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FRONTISPIECE

Frequency distribution diagrams of gallium determinations

in oceanic tholeiites and continental dolerites and in the
U.S.G.S. standard diabase (dolerite) W—l.‘ Data for the

. tholeiites and dolerites were determined in this work by a
single analytical teghnique (XRF spectrometry)..-The data
for W—lkhave been taken from the literature aﬁd were deter-
mined. by a number of analytical téchniques. Disregarding
the extreme values.repofted for W-1, the spread of data for
this one :ock is still greater than that reported here for
vsiity-six tholeiites from three different oceans and seventy-
four dolerites from four continents in the Southérn hemié—
-phere, In this work forty-four determiﬁations of gailium.in
three 4g aliquots of W-1 gave a mean value of 16;5-ppm with

a range from 16.1 to 17.1 ppm and a standard deviation of

0.17 ppm (1s).
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in Chapter 5.3 is my own.
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C. Hartnady of the Precambrian Research Unit at U.C.T. The rock type codes
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Duncan and other members of the Geology and Geochemistfy Departments.
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The data and conclusions are essentjally in agreement with those presented

here for Hawaiian lavas.
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SUMMARY

~ The objects of the work presented here were: to develop an accurate
method for the determination of gallium on a routine basis in rocks and
meteorites at concentrations down to or less than 1 ppm Ga with a precision
(c.0.v.) at the 10 ppm level and above of 1-2% (1s); to apply this tech-
nique to the determination of Ga in rocks and meteorites; by critically
examining the high quality data thus obtained, to compare the distribution
of gallium in various meteorite types, as wéllias in igneous, éedimentary
and metamorphic rocks, seeking to define,_where bossible, the fine structure
of its distribution and its relationship with aluminium during geological
processes; and to evaluate the possibility of using variations in the
gallium contents and Ga/Al ratios of rocks both to assist in the interpreta-
tion of the geochemical history of differentiated suites and to define
regional differences, as has been done with other trace elements.

To achieve these goals an analytical techniqﬁe.for the determination
of gallium in silicate rocks and stony meteorites uéing XRF spectrometry has
been deQeloped. The method is-applicable on a routine basis and has proved
capable of producing data that é:e both precise and accurate. The detec-
tion limit is 0.3 ~ 0.4 ppm Ga. Gallium has been determined in approximately
iOO meteorites ana separated fractions, 67 minerals and approximately 1500
‘rocks of igneous, sedimentary and metamorphic origin.

Alfhough-in some instances data are reported for samples in which
gallium has previously been determined by other techniques, e.g. Skaergaard,
meteorites and Karroo dolerites, the results have nevertheless proved

valuable in either confirming the accuracy of the XRF technique, as for the
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meteorites, or indicating individual samples or suites of samples for which
published gallium data are in error, e.g. published data for Karroo dolerites
are about 50% too high. New gallium data are reported for a number'of
igﬁeous complexes in southern Africa, for kimberlites and kimberlitic
xenoliths, for rocks from a number of oceanic islands, for rocks from the
Barberton Mountain Land, and for rocks from the granite-slate contéct at
Sea Point, Capé Town. |

It has been shown that in only a few instances is the correlation
between Ga and (Al + Fe3) better than that between Ga and Al, and that the
general use of the Ga/(Al + Fe3) ratio in preference to the Ga/Al ratio is
not warfgnted; although the Ga/(Al + Fe3) ratio can sometimes yield impor-
tant information. |

Evidence is presented to suggest that a considerable proportion
of the gallium in carbonaceous meteorites is in the carbonaceous or sulbhide
fractions. Oﬁ the basis of Ga, Al and Fe distributions in stony meteorites,
it is possible to separate these meteorites into the same classes or groups
proposed by other workers on the basis of different criteria. The gallium
data suggest that the C4 carbonaceous chondrites are chemically different
from the C3 chondrites with which they are usually inclﬁded.

~The variation in the Ga content and Ga/Al ratio of abyssal tholei-

ites is.generally much less than ﬁad been previéusly indicated, and the
variationbetween tholeiites‘from the Atlantic, Pacific and Indian oceans is
no greater than that found for a single ocean.

In order to decide whether gallium data could be useful in geochemi-
cal sﬁudies it was necessary to examine the distribution of Ga and the

Ga/Al ratio in suites of rocks whose geochemical history had already been

determined.
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Gallium data'for various igneous complexes indicated the important
effect which changing mineralogy can have on the Ga content and Ga/Al ratio
of the rocks. When investigating complexes of unknown history, changes in
Ga content and Ca/Al ratio can alert the geochemist to possible mineralogi-
cal changes that might have taken place;

The determination of gallium in a number of upper mantle xenoliths,
minerals and kimberlites constitutes an important contribution to our know-
.ledge of the distribution of gallium in the eartH. The data confirm the
depleted nature of common peridotite (CP) xenoliths, and indicate the
presence of considerable amounts of gallium in upper mantle ilmenite, in
contrast to crustal ilmenite which has very low gallium contents. The
énrichmeﬁt of gallium in metasomatised nodules indicates its association
with the metasomatic process and.suggests that gallium may be fairly mobile
in the upper mantle. The only upper mantle rocks examined in this work
which contain sufficient gallium to give rise to MORB tholeiites were the
clinopyroxene-rich bands and metasomatised common p¢rid9tites found in
veinainodﬁles ffpm the Matsoku kimberlité pipe. The enrichment of gallium
in kimberlites has been confirmed, and the Ga/Al ratio of kimberlites is
dependent on the degree and type of crustal coﬁtamination. The Ga/Al ratio
of uncontaminated kimberlite is close to 4.0.

On the basis of major and trace element studies; rocks of Karroo
(Mesozoic) age from southern Africa have previously been divided into three
groups, which are confirmed by the Ga/Al ratios for these rocks. 'The Ga/Al
ratio data éuggest tha; the Parana volcanics>from Brazil may also
be divided into northern and southern groups, and that thé rocks from
southern Brazil closely match those from northern South West Africa. The

Ga/Al ratio data indicate that rocks from the southern part of the Lebombo



moﬁociine and froﬁ southern S.W.A. are similar to those from the Central

Karroo province, while those from the northern Lebombo are close in compo-
sition to the northern Karroo province (Rhodesia). The ratios show fur;her
that the Lebombo rhyolitic rocks coqld not have been derived from the
basaltic rocks by fraetional crystallizatibn.

The behaviour of-gallium during the weathering of granites and
shales indicated a separation and removal of Ga from Al‘during the‘altera-
_tion of feldspars to clay minerals and during the alteratidn of illite to
'kaoliniﬁe, with a consequent reduction in the Ga/Al ratio. Important evi-
dence oﬁ the behaviour of géllium-during the alteration of ancient and

" modern abyssal pillow lavas hés been presented. Ga and the Gé/Al ratio are
‘generally unaffected by alteration of the lavas during or after extrusion
-on the séa floor, but are very sensitive to epidotisatioﬁ éaused by the
metasomatic introduction of elements into the rocks, which results in an
increase in botﬁ Ga coﬁtent and the Ga/Al ratio. Gallium increases with
increasing degree of fenitization, and the behaviour of gallium during
fenitization is similar to that reportgd during albitization. The increase
in ggllium during fenitization is, however, much less than that found for
Zn, Cu or Sr. 1In kimberlites'gallium was not affected by therﬁal metamor ~
phism, nor was it lost to the wall-rocks during intrusion'of kimberlite
magma. - Co - .

Gallium caﬁ be useful in distiﬁguishing between different rock
groups on a regional basis, and in tracing and interpreting the éeochemicai
hisﬁory of a'rock suite. One of the advantages of using gallium‘is its
relative immobility compared with many other trace elements, and the fact that
véry low,coqcentrations of the element are present in 'intercumulus material,

It became clear during this investigation that the Ga/Ai ratio is usually
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of much more use to the geochemist than the abundance data on gallium alone.
Because of its relatively small range of concentration in most
common rock types, gallium will be useful to the geochemist in studying

igneous, métamorphic and sedimentary processes only if the data are of the

highest quality.
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FOREWORD

Many of the tables in this thesis have been printed by computer
because of the large quantity of data presented, not only to save costs but
primafily in an attempt to minimise the errors that would have occurred
during typing. In this way it is hoped that errors have been képt to a
minimum. |

The printers available on the U.C.T. computer were capable of
printing only in capital letters (upper case), and it has;therefore not

been possible to use upper and lower case lettering in those tables printed

by the computer.

