic

¥enoliths from a wide variety of geographical localities

be accurately determined.
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1)

In arder to understand better the geochemical behavior
of Ga during geoclogical processes, and to facilitate the
use aof Ga data in solving prdblems af petrology, it

is recommended that Ga distribution coefficients (e.g.
mineral/mineral bulk—-solid/melt
- ’ ¥
Ga Ga

determined +for baoth natural and artifical samples under

» Bte.) be accurately

controlled experimental conditions.
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APPENDIX 1

NEUTRON ACTIVATION ANALYSIS

Al.1 INTRODUCTION

Neutron activation analysis ({NAA)} is one of the
principal technidues used to determine trace element concen—
trations in qgeological samples. Samples to be analyzed by
NAA are suspended in the core aof a nuclear reactor and
exposed to neutrons. Various nuclear interactions occur
depending on the kinetic energy of the neutrans involved.
Most of the neutrons produced in a nuclear reactor have
relativeyy low kinetic energies, less than or egqual to 1.0
KeU, and are termed slow neutrons. Slow neutron% can be

subdivided into the following three categories:

1. Thermal Neutrons Thermal neutrons have kinetic

energies of approximately 0.025 eV and are in thermal
equilibrium with surrounding atoms:

2. Epithermal Neutrons Epithermal neutrons have

kinetic energies of about 0.2 eV and are not in complete
thermal equilibrium with their . . environment;

Je Resonance Neutrons Resonance neutrons have kinetic

energies in the range of 1.0 to 1000 eV (Dostal and
Elson, 1980).
The most common interaction that occurs involves the capturs
of a single slow neutron by an atem to produce a new isctope

(Haskin, 19807 . The process of generating radigactive
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isotopes by neutron capture is termed neutron activation. If
the captured neutrons are thermal neutrons the process is
termed thermal neutron activation. If the captured neutrons
are epithermal neutrons the process is termed epithermal
reutraon activation.

Radiocisotopes produced by neutron activation underago
radiocactive decay. This 1i1nvolves emission of characteristic
energies, often gamma rays, at characteristic rates. gy
analvzing the emitted gamma ravs, the identities and concen-—
trations of the decaying radiocisotopes and their parent
elements can be determined.

Two tvpes of NARA exist:

i. radiochemical neutron activation analysis (RNAA): and
2. instrumental neutron activation analysis (INAA).
RNAA involves chemical separation of radioisotopes af

interest prior to gamma ray spectrometrvy, while INAA does
not. If the radioisotopes of interest emit little radiation
relative to other elements present, chemical separation orior

to spectrometry may be necessary.



Al.2 NAA OF Ga

Al.2.1 Reagents

The reaqgents used are given in Table 53.

TABLE 53
Reagents Used

Reagent Manufacturer
HND3 (16N) BDH (Bi01&8)
HF (49%) FISHER (A—147)
HC1 (2N, &N, 7N, 12N) AMACHEM (HS735)
TiCl __ (137 W/V) BDH (30447)
3

Isopropyl Ether BDH (B28268)
Gallium (ultra pure) SPEX (BAOS, TMI-1)
NaOH BDH (ACS8146)
Na O ANALAR

2 2

Al.2.2 Preparation of Ga Carrier

i. Approximately 0.125 grams of ultrapure metallic gallium,

weighed to an

accuracy of five one—-thousandths of a

milligram, were placed into a 200 ml glass beaker.

2. Approximately 40 ml

beaker was covered with

aqua .regia were added. The

watch-qglass and placed on a

hotplate. The gallium was dissolved overniaght at
approximately S0°C.
S. Approximately 20 ml of 2N HCl were added. The saolution

was transparent,
4. The sclution was

sealing, screw—top

colourless, and free of solid material.
transferred to a preweighed self-—

plastic bottle. The beaker was
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washed twice with appraximately 10 ml of 2N HCl.
The plastic bottle was reweighed and the concentration

of gallium in solution calculated to be 1995m80 #49/79.

Ri.2.3 Preparation of Ga Standard

1.

Exactly 1 ml of Ba carrier was transferred to a pre-—
weighed; self-sealing, screw—top plastic bottle. The
bottle was reweighed and the amount of Ga added calcu-—
lated.

Approximately SO ml af 2N HNC)3 were added, the bottle

reweighed, and the concentration of Ga in the dilutad

solution calculated to be 48.43 ug/g.

Al.2.4 Sample Praparation

A1.2.4.1 RNAA

1.

2.

4.

At.2.4.1.1 Whole rock samples.

A clean diamond rock—-saw was wused to remove all
weathered surfaces from the samples ensuring that anly
fresh, unaltered material was analyzed.

The samples were crushed and ground in a precontaminated
tungsten—carbide swing—-mill. The resultant powders were
hermetically sealed in labelled plastic pouches.
Irradiation containers weré' constructed from smdoth
pieces of aluminum f0il averaging 3 cm sgquare and &0 ma
in weight. These containers were weighed to an accuracy
of five one-thousandths of a milligram using a Mettler
Gram—atic balance.

Approximately 100 mg of sample, weighed to an accuracy

of five ane—thousandths of a milligram, were placed into
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each container. The containers were. sealed and a fine—
tipped felt marker used to imprint each sample’'s number
into the aluminum surface of each container. An addi-
tiaonal wrapping of aluminum fﬁil was placed around each
container to prevent leakage. The sample’s number was
imprinted into the surface of this protective covering.
Sets of 8 whole rock samples, 2 U.5.8.5. rock standards,
and 2 Ga standard samples were prepared. After weighing
and packaging, the individual samples coaomprising each
set were stacked together and wrapped in aluminum foil
to produce an irradiation package approximately 1.5 cm
square and 2.5 cm in height. The standard samples were

~

uniformly distributed in the stacking sequence.

Al.2.4.1.2 Mineral Samples.

A clean diamond rock—saw was used to remove all
weathered surfaces fraom the samples ensuring that onlv
fresh, unaltered material was analyzed.

The samples were crushed in two stages. In the fircst
stage a tunsteﬁ—carbide hammer and anvil were used to
reduce the samples to mineral aggregates approximately
0.5 cm in size. The mineral aggregates were then broken
into individual mineral fragments by coarse grinding
with a precontaminated agate mortar and pestle.

The mineral fragements were sieved through a series of
brass sieves and the 35 to 60 mesh (.250 mm - .420 mm)

fraction caollected.
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4. The mineral fragments were separated using a Frantz
Isadynamic magnetic separator. -

S. The fragments comprising each separated mineral phase
were carefully examined using a binocular micrascope.
All fragments with visible (x40 magnification) iron
staining, internal inclusions, glass coatings, or
attached mineral fragments were discarded.

6. The remaining fragments were ground into fine powders
using a precantaminated agate mortar and pestle. The
resultant powders were placed in carefully labelled
screw—top glass vials.

7. Irradiation containers were prepared, and sample prepara-

tion completed as described above for whole raock samples.

Al.2.4.1.3 Ga standard samples. Ga standard samples

were prepared by absorbing aliquots of gallium standard onto

granular silica. The procedure used is outlined below.

1. Irradiation containers were constructed from aluminum
foil as describhed above for whole rock samples.

2. Approximately 100 mg of granular silica were placed into
each container. The combined weight of the container
and silica was measured to an accuracy of five one-—
thousandths of a milligram.

3. Using a micropipette, 100 uxl of Ga standard were trans-
ferred to, and absorbed ontc, the silica.

4, The containers were immediately reweighed and the amaount

of Ga added calcul ated.
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The samples were heated at approxi@étely S0°C on a
hotplate until dry. Drying was énhan:ed using an infra-
red heat lamp.
The containers were sealed and sample preparation

completed as described above for whole rock samples.

4.2 Epithermal INAA

Al.2.4.2.1. Whole rock samples.

The samples were trimmed, crushed, and ground according
to the procedure described above far RNAA whole rock
samples.

Irradiation containers were prepared from plastic vials
approximately 2 cm high and 1 cm in diameter. The vials
were labelled and weighed to an accuracy of five one-—
thousandths aof a milligram.

Approximately 300 mg of samplé, weighed to an accuracy
of five one—thousandths of a milligram, were placed into
each wvial.

The wvial lids were fused into place to prevent sample
loss and contamination.

Each vial was placed into a larger plastic vial, ana the
lids of the larger vials fused into place. The result-—
ant, doubly sealed, irradiation containers were approxi-
mately 4 em high and 1.5 cm in diameter.

Sets consisting of S whole rock samples and 3 Ga
standard samples were prepared. The vials were stacked
together to form a circular package approximately é& cm

in diameter. One standard sample was placed in the
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center of the package and the others unifaormly spaced on
the periphery. The package was wrapped with several

lavers aof Scotch—tape.

Al.2.4.2.2 Ga standard samples.

1. Three hundred mg aliquots of Ga standard, weighed to an
accuracy of five one—thousandths of a milligram were
placed into small plastic vials using a micropipette.

2. The vials were sealed and packaged according to the
praocedure described above for epithermal INARA whole rock

'samples.

A1.2.5 Irradiation
Irradiation occcurred in the research reactor at McMaster
University located in Hamilton, Ontario.

Al.2.5.1 RNAA

The sample sets were irradiated for 7 hours in a thermal
neutron flux of 5 % 1012 n/cm2 /s. They were allowed to
"cool" +for approximately 84 hours prior tao gamma ray
spectrometryv.

Al.2.5.2 Epithermal INAA

The sample sets were placed inside a cadmium shield and

irradiated for 30 minutes in an epithermal neutron flux of 2

i1 2
x 10 n/cm /s. They were allowed to "cool" for approximately

12 haurs prior to gamma ray spectromety.

Al.2.6 Radiochemical Separation of Ga

All work was performed in a lead-lined fumehood.
Protective glaves were warn at all times. Tweezers were used

to manipulate the active samples.
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Al.2.6.1 Whole rock, mineral (excluding spinel}, and Ga

standard samples.

19

The samples wére transferred from their aluminum foil
irradiation containers to appropriately labelled 25 ml
teflon crucibles. The foil containers were washed with
approximately 2 ml of double distilled H20.

Exactly 1 ml of Ga carrier was added to each crucible
using an Eppendorf fixed volume pipette. The carrier
pravides sufficient quantities of Ga +for effective
extraction and is used to determine chemical vield.
Appraoximately 1 ml aof 148 N HN03 was added to each cruci-
ble. The HND3 wets the sample and provides oxidizing
canditions.

Approximately 10 ml of 48%Y HF were added to each
crucible. The HF dissolves silicates.

The crucibles were placed on an aluminum—foil covered
hotplate and heated at approximately 95°C until drvy. Na
hoiling or spattering was allowed to occur.