Most of the many frequenc§ distribution diagrams (histograms)
presented have been drawn by computer using a Calcomp plotter and a program
written by the author. A few>X-Y plots were drawn using a program developed
in the Geochemistry Department by H.S. Smith and modified:by A.R. Duncan.

fHROUGHOUT THIS WORK THE Ga/Al RATIO WILL BE REPORTED TO ONE OR TWO
DECIMAL PLACES, AND IT WILL BE TAKEN AS UNDERSTOOD THAT THE RATIO HAS BEEN
MULTIPLIED BY 10%, i.e. a Ga/Al ratio reported as 2.19 or 2.2 in the text
" represents values of 2.19 x 10—A or 2.2 x 10—4. For convenience, brevity
and readabiiity the factor 10-4 has.been omitted in the text. 1In the tables
the Ga/Al ratio is correctly showﬁ as having been multiplied by 104.

Valence states of elements, e.g. Fe, are given as Fe2 or Fe3, and

2+ 3+
cations are indicated as Fe or Fe .

In Tables 32 and 38 modal values were reported only for different
rock types or meteorites for which 15 or more samples had been analysed.
For fewer samples the data points were generally so widely spread over the

chosen class intervals that a modal value was not meaningful. Chosen class



intervals were 1 ppm Ga and 0.2 for the Ga/Al ratio.

xiii

Some abbreviations and symbols used in the text or tables have the

following meanings:

s.d. or s = standard deviation or root mean square (RMS) error
s. = standard deviation for counting (XRF analysis)
C, = coefficient of variation (in per cent) = c.o.v.
'Hv//o or m.a.c. = mass abéorpt_ion coefficient

c.p.s. = counts per second )

alk. fel. = alkali feldspar

émph = amphibole | | ,

ap = apatite

cpx = clinopyroxene

gt = . garnet

hnbl = hornblende

ilm = ilmenite

mt = magnetite

ol = olivine

opx = orthopyroxene

plag = plagioclase

pyx = pyroxene

XRF‘ = XxX-ray fluorevscencé spectrometry

0S = optical emission épectroscopy

"INAA = instrumental neutron activation analysis
RNAA = radiochemical neutron activation analhysis
MS = spar.k source mass spectrometry
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ID = mass spectrometric isotope dilution analysis

AA = atomic absorption analysis

CL = detection limit

For IUGS rock classification: A = alkali feldspar, Q = quartz,
P = plagioclase, F = felspathoids, M = mafic and related

minerals.

D.I. = differentiation index (Thornton and Tuttle, 1960), excépt

when stated otherwise.



CHAPTER 1

INTRODUCTICN

"The literature on gallium is very extensive...... Only a small
proportion of the many determinations éf gallium in rocks‘and minerals has
been made by the most precise and accurate prdcedﬁres. These results show
that generally less precise spectrographic procedures give, on average,
values of adequate accuracy. In view of this and also the quite low disper-
sion of gallium in common rocks and minerals, the average reéults of the
less precise analyges often constitute abundance data of reasénable quality.
Individual determinations or Qhole sefies of determinétions by these methods
are sometimgs inaccurate, . however, and it remains difficult to assess ques-
tioné such as the extent to which differences in concentrations recorded for
various areas represent genuine regional variations as distinct from syste-
matic errors. Furthermore, the low dispersion of gallium leads to an
vinterest in relatively small variations in processes such as magmatic
differentiation, and these variations tend to be obscﬁred in many investiga-
tions through the use of imprecise methods.”

This quotation from the section on gallium by Burton and Culkin
(1972) in the Handbook of Geochemistry summarises a number of ideas which
led to the work presented in this thesis. The literature on gallium is
indeed extensive. However, most of the papers were published before the
11970's. Probabiy the majority of the data was obtained using optical
emission spectrography, because although gallium occurs at fairly low con-
centrations in common rocks and minerals, gene?ally less thdn 70 ppm, it has
a number of sensitive lines in the emission spectrum of the DC arc which
allow its determination in most samples. Unfortunately the vast majority of
spectrographic determinations of gallium wefe only semi-quantitative, i.e.

with a coefficient of variaticn (C,) of 30-50%, and even the best data had

i
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a c.o.v. of pnly 7-10%. In most instances this meant that the variation in
gallium due Eo anglytical error was equal to or greater than the actual
variations in the rocks and minerals, which lead to the frequent comment on
the gallium distribution, if any was hade, that "gallium showed little sig-
nificant variation with differentiation", e.g. Wilkinson (1959), although
the gallium content in question may have varied from 15 to 25vppm. It is ﬁo'
the credit of the eariy geochemists that they appreciated the problems
associated with analytical error, but the use of a relatively imprecise
analytical technique prevented the elucidation of the finer details of the
behéviour of gallium during geochemical processes, and lead geochemists
generally to regard gallium as one of those elements that was of little use
inievaluaping of determining such processes.

In the late 1960's and the 1970's x-ray fluorescence spectrometry
(XRF) replaced optical emiséion spectography as the maiﬁ analytical to§1 in
many geochémical laboratories, and with its introduction there followed a
marked decrease in the number of papers reporting gallium data. The reason
for this was siﬁple. In optical emission spectography the gallium Spectrﬁm
was automatically recorded on the photog;aphic'plate together with lines of
other elements, while in XRF analysis the gallium lines would be measured
only if the instrument was specially set up to determine gallium, and, as
already stated above, most workers considered its determination a waste of
time and effort. XRF analysis, ﬁowever, is capable of producing both |
accurate and precise data, even af concentrations below the 10 ppm level.
Recéntly a feﬁ papers héve appeared in which geochemists have begun to
appreciate that perhaps gallium can be a useful element, e.g. Floyd and
Winchester (1978), who have used Ga and its inter-element ratios to identify
and discriminate between altered and metamorphosed volcanic suites.

Meteorites are the one group of samples for whiéh really good
gallium data are available in any quantity, and most of the data were

obtained using radiochemical neutron activation analysis. This is not a



technique that can be routinely applied in most laboratories.

‘During the 1960's and early 1970's the Department of Geochemistry
at the University of Cape Town developed a general XRF analytical scheme for
the determination of both major and trace elements in rocks and meteorites.
The scheme was based mainly on the work ovaorrish and his co-workers at the
CSIRO in Adelaide and the ANU at Canberra. Routine methods were developed
for trace elements such as 2n, Cu, Ni, Rb, Sr, Zr, Ba, Co, Cr and V, and the
- quality of the data was proved by comparison of meteorite data with that of

other workers and by participation in the lunar program. The Department had
also built up over the years an extensive collection of meteorites and rock
samples from the mid-ocean ridges, oceanic islands, many igneous complexés,
kimberlites and the upper mantle, and rocks of Mesozoic age from four conti-
~nents in the southern heﬁisphere, which were available for analysis.

The objects of the work presented here were: to develop an accurate
and precise XRF method for the determination of gallium on a routiﬁe basis
in rocks and meteorites at éoncentration levels down to or less than 1 ppm _
Ga with a precision (c.o.v.) at the 10 ppm level and above of 1-2%,
which would fit into the general analytical scheme within the Department;
to apply this technique to the determination of gallium in a number of
different types of rocks and meteorites; and, by critically examining the
high quality data thus obtained, té compare the distribution of gallium in

- various meteorite types, as well as in igneous, metamorphic and sedimentary
rocks, seeking to define, where possible, the fine structure of its distri- .
bution and its relationship to aluminium during geological processes; and
to evaluate the possibility of using such variations in the gallium contents
and the Ga/Al ratios of rocks to assist in the interpretation of the geo~
chemical history of differentiated suites and to define regional differences
in rock suites,'as has been done with other trace elements.

To achieve these goals, gallium has been détermined in about 100

_meteorites and separated fractions, 67 minerals and approximately 1500 rock



samples of igneous, metamorphic and sedimentary origin.

Although in many instances data are reported for samples in which
gallium had been previously determined by other techniqueg, e.g. Skaergaard,
B.I.C., meteorites and Karroo dqleiites, the results have nevertheless
proved valuable in either confirming the accuracy of the XRF technique, as
for the meteorites, or indicating individual samples or suites of samples
for which the published gallium data are incorrect. The‘published gallium
data for Karroo dblerites, for example, are high by abOQt 50%.

New gallium data are presented for a number of igneous complexes in
southern Africa, for kimberlites and kimberlitic xenoliths, for rocks from a
number of oceanic islands, for rocks from the Barberton Mountain Land, and
" for rocks from the granite-slate contact at Sea Point, Cape Town.

In order to decide whether Ga data could be useful in geochemical
studies, it has been necessary to examine the Ga and Ga/Al ratio distribution
in suites of rocks whose geochemical history hasiaiready been determined.

This thesis falls naturally into four main sections: a detailed.
descfiption of the analytical technique (Chapters 3 and 4);> a section on
meteorites (Chapter 6); a section on the gallium content of minerals, the
distribution of gallium iq different rock types, and inter-element ratios
with gallium (Chapters 8 to 10); and a section dealing with gallium in
rocks from the abyssal oceans, oceanic islands, igneous complexes, the

upper mantle, ancient greenstones, and its behaviour during weathering and

metamorphism (Chapters 11 to 21).



CHAPTER 2

GENERAL - STATEMENT ON THE CHEMISTRY AND GEOCHEMISTRY OF GALLIUM

vThe existence of an element similaibto aluminium was predicted by
the French scientist Lecoq de Boisbaudran in 1860 and iﬁdependently byi
D.I. Mendeleev in 1869. Such an element was discovered and described in
1875 by de Boisbaudran who detected a new chemical element in sphalerite
| from the Pyrenees. He named the element gallium in honour of his country,
Gallia (France).

Gallium (Ca) is located in the third group ofvthe periodic table.
its atomic numbér is 31, atomic weight 69.7, and there are two stable

71Ga (39.6%). There is no infor-

iéotopes féund in nature,égGa.(60.4%) and
mation on the natural fractionation of these isotopes in geological
précesses.
The Ga atom has 18 electrons in the outermost level, which reiates
.it to Zn, aﬁ element with similar electron structure and chalcophile proper-
ties. But, unlike Zn and the-other transition elements where electrons are
added to the inner orbital, Ga has a third valence electron in the outermost
electron'layer (4p). This places Ga in the same group as Al, szpl, the
difference being_that in Ga the penultimate M shell consists of 18 electrons,
rather than the 8 electrons in the L shell of Al.
Fe also plays an important role in the geochemistry of Ga, often
,occurring'as Fe2 or Fé3 and frequently accompanied by Al and Zn. The simi-
larity of the cycles of Al, Fe and Zn and their extensive isomorphism in
various crystal lattices, places Fe in the group of elements having an
important influence on the crustal abundance and distribution of Ga. Cr can

also be included in the group and possibly Ti as well. Some fundamental

data relating to Ga and associated elements are given in Table 1. .



As a solid, Ga resembles Zn, showing a bluish lustre and a semi-
brittle fracture.. Ga melts at 29.8°C and boils at about 2200°cC. Liquid Ga
- metal, when free of oxide, is almost indistinguishable from Hg. However,
the surface film that forms immediately on contact with air preventé it
from coalescing, and this rapid oxidation limits the number of applications
that could be envisioned for a metal that is liquid at near room temperature.
The adherence of the oxide layer to most surfaces gives the appearance of
wetting. Other unusual properties of this element are its exceptionally low
vapour pressure even at high temperatures, i.e. 0.003 mm Hg at 1000°C; the
density of the liquid which is greater than that of the solid (Ga expands on
solidification); its high heat conductivity and thermal stability; and its
ability.to remain a iiquid indefinitely at temperatures considerably below |
its normai freezing point. It can occasionally be held without freezing for
short periodssof time at liquid nitrogen temperature (77OK).

Most commercially produced Ga is derived as a byproduct from Zn
ores and bauxite. Although the purification of Ga to 99.9999% purity is
relatively simple; it is a very expensive process, and the high cost of very
pure Ga has limited its commercial use. Ga has nevertheless-been found
useful in electronic devices where advantage has been taken of its property
of forming semiconductors with Sb, As and P; in pressure-volume-temperature
studies because of its wide liquid range and loﬁ‘vapour pressure; -and as a
heat exchange medium because of its thermal stability, high heat conductivitf,
low vapour pressu¥e and wide liquid range.

The valence states of Ga in various compounds are 1, 2 and 3, but
the Ga3 compounds are the most stable, énd in nature Ga occurs only as Ga .
A particularly important property of Ga is its ability to combine with both
0 (partial or complete ionic bonds) and S (covalent bonds). An equally
important property is its ability to form complex anions with O and F. The
tendency of elements to form oxygen complexes is determined by the degree of

covalence of their bonds, which increases with increasing alkali content of



7
'the'medium, and Ga, Al and other eiements form oxygen eomplexes more readily
in alkaline media, whereas in acidic media the amphoteric elements remain
preferably as positively-charged ions.

Ringwood (1955b) concluded that during magmatic crystallization
there is an equilibrium state in which complex-forming ions are distributed
becween two structural positions, i.e. both as free ions and as complex
centres. Because of its lower ionic potential, it can be expected that for
any givén medium the amount of free Ga ions should be greater than the amount
of free Al ions. This difference, which apparently has some -influence on
the simultaneous isomorphous replacements of the (Ga04)—(A104) and
Ga3+- A13+,Fe3+ types, increases the probability of cationic Ga substitution.
Althoﬁgh Ga has been shown to form complex fluoride ions, in nature thefe isA
an almost.completeiabsence of Ga in minerals where Al is combined with F.
This is ascribed to the lower stability of the Ga fluoride complexes
rélative to that of the corresponding Al fluoride complexes.

A discussion of the distribution and behaviour of Ga during
.sulphide formation does not form part of this work. However, one of the
‘only two independent Gé minérals known to date is Gallite (CuGaSz), found
only at Tsumeb (S.W.A.) and Kipushi (Zaire), with Ga contents from 29-37%.
The other Ga mineral is the hydroxide Soehngeite (Ga(OH)3). The relationship
.between Ca aﬁd Zn in the reducing environment of sulphide mineralization‘is

well known, and Ga contents in sphalerite up to 0.1% have frequently been

 reported. - ' .
Ga is a Qidely dispersed element and is almost always present in
rocks and minerals at‘concentrations less than 500 ppm, but usually at con-
centrations less than 70 ppm. Due to the similarity of its crystallo-
chemical properties to those of the principal rock-forming elements Al and.

Fe and its extensive isomofphism with them, Ga does not form independent

deposits. The bulk of Ga in nature is therefore dispersed in many minerals,

mainly in those listed in Table 37.
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Al may enter crystal latti ‘ i 3+
y e ystal lattices as the cation Al” and as the complex
5 , :

(A104) - The cation occurs in an octahedral (6-fold -ordination) position
(AIVI) and establishes an ionic bond with 0. The complexed Al occurs in
4-fold co-ordination (AlIV) and the bond is predominantly covalent. Ga will
replace Al in either state, but the Al1-0 bond is slightly shorter and less
covalent than the Ga-0 bond.