Sufficient 6N HCl was added to dissolve the sampies.
The samples were heated again until drv.

Ten ml of 6N HCl were added to each crucible. The
samples were heated until dissolved. The solutions were
transparent, yellow, and free of solid material.

The solutions ﬁere transferred tao appropriately labelled
125 ml separatory funnels. Each crucible was washed

twice with approximately S ml of &N HCI.
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Appraoximately 1 ml of TiCl3 was added to each funnei to
reduce F93 to Fez+. The funnels were swirled then left
undisturbed faor approximately 5 minutes. TiCl3 becames
ineffective as a reductant if exposed to air. In the
present study, the TiC‘.l3 was stored in a rubber capped
flask containing an atmosphere of nitrogen. A hvpo-
dermic needle was used to pierce the cap and extract the
TiCl3 for use.
Fifteen ml of isopropyl ether were added to each funnel
to extract Ga. The funnels were vigorously shaken far 3
minutes. The pressure in the funnels was reduced, the
lids removed, and the funnels left undisturbed until
complete separation of the liquid pﬁases occurred (i.é.,
no bubbles, clouding or precipitation allawed).
The denéer. acidiﬁ phases were drained from the bottoms
of the separatory funnels into appropriately labelled
100 ml beakers. The residual ether phases were then
drained into different appropriately labelled 160 ml
beakers. These beakers were covered with watch—glasses
to minimize ether evaporation.

The acidic phases were transferred back into their
aoriginal separatory funnels. The beakers were washed
with 15 ml of isopropyl ether and the extraction
praocedure repeated.

The denser acidic phases were drained, discarded as
active waste, and the residual ether phases from the

first extraction transferred back inta the appropriaté
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separatory funnels containing the ether phases from the
second extraction.

i14. One drop of TiC13 was added to each funnel to reduce any
remaining Fe3f- The funnels were shaken for 10 se;ands,
allowing uniform feduction to occur.

1S. Ten ml of double distilled HZD were added to each funnel
to back extract Ga. The funnels were vigorouslv shaken
far 3 minutes. The pressure in the funnels was reduced,
the lids removed, and the funnels left undisturbed until
complete separatiaon aof the ligquid phases accurread.

14. The denser aquecus phases were drained from the bottoms
of the gseparatary funnels into appropriately labelled

" 100 ml beakers. The residual ether phases were
discarded as active waste.

17. The beakers containing fhe aqueocus gallium soclutions
were placed on hotplates and carefully evaporated until
approximately S ml of solution remained in each.

18. The aqueous gallium solutions were transferred to pre-
weighed, self—sealing screw—top plastic wvials. The
beakers were washed with approximately 2 ml 0@ double-—
distilled H_0O. The liquid levels in the vials were equa-
lized with appropriate amounts of double distilled HﬂO.
The vials were reweighed, and the weight of the Ga

solutions calculated.

Al.2.6.2 Sopinel samples. The spinel samples were un-—

affected by the HF digestion process. Dissolution was

accomplished by fusion with'Nanq.
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A 25 ml nickel crucible was prepared for each sample.

Two tablets of NaOH were placed in each

crucible. The

crucibles were covered with nickel lids and heated with

a meeker—burner until the NaOH melted.

The crucibles

were swirled during heating to uniformly coat their

inner surfaces with NaOH. The crucibles were cooled to

room temperature.

Exactly 1 ml of Ga carrier was added to
using an Eppendorf fixed volume pipette.
The crucibles were heated on a hotplate at
23°LC until drvy. Drying was enhanced with
heat lamp and by allaowing a steady

pressurized, dry, clean air to flow over

each crucible

approximately
an infra-red
stream of

the open tops -

of the crucibles. Once dry, the crucibles were placed

in an oven at S5°C until needead.

The crucibles were removed from the aven.

One pellet of

NaOH was placed 1in each crucible. Approximately 0.5

grams of granular Na2.02 were added ta, and

tributed within, each crucible.

uniformiy dis—

The samples were removed Ffrom their aluminum foil

irradiation containers and transferred into the nickel

crucibles. Approximately 1.5 grams of Najﬂq were added

to, and uniformly distributed within, each crucible.

The crucible lids were replaced.

The crucibles were slowly heated with a

meeker-burner

for approximately S minutes until the sample mixtures

were almaost melted. The heat was 1ncreased until the
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crucibles were du11~réd in colour. The crucibles were
maintgined at this temperature +Ffaor approximately S
minutes ta allow camplete fusion to occur. Fusion was
enhanced by gentie swirling of the crucibles during
heating.

The crucibles were removed from the burner and coocled
for approximately 3 minutes allowing the fusion cakes to
separate from the inner surfaces of the crucibles (the
separation was accaompanied by a distinct, metallic
"cracking" sound). Cooling was enhanced by placing the
crucibles on lead bricks and by partially removing the
crucible lids.

The fusion cakes were partially dissolved by olacing the
crucibles and 1lids into apprapriately labelled 200 ml
gl ass beakers containing 40 ml of distilled HZD. Watch

glasses were placed an the beakers. The beakers were
left undisturbed for approximately & minutes.

Forty ml of 12N HCl were added slowly, in stages, to
e@ach beaker. During the addition, a small rubber
spatula and a pair of tongs were used to remove all
traces of fusion cake from the surfaces of the crucibles
and lids. The crucibles and 1lids were washed with
approximately 10 ml of 66N HCl1 and removed from the
beakers. The spatula and tongs were algo’washed with &N
HC1 and removed.