+
3 - A13+ diadochy,

Thg substitution most likely to occur is the Gé
and the minerals with this substitution generally contain higher amounts of
Ga (e.g. muscovite and chlorite). On the other hand excellent samples of
thé subsﬁitution of the (Ga04)5— COmplexlfor the (A104)5— comple# are pro-
vided by the feldspars, ﬁepheline and sodalite. The'isomorphism of the
complexes is very w&despread, and the bulk of Ga in rocks (50-75%) occurs as
an isomorphous substitution for Al in 4-fold co-ordination. The isomorphism
of Ga with Fe is apparently not as marked as that with Al, although this
-aspect has not yet been sufficiently investigatéd. However, Fe3+ has
similar ionic radii to those of Ga3+ in both 4- and 6-fold co-ordination.
Cr3+ has the same ionic radius as Ga3+vin 6-fold co—ordination..

The questi&n whether Ga preferentialiy replaces Al3 or Fe3 when
they are in either-4-fola or 6-fold co-ordination is unresolved at the
present time. Bﬁrton and Culkin (1972) summarise the position for Al by
.saying that preferential substitution of Ga for 6-co-ordinated Al is not an
over-riding factor. Other factors that have to be taken into account are
electronegatiQity (Ringwood, 1955a), ionisation potentials (Ahrens, 1964),
and bonding energies (Nockolds, 1966). Burns and Fyfe (1967) suggested that
attention should be focussed on thermodynamic parameters governing the free

energies of distribution or difference in two states, and not the parameters

of any single state.

In the case of Fe3 in 4- or 6-fold co-ordination it seems from the
data in the literature that Ga substitutes preferentially for Fe3 in 4-fold

co-ordination (e.g. magnetite) rather than 6-fold co-ordination (e.g.



ilmenite) in crustal materials. However, data presented in this work for
upper mantle ilmenites indicate the presence of significant amounts of Ga,
in contrast to crustal ilmenites.

The.situation is very complex, in that Ga can substitute for Cr3,
possibly Ti4, and also for Si in silica tetrahedra. It is also'bos;ible
that Ga may substitute for Fe2 in minerais such as diopside, hedenbergite
and anthophyllite. Interesting work carried out by Huggins et al. (1977) on
Ti-containing silicate garnets indicated that experimentally determined
preferences for the tetrahedral over octahedral sites in garnets are in the
order Ga)> Al> Fe> Ti>Cr. The distribution of Al, Fe and Ti between octa-
hedral and tetrahedral sites only apprbached equilibrium at temperatures in
excess of 1200°C. This is in contradiction to the radius ratio rules
(Goldschmidt, 1954) which suggest that Ga should favour octahedral co-
ordination, although in 4-fold co-ordination its radius ratio relative.to
éngen (Tablé 1) is very close to the theoretical value of 0.41 separating
tetrahedral from octahedral co-ordination. |

Another very important parameter governing the distribution of Ga
between various minerals is its partition'coefficient between the liquid
magma and individual minerals. Little work has been done on this aspect of
the geochemistry of Ga which constitutes a serious gap in our knowledge.
Goodman (1972) determined partition coefficients for Ga between pyroxene and
groundmass and between plagioclase and groundmass in a number of basic
volcanic rocks from oceanic islands. Mean values for partition coefficients
calculated from Goodman's data are 0.99 between plagioclase and liquid,‘and
0.41 between pyroxene and liquid. ‘CorreSponding values for Al are 1.91 for
plagioclase and 0.27 for pyroxene. Goodman found a partition coefficient of
0.04 for.Ga between olivine and liquid. Paster et al. (1974) attempted to
calculate partition coeffiéients for minerals from the Skaergaard, but their
mineral separatés were not very bure, resulting in uncertainties in the

' partition'coefficients of + 50%. They reported partition coefficients for
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Ga in plagioclase of 1.7 and in magnetite of 2.0. Their value for plagio-
clase is very much higher than that of Goodman, which is thought to be more
correct. The value of 2.0 for magnetite is probably correct. The partition
coefficient for ilmenite is thought to be similar to that of olivine, namely
0.05. The partition coefficient for Ga between amphibolé and liquid has
been taken as 0.9 in this work.

A kpowledge of partition coefficients is essential when considering
possible trends in Ga concentration and Ga/Al ratio during fractional |
crystallisation or partial melting. From the data mentioned above it may be
predicted that plagioclase fractionation causes little or no change in the
Ga concentration in the liquid, but does 1oﬁer the Al concentration result-
ing in an increase in the Ga/Al ratio. Pyroxene fractionation results in an
iﬁcreaSe in Ga in the liquid and a relatively greater incréase in Al, with a
resultant>slighf decrease in the Ga/Al ratio. Olivine fractionation causes
an increase in both Ga and Al in the same proportion and therefore ﬁo change
in the Ga/Al ratio. Magnetite fractionation causes a marked decrease in the
Ga content of the liquid with essentially no change in Al, with the result
that the Ga/Al ratio of the liquid decreases.

Goodman also studied the relationship between the Ga content ‘and
the composition of feldspars, and the relationship between Ga and Fe3 in
pyroxeﬁes. He found a good correlation between Ga and Fe3 in clinopyroxenes
and concluded that both Fe3 and Ga probably occurred in 6-fold co-ordination
in the M.1. élinopyroxene sites Goodman found that although Ga was
enriched in the plagioclases, the Ga/Al ratio was low indicating that Al was
enriched over Ga. He also found that there was good inverse correlation
between the Ga content of the plagioclase and the anorthite contént. Using
his data, it is possible to write the following equationvfor the relation- |
ship:

ppm Ga in plagiéclase = 15 + 0.36x(% albite)

This is of course applicable only to his data. The increase ‘'in Ga content
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with increasing albite content in the plagioclase can be related to the
melting points of plagioclase. Goldsmith (1950) synthesised Ga feldspars
and showed that these have lower melting points than natural plagioclases.

Melting points

°c
CaA1281208 1500
NaAlSi308v 1118
NaGaSiBO8 1015

Melting point criteria lead to the prediction that Al would be preferred
relative to Ga when competing for lattice sites in earlier products of
magmatic crystallization. Ga should therefore tend to accumulate in later
products of differentiation and in residual materials. This explanation
also accounts for the fact that Ga is not related to the amount of Al present
in the feldspars, and that anorthitic piagioclases have a mucH'lower'Ga/Al
ratio than albitic feldspars. As a result of the early crystallization and
fractioﬁation of anorthitic feldspars, an initial increase in the Ga/Al
ratio of rocks during igneous differentiation can be expected. This
phenomenon is found for a number of igneous complexes examined later in this
work.

vThe geochemical cycle of Ga may be summarised as follows. Among
common rock-forming minerals Ga is generally concentrated above its crustal
abundance (18 ppm) only in some feldspars and amphiboles, feldspathoids,
micas, chlorite and magnetite. Its concentration is usually low in pyroxenes
and particularly low in olivine and quartz. These features reflect the close
coherence of Ga and Al in most geochemical processes and the less close but
important relationship between Ga and Fe3.

It follows that the Ga content of ultrabasic rocks is generally low,
with most of the Ga being present in pyroxenes and émphiboles. The chief Ga
cafrier minefals in basic, intermediate and acid rocks are feldspars, but

the highest concentrations are found in muscovites and biotites. The
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relative affinity of some common minerals for Ga is usuélly
> muscovite D biotite>'p1agioc1ase> hornblende > potash feldspar » pyroxene.

In alkaline rocks the bulk of the Ga is fouhd in nepheline and
feldspars, while the highest concentrations are found in biotites and
sodalites.

The differentiation productsvof one magmatic event generally show
an iﬁcrease in Ga content of the rocks with increasing differentiation, with
sometimes considerable enrichment in the late stages. The Ga/Al ratio'may
stay constant or increase or decrease depending on which minerals are béing
fractionated and in what proportion to one another. In this respect the
Ga/Al ratio can yield significant information. Alkaline rocks usually show
an-increase of Ga with differentiation, while subalkaline rocks show little
éhange or possibly a slight decrease with differentiation. Ga may be
stréngly'enriched in alkaline pegmatites and associated.minerals. S

A noticeable Ga enrichment is observed in greisens, while skarns
cbntain variable amounts of Ga depending on their mode of origin. The high-
temperature pneumatolytic minerals cryolite and cryolithionite do not contain
detectable Ga.

In hydrothermal processes Ga is chiefly associated with sphalerites,
.and generally low-temperature sphalerites contain more Ga than high-
temperature types.

The average Ga content of sedimentary rocks is about 15 épm, but
varies considerably in differenﬁltypes of rock.

Weathering processes result in the redistribution of Ga. Ga
accumulates in hydroxides and hydrosilicates, but sometimes is completely
separated from Al, as in halloysités.

In soils the Ga content ranges from 5 to 50 ppm, and the usual trend
‘is for Ga to increase with depth.

Ga has been detected in coal ash in the concentration range

8-1000 ppm (mean==40 ppm Ga).
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In metamorphic rocks both the concentration of Ga and the Ga/Al
ratio are in general similar to those in unmetamorpﬁosed material. During
albitisation and fenitisation Ga increases relative to Al, and Evans (1964)
- in his study of Connemaran rocks found that both the Ga concentration and
the Ga/Al ratio increased with increasing degree of metamorphism.
Any Ga preseﬂt in carbonate rocks is present almost entirely in
clay impurities. Carbonatites are very lowlin Ga.
The small amount of data available on Ga in natﬁral waters indicates
that'Ga is only slightly mobile in natural waters. It appears that Ga may
accumulate in sea water relative to Al as was predicted by Goldschmidt
(1954), |
v Further details on the ‘general geochemistry of Ga may be found in
papers by Vlasov (1966), Borisenok and Saukov (1960), Rono& and Migdi;ov
(1965), and Burton and Culkin (1972). -
Two other important propertieé of Ga in rocks shouid Be mentioned.
Vincent (1974) summarised the distribution of trace elements in minerals
from the Skaergéard Intrusion. He stated that thé di;tribution of Ga among
the coexisting mineral phases is verf well defined. Calculation of the
modal contributions of each separate mineral to the Gé contenﬁ of the rock
shows almost 100% agreement with independent analysis for Ga of the whole
rock,éample,‘so that almost none of the element resides in the inter-
cumulus material. Similar results are‘reported in this work. Winchester
and Floyd (1977) and Floyd and Winchester (1978) proposed the utilization of
the seven elements, Ti, Zr, Y, Nb, Ce, Sc and Ga, which they generally
regarded as immobile during secondary alteration processes, including
spilitiéation, submarine alteration and metamorphism, as an aid to discri-
mination between different volcanic.magma series and their metamorphosed
equivalents. Evidence fqr and against the "immobility"'of Ga during
secondary alteration processes will be presented in this work.

"Finally, one point must be stressed again. The maximum spread of
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the Ga'concentration in rocks is about 100 ppm, although most rocks have Ga
contents from 0.3 to 40 ppm (Fig. 42a). Therefore a change in the Ga
conéentration of only 2-3 ppm can mean é relative change of perhaps 10-20%,
which is considerable. It is therefore imperative that precise and
accurate data be made available, otherwise analytical error willybe

sufficient to obscure natural variations in the Ga content and the Ga/Al

ratio.



15

CHAPTER 3

SAMPLE PREPARATION

The sample preparation technique used in this laboratory for trace
element énalysis by XRF is basicaliy that described by Norrish and Chappell
(1967). |

A sufficiently large bulk sample of the rock (0.5 - 4 kg, depending
on grain size) is passed through a jaw crusher (Mn steel jaw plates) to give
—6 mm (% inéh) chips, and then split. 75-150g are ground in a carbon steel
ball mill shaken in a paint mixer, or in an agate vessel using a Sieb-
technik vibratory mill, so that thevmaterial_is at least —120 #=. A sub-
sample of 4-6g, depending on the type of rock, is taken from the. crushed
powder and ground for 60 minutes in an automatic'agate mortar, after which
the powder is predominantly —300 =f.

According to Kleeman (1967) this means'thatvvm7 grains of rock are
sampled before grinding to —300 &=, Again according to Kleeman, this
ensures a sampling error of c.o.v. = 1% (68% probability) for each mineral
present in the rock at concentragions greater than 0.1%, or a c.o.v. = 0.5%
(68% probability) for all minerals present at concentrations greater than
0.5%. The highest concentrations of Ga in common rock-forming minerals
(Burton and Culkin, 1972) have been found in albite (120 ppm Ga), nepheline
(140 ppm Ga), muscovite (400 ppm Ga), biotite (150 ppm Ga), and ﬁagnetite
(120 ppm Ga). In the wor§t case, mus;ovite at 0.1% of the rock, the random
sampling error for Ca would be 1% of 0.4 ppm Ga, or 0.004 ppm Ga. For 99%
confidence limits, this amounts to 0.012 ppm Ga, which is ﬁegligible.

The fine éowder is briquetted in a hand press with a backing of a
50:50 mixture of bakelite powder and boric acid at a pressure of 15 tons

pes.i. For acid rocks containing free quartz it is sometimes necessary to
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add one drop per gram of powder of distilled water or arsolution of 2%
Mowiol (N90-88), a water-soluble plastic available from Hoechst AG, to
assist binding of the powder. Experience has shown that this has no effect
on the analyses, due to the very small quantity of material actually added
to the rock, about 0.02% in the case of Mowiol solution. |

Details of the/sample preparation techniques used for meteorite
samples are given in von Michaelis et al. (1969a) and. McCarthy (1971).

In trace element analysis the corfect choice of material from which
grinding vessels are made is of paramount importaﬁce. When Ga is to be
determined, tungsten carbide vessels must notvbe used. 1In Fig. 1,XRF scan$
across the Ga wavelength region are given for an anorthosite from thé B.I.C.
Separaté aliquots of ~6mmvchips were ground in a carbon (black axle) steel
veséel,ba stainlessvsteel and a tungsten carbide vessel. The degree of
tungsten contamination is obvious, and causeé interference on the Zn Kg

line and first background position in the determination of Ga.
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CHAPTER 4

ANALYTICAL TECHNIQUE

4.1 INTRODUCTION

There are aknumber of analytical techniques that can be used for
the determination of Ga in rocks and meteorites. Amonggt others, instrumen-
tal neutron activation analysié (INAA), Spark‘sourCe masS-spectrometry‘(MS),
mass spectrometric isotope dilution (ID), atomic absorption (AA), optical
emission spectroscopy (0S), colorimetric analysig, and x-ray fluorescence
(XRF) have been used. The most frequently used method for rocks hashbeen 0S,
while for meteorites INAA has been used by most recentvworkérs.

Some desirable attributes of any analytical technique may be listed
as follows:

Sensitivity

Ability to determine several elements simultaneously
Freedom from éontamination and reagent blanks
Precision

Accuracy

Speed

Cheapness of equipment

Throughput of samples

Automation

For Ga, which has a low concentration dispersion in common rocks,
probably the most important factors are sensitivity, freedom from contamina-
tion,ASpecificity, preéision and accuracy. If a large number of samples is
to be analysed, then cost and speed are also important.

Ga 1s probably one of the mostvfrequently reported, and least used,

elements in geochemical literature. Only a very small proportion of the
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many Ga determinations have been made by the most precise and accurate
procedures, and analyses by 0S constitute the ma jor part of th; data (Burton
and Culkin, 1972).

Generally, 0S, while having reasonable sensitivity, gives at best
relatively imprecise (c.o.v. = 5-10%) data which can suffer from consider-
able bias or systematic errors. As will be shown later, errors of up to
300% can ;rise.' The method has the advantages of being relatively cheap and
quick, and requires only small quantities of sample.

ID is probably Ehe most inherently accurate and precise of the
instrumental techniques available today, but is not commonly used for the
determination of Ga.

INAA can be very accurate, but it is necessary to make an ion-
exchahge.separation to achieve this accuracy..- This makes it not only expen-
sive but relatively slow,.and'not everyone has access to a reactor.

AA does not have the sensitivity necessary for a general method
applicable to rocks because of the high dilution factors resulting from the
_dissolution of the sample.