The beakers were placed on a hotplate and gently bailed

until all solid material was dissalved. The saolutions
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were transparaent and green in colour. Watch—-glasses’
were placed on the beakers to prevent excessive esvapora-
tion. Spattering was not allowed to occur.

i1, The sample solutions were transferred toc appropriately
labelled 125 ml separatory funnels. The beakers were
washed with approximately 5 ml of 6N HCl.

12. Ga was extracted according tao the prncedurg outlined

above for whole rock samples.

Al.2.7 Gamma Ray Spectrometry
The analvtical peaks and caounting conditions are

summarized in Table S54.

TABLE S4
Summary of Analytical Peaks and Counting Conditions

Radio— Measured Count Time (sec)

%
isotope T Photaopeaks RMAA Epithermal INAA
Analyzed| (hours) (Kel) SampleiStandard SampleiStandard
72
Ga 14.1 &30.1 4000 4000 10000 10000
834.1

A1.2.7.1 Whole Raock Samples

Whole rock samples were analyzed at Lakehead University.
Detection was perfarmed using an APTEC/NRD PHYGBE (passivated
Hyperpure Germanium) coaxial spectrometer (resolution of 1.85
KaV FWHM at 135331 KeV) coupled to a Tennelec TC 222 spectro-—
scoplc amplifier. The gamma ray spectra were collected on a
Norland IT-5400 maodular multichannel (409&) analvzer.

81.2.7.2 Mineral Samples

Mineral samples were analyzed at McMaster University.
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Detection was performed using an APTEC/NRD PHYGE (Fassivated
Hvperpure Germanium) coaxial spectrometer (Model CS20-B310)
coupled to a Canberra Model 2020 spectroscopic amplifier.
The gamma ray spectra were collectéd on a Canberra Series 20

multichannel analvyzer.

A1.2.8 Calculations

A1.2.8.1 Decay Correction

Equation 4 was used to correct activityvy data +for decavy

during analvsis.

AAT
A = (A ){e ) (4)
o 1

where: A is the decay—cafrected activity in counts per
o
minute (cpm):

A is the measured activity in cpms

e is the constant 2.7182818

72
Y is the decay constant of Ba=0.04915947éi.e.,
1n(2) divided by the half-life of “Ga in
haurs) :

aT 1s the time difference, in hours, between the
midpoint of each count and a common reference

time.

A41.2.8.2 Yield Correction

Eguation & was used to correct RMNAA activity data +or

chemical vyield.

A
A= o (=)
v
where A is the decay and vyield corrected activity in cpm;

A is the decay corrected activity in cpm;
o

y 1is the chemical vyield.’



a1.2.8.3 Calculation of Ga Content

Equation & was used to calculate gallium caontent from

activity data.

N LR XL )
5 =1
£ = (56)
C W ] (A )
=]
where: C is the gallium content of the sample in «g/g:

A 'is the corrected activity of the sample in cpms;
W is the sample weight in mg:

C is the gallium content of the standard sample in

#g/aqs;

A i1s the corrected activity of the standard in
cpms
W 1is the standard weight in mg.
s
Since 4 standards were used, 4 calculations were

performed for each sample. The résﬁlts wers averaged.

R1.2.8.4 Calculation of Uncertainties Due to Counting

Statistics

Equation 7 (Woldseth, 1973) was used to calculate the
72
uncertainty associated with measurement af Ga activity due

to counting statistics.

E=zx(/F+B ]{

7))

100%)
<)

where: E is theqpercent relative uncertainty of the meas—
ured  Ga activity at the 14 confidence:

~

F is the +full peak area aof the ‘Ga photopeak,

measured over 8 channels, in counts;

the backgraound activity associated with the

B is
72
Ga phaotopeak, measured over B channels, in

counts;

N is the net area of the 7ZGa photopeak in counts.
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Equation 8 (Lvyon, 1964) was used to calculate the uncer-

tainty associated with calculating Ga content from activity

data.
2 2 2 2
S = E +E_+ E_ +E (8)
c 1 2 3 4
where: S 1is the standard deviation of the calculated Ga

cantent, C;

EI-E4 are the pggcent relative uncertainties of the
measured Ga activities of:

51 the rock or mineral sample,

Eo the standard sample,

j

53 the vield aliquot,

E4 the yield standard.

Al.2.9 Determination of Chemical VYield

Al.2.2.1 Preparation aof Yield Standard

i. Dné ml of Ga carrier was placed into a preweighed. self-—
sealing, screw—top plastic vial.

2. The vial was weighed, to an accuracy of +Ffive one—
thousandths of a milligram, and the weight of Ga added

calculated.

]

Sufficient distilled HTD was added to equalize the stan-—
dard volume ta that of the sample solutions.

4. The vial was reweighed and the concentration of Ga in
solution calculated.

A1.2.9.2 Preparatiaon of Yield Samples

i. A piece of absorbant filter paper, 1 cm sguare., was pre—
pared for sach sample. The filter papers were labelled

and suspended oan wire hooks attached to a small drving
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stand.

2. Seven@y—five #l of sample solution were transferred onto
each filter paper by micropipeﬁte, The filter papers
were left undisturbed until dry. Drying was enhanced
using an infra-red heat lamp.