Two of the most exciting and promising techniques are the ICP
(inductively coupled plasma) used as a source for 0S, and also the use of the
glow discharge source for OS (K. Laqua, pers. comm.). The latter is probably
the more attractive because it is not necessary to dissolve the sample, but
only to mix it with an electrical conductor, e.g. Cu or graphite powder.
However, much research needs to be done on the ICP source before it fulfils

its potential, and the glow discharge source has not yet been proved for

trace element analysis at low levels.

\

Burton et al. (1959) determined Ga in over 200 terrestrial
materials using a sensitive spectrophotometric technique in which the preci-
sion was better than 2% (c.o.v.) at 20 ppm Ga, while a2t the 1 ppmblevel the

s.d.(ls) was + 0.02 ppm. The accuracy, however, was poor. Both 'G-1 and W-1
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gave essentially the same values at 21.3 and 21.5 ppm Ga respectively, com-
pared with recommended values of 19.6 and 16.0 ppm Ga, indicating consider-
able bias. .

The remaining technique is XRF spectrometry. XRF has a number of
advantages which recommend it as a general purpose analytical technique for
the determinaﬁion of Ga in rocks and meteorites. It will be shown that XRF
has sénsitivity (CL = 0.3 ppm Ga), speed (5-30 miﬁs/sample), accuracy; pre-
éision, freedom from contamination, and the cost per sample is low.

Many geochmical laboratories these days have an XRF spectrometer as
their basic analytical tool, because of its ability to determine most.of the

ma jor, minor and trace elements important to the geochemist. XRF is essen-

tially Complementary to INAA and MS.

4.2 THIS WORK

‘The method used in this work will be presented in detail for two
reasons. The accuracy of trace element analysis using XRF has been fqund,
from bitter experience, to be critically dependent on the detail and care
with which the necessary corrections for peak overlap and matrix effects are
made; If others are to use the method effectively, it is essential that
these detaiIS‘be'available to them. Secondly, one of the main objects of
this work was to produce first-class data that are both accurate and precise.
"It is necessary, therefore, that it be shown not only that the analytical
method is capable of producing such data, but that all neCeésary precautions
were taken to prevent bias or systematic error in the data presented here.

Although Ga has been determined in rocks and meteorites by a number
of workers using XRF (Parker, 1969; Carmichaél-gg_gl., 1968; Thomas and de
Laeter, 1972; Compston et al., 1970; Goodman, 1972; Reed, 1972), in only four
cases are full details of the methods given (Thomas and de Laeter, Carmichael,

Parker, and Reed). Two of these papers describe the application of XRF to
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the determination of Ga, Ge and Ni in iron meteorites. Goodman (1972) used
a method somewhat similar to that to be described here, but the coefficient‘
of variation of his technique was 6% at tﬁe 20 ppm Ga level, and he mentioned

'no corrections for interfering elements.

The method described here was developed for the determination of Ga
in rocks, minerals and meteorites at concentrations down to 0.3 ppm Ga.

The method was first used for the determination of Ga in chondrites
and achondrites using the rocks G-1 and W-1 as reference standards. A pre-
liminary but éareful scan of the wavelength tables indicated little chance
of line interferences taking place, except for Zn and Cu, with‘possibly Hf,
on the background positions. Wavelength scané of G-2 and W-1, Fig. 2,
seemed to coﬁfirm this fact, with no lines being visible apart from Zn K,
Ga Ka_ and Cu Kg.

Iﬁ this work a ''doped'" sample or "doped! blank refers to a sample -
or blank to which a known amount of an element or elements has been added.

Interference blanké were prepared from Specpure éhemicals Fe203 and
SiOz, and doped separately with Zn, Ga and Cu. These doped blanks were then
measured to allow interference factors to be calculated for each element on
the other peék and background positions. Samples were run measuring inten-
sities at Zn KB’ B1, Ga Ky, B2 and Cu KB' At this early stage of the work
the possible interference of Hf was neglected, Hf being present in stony
meteorites at levels undetectable by XRF, and in G—i and W-1 at about 5 and

- 3 ppm Hf respectively. Possible error in G-1 could amount to less than 0.5%
relative, which was considered negligible. Highly satisfactory results for

the meteorite analyses were obtained (see Chap. 5).

The next step was the extension of the method to the analysis of
rocks and minerals. It was realised that some of the rocks to be analysed
would contain Hf up to the 100 ppm level, and that corrections would have to

be made for Hf interference. Table 2 and Figs 2 and 3 indicate the inter-
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ferences that are iikely to occur, and initially it was decided to measure
intensities at Zn Kg, BI (38.05°), Ga Ky, B2 (39.60°), nf Lg1 and Cu Kp.
Inspection of Fig. 3 indicated that the two background positions would be
those least likely to inte;ference.' Possible interferencé by Ba KBL3(4)

‘was considered but rejected, as it was thought that a fourth order line
would be completely removed by the use of pulse height selection. Subse-
~quent work with samples such as NIM-S, containing about 2600 ppm Ba,
resulted in strongly negative nett peak counts at the Hf position, indicating
an error on one of the background positions. A blank sample doped with
6350 ppm Ba showed clearly that.a fourth order reflection of Ba Kp1,3
was in fact being detected (Fig. 4), and the.background position was
changed to 39.40° 28, which then yielded satisfactory results for samples
 with Ba contents up to 3000 ppm. |

Perusal of Table 2 indicated that interference could occur from W, Pt,
Ta, Pb, Ir and Os (all first order lines), and possibly also from second
~order lines of Zr, Nb and Th. The infensity ratio for first : second :
third : fourth order reflections is 100 : 35 : 10 : 2.5. 1In most rocks the
concentration levels of Pt, Ir and Os are so low that any interfe;ence can .
be neglected, as is the case with Tg. |

Thé amount of interference caused by Pb, Ba, W, Ta, Nb, Th and Zr
was determined (Table 3). Blank samples were doped with Th (2000 ppm), Zr
-(2400 ppm) and Nb (2100 ppm), but in no case could any interference be
détected.v Of the remaining elements, W, Ta and Pb can cause interference,
the level of which was measured using doped blanks. At the 54 ppm Pb level
no detectable interference (i.e.< 0.4 ppm’Ga) was measured. Howevér; a
blank sample doped with 1110 ppm Pb yielded 6.8 ppm Ga (0.0061 ppm Ga per
ppm Pb), which meant tﬁat some acid rocks containing 50 ppm Pb would be in
error by about 0.3 ppm Ga. W is not normally present in rocks to any signi-

ficant level, but it can be introduced at fairly high concentrations (a few
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hundreds of ppm) by grinding in tungsten carbide vessels during the crushing
process. The nett result in the determination of Ga may or may not be
serious depending on the degree of W contamination. About 330 ppm W gives a
negative concentration of 0.5 ppm Ga, resulting from interference on Bi
causing too high a background intensity. Grinding in any vessel other than
agate should be avoided wherever possible, tungsten carbide vessels intro-
ducing Co contamination as well as W, and steel vessels introducing Cr, Ni
and Mn contamination depending on the type of steel‘USed. In the very few
samples in which Ta occurs at high concentrations, the Ga concentration must
remain uncertain (Fig. 5). From measurements on a doped blank, 230 pom'Ta
results in 2.8 ppm Ga being detérmined, i.e. about 0.012 ppm Ga per ppm Ta.

4.2.1 Instrumental Conditions

The best x-ray tube for exciting the Ga K spectrum is one with é Mo
.‘target. The uée of a Cr tnbe'ié possiole, but will result in considerable
reduction in inténsity. Both W and Au tubes cause strong line interference
from the chafacteristic tube lines. Reed (1972) iecommended the‘use of a
thin Ni filter placed over the window of the Mo x-ray tube to help reduce
the background level in- the Ga Kq wavelength region, without absorbing too

| much of the Mo radiation itself. A Ni‘filter_was tried in this work, but
while indeed improving the peak to background ratio and thus potentially
improving counting statistics, the overall intensity loss was such that
there was in fact no improvement in counting statistics relative to measure-
ments made without the filter. While the thickness of the Ni filter is
probably extremely critical in determining maximum sensitivity, it was felt
.that further experimentation was not warranted. A filter was therefore not
used for this work as one of the main'objects was to be able to determine 4
ivery low concentrations of Ga in meteorites and ultrabasic rocks.