Irradiation containers were prepared by wrapping'each

A
8

filter paper with 2 lavers af aluminum foil. The sampie
numbers were imprinted into the surfaces of the aluminum
foil.
4. Sets of 12 vield samples and 4 vield standards were
stacked together and wrapped with aluminum +o0il to
produce an ifraQiFionA} package approximately 1.5 cm
square and 2.3 cm in height.

Al.2.9.3 Irradiation

The vield samples and standards were irradiated as
described abave for RNAA of whole rock samples.

Al.2.9.4 Preparation of Samples for Gamma Ray Spectrometry

1. The samples were unpackaged and the filter papers trans-
terred to self—sea}ing, screw—top plastic wvials using
tweezers. The foil wrappings were washed with approxi-
mately S ml of distilled HOO. The tweezers were washed

with approximately 1 ml of distilled H_O.

2. The liquid levels in the vials were equaliized by addi-
tion of distilled HqD. The samples were then ready for

gamma rav spectrometrv.
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Al.2.92.59 Gamma Ray Spectrometry
The samples were analyzed at Lakehead University usinag
the equipment described above for whole rdck samples.

Counting times were reduced to 1000 seconds.-

A1.2.9.6 Calculation of Chemical Yield

i. The weight of carrier Ga in the yield =liquots was calcu—
lated using equation & above.
2. The weight of carrier Ga extracted during radicchemistrv

was calculated using equation 9.

(W ) (W)
s
W, = Y ()
E (W )
A
where: WE is the weight of carrier Ga extracted in xg:
W is the weight of carrier Ga in the yield aiiauot
Y in #a3

W is the weight of the original sample sclution in
NA is the weight of the 75 ul aliquot in g.
3. The weight of carrier Ga added prior to radiochemistry
was calculated using equation 10.

W = (W ){(C ) (10}
] c c

where: W is the weight of carrier Ga added pricocr to

radiochemistrv in ugs

W 1s the weight of cartrier solut:ion addec. in g3

c .
C 1is the concentration of Ga i1in the carrier soiu—
c .
tion, in xg/q.
4. The chemical vield was caiculateg using eguaticn 1i.
- w ., .
} E i i .
v o= (1Q0%) (11

N
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where: v 1is the chemical vield in percent:
W is as defined in equation 10 above:

D
NE is as defined in equatibn ? abaove.

A1.2.10 Worked Example

The RMNAA data used to calculate the Ga content of sample
5—-1, a melilite?olivine—nephelinite from Uvalde, Texas, is
given in Table S5B5. |
1. Chemical vields for sample 6-1 and standards BCR-1, G-2,

Gal, and Ga_ were calculated as fcollaows:

2

1.1 Equation 4 was used to correct the yield Ai activ-
ity data for decay during analysis.

E.g., for sample aliquot é—1:

24T
A = (Al)(e )
(o)
(.0491594) (9.22778)
A = (209.85002) (2.7182818)
(o]
A = 328.218445.
o

for the other aliguots:

BCR—-1: A = 335.34184

o

G-2: A = 323.78971
o

Ga : A = 342.33422
1 o

Ga : a = 316.46199
2 a

y = A = 330.73593
1 o

y = A = 338.992412
2 o

v_: A = 342_.79443
= o

vy = A = 341.37242.
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RNAA Data Used to Calculate the Ga Content of Sample &6-1

Initial Analyses

Sample Data
Weight| Count aT Counts &
Time 1
(g) ' |minutes| (hours) F B N {(cpm)
b-1 - 10330 | b6b6.667 1.20556| 3741 1400} 2341] 35.11500
Standards
BCR-1 . 09265 " 10.022221 2463 7841 1679 25.18499
G-2 < 09527 n 11.17222) 2337 8Q1|] 13361 23.03999
Ga1 - 10321 " 7.705541 S463| 1206 4257 63.85124
Ga_ . 10146 " 8.87222]) 4968] 1099) 38B&F| SB8.03588
<
Yield Analyses
Sample
Aliguats Data
5—-1 - 12942} 33.333 P.22778 115423 842B| 6995]1209.85002
BCR~-1 - 13079 0 &5.74444 117147} 9086 BO61}1241.83002
G-2 . 12722 " 7.37778118153 110605 7548 }226.44002
Ga - 12932 " S.211111184615] 97351 ] 8B&41265.22003
Ga . 12798 » 6.07778117499 ) F642F 7857 (235.71002
Standard
Aligquots Data
Y1 12459} 3I3.333 1.19444 124505 114200110405|312. 15003
Y‘1 . 12770 " 2.47778 2369813677 110021 | 300. 63003
Y: » 12909 " 3.19444 23138113353} 97851293.55003
-

Y4 . 12859 " 3.91111 2226212848} 9414 |282.42003
Standard Concentrations (ppm Ga): BCR-1: 22 pom

G—2: 23 ppm

Ga , Ga_: 48.435 ppm

1 2

Y1= 212.20 pom

Y2: 199.21 ppm

Y.z 192.42 popm

Y = 18&6.76 pom
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1.2 Equation & was used to calculate the amount of

carrier Ga in each aliquot {(in this case A = A).
o
E.g., for sample aliquot y as the standard:

- (A )Y(WC )

A s
=olal =)

st o

[ 328. 21865 - (.12459) (212.20) .
« 12942 /% 312. 15003

C = 214.80 ua/qg Ga
C = 27.79 ug Ga
using the other standards:

v_s C = 214.96 ug/qg Ga
= 27.82 ug Ga

<
[ 1]
]

I

= 214.60 ug/g Ga
= 27.77 ung Ba

¥ 3 £ = 213.65 ug/g BGa
= 27.91 g Ga.

The average calculated amount of carriar Ga present
in sample aliquot 6—1 is 27.82 ug.

Similarly, for the other aliquots:

BCR-1: C = 28.40 g
G—2: C = 27.42 ug
Ga1= C = 28.99 g
Ga¢= C = 26.80 ug.

o

-

1.3 Equation <9 was used to calculate the weight of
carrier BGa extracted during radiochemistry.
E.g., for sample &6—1:
(W ) (W)

E (W )
A



(27.82) (10.48894)
E (. 12942)

NE = 2.25 mg Ga

Similarly, for the other samples:

BCR-1: NE = 2.24 mg Ga
5-2:= NE = 2.20 mg Ga
Ga = NE = 2.27 mg Ga
Gaz: WE = 2.15 mg Ga.

1.4 Egquation 10 was used to calculate the weight
carrier Ga added prior to radiochemistrv.

E.g., for sample &6—1:

W = (W )(C )

P c =

wP = (1.09438) (2.0887)
NP = 2.2862 mg Ga.
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o+

1.3 Equation 11 was used to calculate the chemical

vield.

E.g., for sample &—1:
W

T E
YT W
P
2.25 .
y = [ | (1OO%)
L 2.29 J
y = 98.25%

Similarly, for the other samples:
BCR—-1: vy = 97.91%

F65.11%

6—2: 4

FP.21%

<
n

Ga :
i

Ga_: y = 94.26%

<
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2 The Ga content of sample é6—-1 was calculatéd as follows:
2.1 Equation 4 was used to correct initial Al activity
data far decay during analysis,
E.g., for sample &6—1:

»aT
(Al)(e )

>
"

(.0491594) (1.20556)
(35.11500) (2.71828148 )

> D
I

(35.11500) (1.06103646)

A = 37.25898
+or the standards:

A (BCR-1) = 40.93737
o

A (6-2) = 40Q.6&6747
o

A (Ga ) = Q2.76417
o i

A (Ga ) = B89.22079
a 2

2.2 Equation 5 was used to correct A data for chemical
(a]
vield.

E.g., for sample &6—1:

A
o
A =
Y
o o 37-22811
0.9825

A = 37.8912

similarly, for the standards:

BCR-1: A = 41.81293
s

G-2 3 A = 42.31479
s

Ga A = P3I.S0QI77
1 -]

Ga_: A. = 94, 64991

2 =1
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2.3 Equation I was used to calculate Ga content.
E.g., for sample 6—-1, using BCR-1 as the standard:

(W ) (C ) -,’

o= ()| =)

c o  37-8912 ( (0.10160) (22.0)
B ( 0. 09265 ] : 41.81293 J

C = 21.86 gg/g

similarly, using the other standards:
G-2 :+ C = 20.95 /g

c

20.13 uxa/g

Sa
1

Ga2 H C 19.53 ug/q
the average is 20.62 xg/g.
3. The uncertainties due to counting statistics were calcu-

lated as follows:

-

3.1 Equation 7 was used to calculate the uncertainties
2
assaciated with measuring Ga activities.

E.g., for the initial analysis of sample &—1:

* (J F+B ) {100%)
1 N

]
I

El = *3.06%

similarly, for the standards and aliquots:

initial standards: Eﬂ = *+2.74%

vield aligquat: T_ = *2.207
3

vield standards: Z = *1.90%

4
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3.2 Equation 8 was used to calculate the uncertainty

associated with calculating Ga caontent from activi-

ty data.
2 2 2 2
g = =% E <+E +E_ +E
c - i 2 3 4
/ 2 2 z 2
S =% (3.0486) +{(2.74) +(2.20) +(1.9)
c

S = 5.03%
[ o

The calculated Ga content of sample &-1 is 20.62

* 1.03 ppm.

Al.3 INAA OF Sc, Co, La, Sm, Eu, H¥fy Ta, Th
Al1.3.1 Sample Preparation

The whole rock and mineral samples were prepared as
described above in section Al.2.4.1.1.

Four U.S.6.S5. rock standards were used as standard
samples.
A1.3.2 Irradiation

The sample sets were irradiated for S hours in a thermal
neutron flux of 4 x 1013n/cm2/5. They were allowed to "cool”
far approximately three weeks prior to gamma ray spectro-
metry.
AL.3.3 Gamma Ray Spectraometry

The samples were analyzed using the equipment described

above in section A1.2.7.1. The analytical peaks and counting

conditions are summarized in Table 56.
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TABLE S6

Summary of Analytical Peaks and Counting Conditions

Radio— = Measured Count Time (sec) Time Since
T FPhotopeaks : ) )
isotope (KeV) Sample |Standards|Irradiation
140
La 40.27 hrs. (487, 1596 1000 4000 3 weeks
153
Sm 47.10 hrs. &2, 103 " s -
45 :
Sc 83.9 days 889 8000 10000 8 weeks
&0
Co 5.24 davys 1332 n " "
152 .
Eu 12.2 vrs. 122 L a o
181
Hf 44,46 davys 492 n " "
182
Ta 115.1 davs 68 1 " "
233
Pa 27.0 days 312 L ” »n

Al1.3.4 Calculations
Eliement abundances were calculated using the procedurs
described above 1i1n section Al1.2.8. {(No vyield correctian is

required.)
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APPENDIX 2

MICROPROBE DATA

A2.1 INTRODUCTION

The major element compositions of the pyroxenes were
determined using the automated MAC S00 wavelength dispersive
electron micrapraobe facilities at Purdue University. Data
reduction was performed using the Hence—Albee alpha factor
methad using the data of Albee and Ray ((1970). Major
eiements are believed to be correct to *2% of the element
'weight present.