The choice of énalysing crystal was a difficult one. It is possible

to use either a LiF(200) or LiF(220) crystal, the former yielding twice the



23

;intensity of the (220) but having pobrer dispersions The greater dispersion
of a (220) crystél would result in less line interference, but to achieve
the same counting statistics it would be necessary to count for twice the
time. In the case of low Ga concentrations, this would have meant unrealis-
tically long counting times, and with the dispersion of LiF(200) beiﬁg
adequate (Figs 2-4), the crystal was chosen for this work. It was felt that
the corfection factors for avérage rock types were sufficiently small not
to jeopardise the accuracy and precision of the method. A fine éollimator
(ISOfLm) was used with the.LiF(ZOO) crystal to keep'line interference to a
minimum. | |

At this.wavelength region (Ga Kg =V1.34X), both the scintillation
deﬁector and the flow proportional detector operatevbelow their best éensi;
tivities (Jenkins and de Vfies, 1970, p.66). On the épectrometer used for
this work, a Philips PW1220, it is possible to use both deteétdrs in tandem.
The écintillation detector meaéures about 60% of the combined count rate, and
the flow counter about 407%. Increasiﬁg the measured count rate from 60%,
using the scin#illation detector only, to 100% using both detectors was
therefofe possible, and both detectors.were used in this work. Ali samples
were measured under vacuum to imprbve intensities further. Samples were
rotated during analysis. .The pulse height analyser was set to pass 95% of
the Cu Kp radiation, a setting thqh resulted in the optimum péak to back-

' groﬁnd ratio being obtained to give the best counting statistics.

The best counting statistics and detection limits were obtained by
running the x-ray tube at 95 kV and 21 mA (generator maximum = 2kW). In the
early stages of this work it was possible to run the instrument at theée
settings, but subsequently the instrument became unstable at these ééttings
and the maximum voltage that could be maintained was 80 kV. Most of the
work_was thereforé run‘at 80 kV and 25 mA, although the best.sensitivity is
vachieved using as high a kV as possible.

Instrumental settings are set out in Table 4.
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4.,2.2 Counting Times

As has been étated previously, thé object of this Qork was to-
determine the concentration of Ga with an error of less than 2%, if possible.
In XRF analysis the counting error varies with counting time, such that the
vlonger the counting time the lower the counting errof. In order to halve
the counting error, it is necessary to count four times as long, asithe
error is dependent on the square root of the counting time, according to the

equation

1 :
E = where _ E = standard deviation
SR
R = countrate
T = time

(Jenkins and de Vries, 1970, p.95)

The Ga concentration in the samples anaiysed in this work varied from
not' detectable (<0.3 ppm) to 100 ppm Ga. In addition, differences in mass
absorption coefficients of the samples could result in two samples having
the same gallium concentrations requiring different counting times to achiéve
similar counting errors.

In order to make the best use of the instrumental time available, it
was decided to use a set of six different counting times'(seé Table 5)_
resulting in a.total counting time pér sample that varied between 8 and 40
minutes. Those samples with high Ga concentrations could be counted for the
shorter times and those with low concentrations for the longer times. To
determine which set of counting times should be used for each sample, all
samples were first'countedvén a "test'" run using very short cbunting times,
code 80 in Table 5. A computer pfogram was used to calculate what the
counting statistics would bevif the éample was counted for each of the six

sets of counting times, and the results together with the detection limits
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gnd én estimate of the Ga concentration were printed in a table (Tab1e16).
From this table a set of counting times was chosen such that, if possible,
the projected counting error (éc) would be 1.7% or less. As each sample was
to be counted at least twice, the final counting error should be .

1.7./ JZ = 1.2% or better. For low Ga samples it was not possible to achieve
counting errors of this level and they ﬁére counted using code 1400, giving
absoluté errors (lsc) of about 0.1-0.2 ppm Ga for a single determinacioﬁ.

At low concentration levels the best counting statistics are

obtained if the peak and background are measured for the same length of time.

Wherever possible, therefore, and using.the available time settings on the
instrument, the counting time for the Ga peak was made equal to the sum of

the counting times on the two background positions.

"This work was aimed at the determination of Ga, but it was necessary

“to couﬁc Zn, Hf and Cu peaks as well in order to make accurate interference

COr?ecti§ns. In the case of in; Hf‘and Cu the strongest interference is
caused by Hf lines. Hf was céuntéd for the same time'as‘a background posi-
tion, while Zn and Cu were usﬁally counted for shotrter times. The counting
errors for fhese elements are tﬁerefbre larger tﬁﬁa on the Ga peak itéelf.
However, when the intensities are low, the interference is very low and ai
slightl& larger error in the measurement is not impogtant.' Conver sely,
vwhen the intensity is high and ihterference more significant, the éountiné

error is smaller and therefore the correction more accurate.

4.2.3 Determination of Background

An examination of Figs 2;6 is sufficient to indicate that the
determination of background in this wavelength region is not simple. It is
not possible to measure ; background at angles lo&er than.37o 20, because aﬁ
about this aﬁgle there is a sgdden increase in the background level (Fig. 7).
The reason for this jump in backgropnd intensity is uncertain, but it is

probably associated with second order reflections of the Mo KB1 line and its
! . . .

N
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4,2.4 Determination of Interference Factors

For the determination of Hf, Zn, Ga and Cu interference factors,
three other angle positions were measured at 37.20, 40.00 and 40.85° 20
(Fig. 7). It will be noticed in Figs 3, 4 and 7 that there is a small peak
at the Cu KB position in all the blank samples. This is due to Cu contami-
nation in the x-ray tube, and the intensity of this tube peak is inversely
proportional to the mass absorption coefficient of the sample. In'ofder to
obtain the true background intensity under this peak, a best fit second
order polynomial curve was fitted to the intensitiés measured at 39.40,
39.90, 40.00 and 40.85° 26, and the intensity at 40 44° (Cu KB) calculated
from this polynomial.

Similarly, the true background intensity at the 2Zn KB pdsition was
calculated from a curve fitted Fhrough intensities measured at the angles
A3?.20, 38.05, 38.90, 39.89 and 40.00° 29. fhe reason this-was necessary for

the Zn position was that some vacuum pump oils centain Zn, which tends to
build up on samples that are in the instrument for long periods of time, such
as the blanks used here. On early runs this calculation‘was unnecessary as
' there was no measurable Zn intensity in the blanks (Fig. 7), but Zn began to
show on later runs. The cost of making ﬁew blanks each time was prohibiti&e,
and therefore corrections had to be made for Zn contamination.

. To determine the Ga interference correction factors, ratios were
calculated from the blank samples relating the intensities measured at
Ga'Ka, B1, B2 and Hf LB1 respectively tq the sum of intensi;ies measured at
37.20, 40.00 and 40.85°. Measurements were then made on a Ga-doped blank
and the ratio factors used to calculate the background intensities at Bi,

Ga K Nett counts were calculated at each position and the

oy ? B2 and Hf L

pt’ ,
_ ratio of the nett counts at B1l, B2 and Hf LB1 to the nett counts on the Ga

vpeak gave the correction factors for Ga on these three positions. Forxr each

run the average of at least five measurements was taken. A similar
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procedure was adopted for Zn using 39.40, 39.90 énd 40.00 as the background
angles. For Hf the background angles used were.37.20 and 40.85, and for Cu
37.53, 38.05 and 38.90. Correction factors were calculated by computer for
Zn on B1l, Hf on Zn, B1l, Ga, B2 and Cu, and for Cu on B2 and Hf. The magni-.
tudes of these interferénces are given in Table 7. The most important cor-
rections are for Zn on Bl, Ga on B2, Hf on B1, Ga, B2 and Cu, and Cu on Hf.