The_majur element compositions of the oclivines, garnets,

spinels, and phlogopites were determined using the energy

dispersive electron microprobe facilities at Cambridge
University. Data reduction was performed using a full ZAF
correction procedure as outlined by Stathon (1976). Maijor

elementsg are believed to be correct to 27 of the slement
weight present.

The analytical results are summarized in Table 57.
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TABLE §7

Averaged Microprobe Data for Lherzolite Minerals

=2 not analyzed,

Nn Dl

Fel
1

= total iron calculated as Fel,

= not detected)

Sample #

Percent Oxides

§nalns o Mg 0 Al O_ Si0_ K O Cal Ti0_ Cr 0 M 0 Fel_ NiD Totals
lyzed 2 23 23 2 2 2 23 n
GAFRET =
Lherzniites
385 ol 5 N.A. 51.21 NoA. 41.02 N.A. N.A. N.A. N.A  0.12 7.45 0.34 LG0, 14
oox 12 0.21 34.40 0.68 S58.09 N.A, 0.47 N.D. 0.29 0.11 4.20 N.A. LOD. 35
cpx 12 1.74 17.83 1.82 54.84 N.A. 20.53 N.D. 1.82 0,10 2.07 N.A. 100.35
gat  § N.A. 20.73 20.47 42.04 N.A. 4.96 N.A. 4.40 ©0.32 4.78 N.A. 99.70
387 al S N.A. S0.42 N.A. 40.89 N.A. N.A. N.A. N.A. 0.12 8.49 0.33 100.24
opx 13 N.D. 35.34 0.81 58.46 N.A, 0.29 0.02 0.25 0.15 5.09 N.A. 100.41
cpx 12 3.05 £5.79 3.24 54.00 N.A. 19.47 0.10 1.83 0.10 2.53 N.A. 100,11
ant 5 N.A. 19,98 22.00 841.11 N.A. 4,40 N.A. 2.52 0.44 8.40 N.A. 99.86
phi 5 0.52 24.95 13.35 40.39 9.08 N.A. 0.55 0.44 N.A. 2.81 0.19 92,48
390 al 5 N.A. 50.83 N.A. 40.94 N.A. N.A. N.A. N.A. ©0.12 7.40 0.35 99.&3
opx 12 0,05 35.48 0.71 58.24 N.A. 0.47 N.D. 0.32 0.10 4.49 N.A. 99.8¢
cox 11 1.23 17.94 1.46 55.17 N.A. 21.27 N.D. 1.25 1.90 0.06 N.A. 100,28
ant 5 N.A. 20.33 19.86 41.91 N.A. 5.46 N.A. 4,86 0.31 6.82 N, A. 99,75
Spinel Na 0 Mg 0_ Al O_ G§iG_ Cal Ti0 Cr 0 M O Fed NiO Totals
Lherzolites 2 2 3 23 2 2 22 n T
YSL-5 ol S N.A. 49.97 N.A. 40.51 N.A. N.A. N.A. 0.17 B.5% 0.34 99,55
opx 19 0.22 33.19 3.97 55.63 0.73 0.10 ©0.55 0.17 5.53 MN.&. 100,09
cox 14 1.86 15.73 5.98 52.89 19.35 0.45 1.23 0.12 2.51 N.&. 100.12
sp Q0 N.A. 20.09 48.35 N.A. N.A. 0.21 20.54 0.23 §11.21 ©.25 100,87
YSL-6 0l 5 N.A. 39.11 N.A. 80,62 N.A. N.A. NcA. 0.12  9.98 0.25 99,37
nox 15 0.23 32.32 4.84 54.58 0.74 0.12 0.42 0.21 4.25 N.A.  99.71
cox 8 1.64 15.29 7.24 51.94 19.92 0.53 0.86 0.18 3.06 N.A. 106,42
sp 17 N.A. 21.03 S8.85 N.A. N.A. M.A. 9.31 0.17 10.35 0.3L 99,73
YSL-7 ol § N.A., 49,92 N.A. 40.44 N.A. N.A. N.A. 0.13 B3.56 0.29 39,44
opx 18 0,15 33,65 3.63 55.42 0.73 0.02 0.56 0,17 5.46 N.A. 99,79
Epx 10 0.82 17.13 4.10 S3.46 21.53 0.09 0,94 D.12 2.57 N.A. 100.7&
sp 9 N.A. 19.83 47.63 N.A. N.A. N.A. 21.72 0.23 11.30 0,28 150,37
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APPENDIX 3

INAA REE DATA

The abundances of La, Sm, Eu, Hf, Ta, and Th in the

iherzolite xenoliths are given in Table S8.

TABLE S8

Abundances of La, Sm, Eu,’Hf, Ta, and Th

in the Lherzolite Xenoliths

(N.A. = not analyzed; N.D. = not detected)

Sample

Abundances {(ppm)

Garnet Lherzolites

285 Whole Rock
ol

385 Whole Rock
ol
opx
cpx
gnt

La Sm ‘ Eu
2.15+0.24 0.23+0.04 N.D.
N.A. N.A. 0.14%0.08
0.80%0.10 0.15+0.02 0.17+0.15
3.1420.38 2.09+0.10 0.25%0.01
N.D. 1.24+0.17 0.31%0.19
[ Hf Ta Th
0.27+0.14 0.66+0.14 N.D.
0.48+0.13 N.D. 0.08+0.08
N.D. 0.10%0.04 0.38£0.15
0.37+0.14 0.22+0.07 N.D-.
N.D. N.D. N.D.
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(Cant 'd)
Sample Abundances (ppm)
Barnet Lherzolites La Sm i Eu
387 Whole Rock 10.44*x0.47 1.3920.06 0.94%0.19
ol 0.1330.06 N.D. 0.22%0.10
opx 1.87+0.09 0.20%0.01 N.D.
cpx 14.58+0.28 6. 10%0.05 1.78%0.17
ant N.A. N.A. 0.50%0.20
phl N.A. N.A. N.D-
H | Ta Th
387 Whole Rock 0.51+0.13 Q0.39+0.05 1.21+0.28
ol N.D. N.D. N.D.
QpX N.D. 0.10x0.04 0.38+0.15
cpxX 0.37+0.14 0.22%0.07 N.D-.
ant N.D. N.D. N.D.
phl N.D. 0.61*0.06 1.97x0, 20
La { Sm Eu
390 Whaole Rock 1.77x0.12 0.42+0.13 Q. 11%0,07
ol N.A. N.A. N.D.
opx 0.3720.06 0.05+0.01 N.D.
cpX 3.07%x0.13 3.87%0.03 0.60F0.12
gnt 0.44*0,.37 1.44+0.82 1.04+0,32
H¥f { Ta { Th
390 Whole Rock 0.28%0.14 0.42+0.06 N.D.
al N.D. N.D. N.D.
opx N.D. 0.11x0.04 N.D.
cpx N.D. N.D. N.D.
gnt 0.62x0.352 0.28+0.20 N.D.
Sample Abundances {(ppm)
Spinel Lherzolites La { Sm i Eu
VSL—-5 Whaole Rock 2.99+x0.23 M.D. 0.27X0.09
ol N.A. N.A. N.D.
opX 0.12+0.06 0.02%0.01 Q.21x0,12
cpx 24.19x0.38 1.35+0.04 0.7220.22
sp N.D. N.D. N.D.
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TABLE S8 <(Caont 'd)
: Sample Abundances (ppm)
Spinel Lherzolites Hf i Ta Th
VSLL-S Whole Rock N.D. 1.43+£0.04 0.33x0.24
ol N.D. N.D. N.D.
opX N.D. N.D. N.D.
cpX 1.20%x0.37 N.D. 3.83*x0.5S2
sp N.D. N.D. N.D.
La { Sm Eu
VSL—-& Whale Roctk 0.351+0.18 N.D. 0.55x0.62
al N. A. N.A. N.D.
opx N. A. M. A. N.D.
cpx N.A. N. A. 0.45+0. 14
sp N.A. N.A. 0.30%0.13
Hf | Ta ( Th
VSL—-6 Whole Rock N.D. 1.48+0.04 N.D.
ol N.D. N.D. N.D.
opx N.D. N.D. N.D.
cpx 0.87+0.27 N.D. N.D.
sp N.D. N.D. N.D.
La l Sm i Eu
VSL—-7 Whale Raock 1.38%0.21 N.D. N.D.
ol N.A. N.A. N-D.
opx 0.15*x0.08 M.D. N.D.
cpx N.A. N.A. N.D.
sp N.D. N.D. Q0.2120.13
HE [ Ta { Th
VSL.-7 Whole Rock N.D. 1.09%0.04 M.D.
ol N.A. ‘N.D. Q.5320.164
apx N.D. Q. 0620.05 N.D.
cpx N.D. N.D. 0.9520.325
sn N.D. N.D. N.D.
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APPENDIX 4
INAA DATA FOR OTHER GARNET LHERZOLITES

FROM KIMBERLEY, SOUTH AFRICA

The abundances of La, Sm, Eu, Sc, and Co in 3 garnet
lherzolite xenoliths from the Bultfontein Floors mine dump in
Kimberly, South Africa, were determined by Dr. R.H. Mitcheil
using INAA (seé Appendix 3, section A1.3.1). The data are

given below in Table S9.

TABLE 359

Abundances of La, Smy, Eu, Sc, and Co
in Garnet Lherzolite Xencliths
(N.D. = not detescted)

Abundances (ppm)
Sample
ta | Sm | Eu EE | co
Gt—-1 ol .40 0.03 N.D. Q.45 141.80
opx 4.51 0.38 0.01 2.22 S3.81
cpx 18.28 4.81 1.32 36. 465 17.02
gnt 1.08 0.78 0.42 103.80 40.91
GL-2 ol 0.13 .01 N.D. 0.36 142.10
opx 3.30 0.27 0.04 1.59 S54.06
cpx 18.01 4,29 1.13 31.64 18.12
gnt 0.39 Q.35 0.18 87.63 45.31
GL-3 ol O.11 0.02 N.D. 0.42 1354.00
opx 1.27 0.12 0.02 1.30 53.73
cpx 14.57 3.70 0.91 26.25 16.07

gant T 0.36 0.58 0.19 72.80 34.00
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