4.2.5 Determination of Ga in Samples

Once the background and correction factors had been détermined, all
samples and standards were counted at the four element and two backgrcund
positions, and also at the Mo K, Compton peak position to determine the mass
absorption coefficient (see later). Using a computer program written for
the purpose, all intensities were convérted to counts pef second, corrected
for dead-time and sample position in the instrument, andvthg mass absorption
coefficient fu/p or m.a.c.)calculated.

Using the equations of the lines relating 1/m.a.c; to background
factors, Fig. 8, background factors were calculated for eéch sample. The
following iterative calculation was then made to determine-the nett peak
intensitiesrfor Zn, Ga, Hf and Cu after correction for both background and
line interferéncés. Depending on the degree of interference on the back-
ground positions, the number of iterative cycles varied from 2 to 5,

averaging 3 or 4. Samples such as NIM-L required 5 iterations.

4.2.6 Iterative Calculation Procedure
Bl* = B1
B2* = B2
7 BGD = B1* + B2%
Bi* = B1
B2% = B2

ZN* = ZN - BGD x ZNBGFAC
GA* = GA - BGD x GABGFAC
"HF* = HF - BGD x HFBGFAC
CU* = CU - BGD x CUBGFAC

If HF* is zero or negative, go to 1

CU* = CU* - HF* x HFCORFACCU
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1 If CU* is zero or negative, go to 2

HE* = HF* - CU* x CUCORFACHF
B2% = DB2% . CU* x GUCORFACB2

2 If HF* is zero or negative, go to 3

ZN* = ZN* . HF* x HFCORFACZN
B1* = B1* - HF* x HFCORFACB1
GA¥* = GA* - HF* x HFCORFACGA
B2% = B2%* - HF* x HFCORFACB2

3 If ZN* is zero or negative, go to 4
B1* = B1* - ZN* x ZNCORFACB1

4 If GA* is zero or negative, go to 5

B1% = B1¥ - GA* x GACORFACB1
B2* = B2* - GA* x GACORFACB2
HF* = HIF* - GA%* x GACORFACHF

5 BKG = B1l* + B2%

If

BGD - BKG,< 0.0001 x BGD, go to 6

Go to 7 and repeat above calculation

6 Calculation of background at Ga for determination of counting
errors and detection limit

BGD2 = (B1* + B2%) x GABGFAC + HF* x HFCORFACGA

Continue with calculations.
B1, B2, ZN, GA, HF and CU represent measured intensities in c.p.s.
B1*, B2*%, ZN*, etc. represent nett intensities in é.p.s.
ZNBGFAC, etc. represent background factors for each element.

'HFCORFACCU, etc. represent correction factors for Hf on Cu, etc.

Once the nett intensities had been calculated for each standard, the

following calculation was made:

ppm Ga GA* = nett Ga intensity in c.p.s.
GAFAC = —mm— '
GA* x m.a.c. m.a.c. = mass absorption coefficient

Once all standards had been processed, the average value of GAFAC (GAFAC*)

was calculated and used for the determination of Ga in the samples, using
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the equation:
Ga ppm = GA* x m.a.c. x GAFAC*

'The detection limit for Ga was calculated using the equation:

DTLMT = 3 x m.a.c. x GAFAC* x ,/(BGD2/TIMEPK)

where TIMEPK = counting time on Ga peak in seconds.
Conventionally the background intensity is divided by the total counting time
on the background, assuming that both the peak and background are counted for
‘the same time. Because in this work peak and background were not always
counted for the same time, the program determined the shérter of the two
counting times and used the shorter time in the calculation of the detection
limit. This ensured that any bias in the calculation was towards a higher
detection limit rather than a lower.

The counting error on Ga was calculated using the usual equation
incérporating counﬁing times on peak«ana background (see Equation 5.11,
page 100, Jeﬁkins and de Vries, 1970);

During the calculation of tHe nett Ca intensity, it was necessary
to calculate also the nett intensities of Zn, Hf and 6u. It waé therefore
simple to calcﬁlate factors for these elements similar to GAFAC* and to use
these factors to determine the concentrétion of Zn, Hf and Cu at the same
time as Gé. Mention has been made earlier of the presence of Cu tube con-
tamination, and for the accurate determination of Cu a correction was made
for the tube contamination, which was m.a.c.-dependent'and therefore varied
from sample to sample.

A computer program was written to do the calculations, and print
out the results. Information fed into thewprogram included correction
factors for sample position ;n.the spectrometer, dead-time, and number of
counts measured on the Mo K, Compton peak, line interference factors, slopes
and intercepts for the lines reléting background factors and 1/m.a.c., slope

and intercept relating time on Mo K, Compton peak and m.a.c., factors for



31
conversion of Zn, Hf and Cu intensities to ppm, and a constant representing
Cu contamination from the x-ray tube. For each sample the information
required was name, poSitioﬁ in spectrometer, counting time code, six
intensity measurements, counting time on Mo Compton peak and per cent
A1203 (when known). For standards, the same information, except per cent
A1203, was required together with the Ga concentration in ppm. Information
included in the printout was sample name, Ga/Al ratio,'Ga ppm, counting
error expressed both as ppm and % relative, detection limit, counting time
code, concentrations in ppm and detection limits for Zn, Hf and Cu, number

‘of iterations, m.a.c. and time measured on the Mo K, Compton peak (Fig. 9).

If no A1203 data was supplied, then the Ga/Al ratio was printed out as

".00".

4.2.7 Determination of Mass Absorption Coefficient (m.a.c.)

In XRF analysis the concentration of an element is related to its
nett peak intensity acéérding to the equation:

Concentration = Intensity X m.a.c. x F (1)
where F is a constant derived from standard samples and dependent on the
instrumental conditions used for the determination. F is calculated from a
standérd sample by rewriting equation (1) as:

concentration

F = ' (2)

intensity X me.a.c.

It is obvious therefore that the final accuracy of the results is
dependent as much on the accuracy éf the mass absorption coéfficient as on
the accuracy of the intensity measurement and the concentration. In this
study particular attention has been paid to the determination of the m.a.c.,
and many interesting points have come to light.

The m.a.c. may be détermined in three ways. The first and least
accurate (probably) is the calculation of the m.a.c. using data from tables

and a knowledge of the ma jor element composition. The drawbacks of this
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method are the stated accuracy of the m.a.c. tables (~2-4%) and the fact
that major elemeﬁ# data are not always available.

Probably the most accurate method, if uséd carefully and correctly,
is the transmission meﬁhod of Norrish and Chappell (1967). A sufficiently
‘penetrative radiation, e.g. Nb Ky» is allowed to pass through a known weight
of sample pressed into a circular hole of known diameter in a perspex slide

placed in front of the scintillation detector, and the intensity measured

with and without the sample in position. The m.a.c. for Nb Ky radiation may

then be calculated using the equation:

I
;. O area
MeQeCo - ].n e X —
R | mass

where Io = intensity of incident radiation, and I = intensity after aBsorp-
tion, area = area.of hole in slide in cm2, and ﬁass = mass of sample taken
in g.

This method, while accurate, is very time-consuming since it must
be carried out at least twice on each sample to ensure accuracy. Consequently,
it is not often used for routine aﬁalysig. It is used in this laboratory
only when the third method (to be described) is not applicable, or to check
the accuracy of the results so obtained, or on spécially important samples
(e.g. standards and lunar samples).

The fhird method, commonly used in this laboratory and in many
others, is the method of Reynolds (1963, 1967) which makes use of the fact
that the m.a.c. of a sample is inversely related to the intensity of thé
scattered tube radiafion, in pafticular the Mo K, Compton peak, from a Mo
tube. The Compton peak is caused b& incoherént scattering by the sample of
the Mo Ky line from the Mo x-ray tube. It will.be shown that this method,
subject to certain conditions, is capabie of producing ﬁ.a.c's with an '
accuracy equivalent to‘those obtained by the transmission method, i.e. ~ 1%.

In his original paper, Reynolds (1963) recommended the use of a
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LiF(200) analysing crystal together with an Y203 filter placed in front of
the detector. Since that time crystals with better dispersion, such as
LiF(220), have become available and are to be preferred for reasons given
later.  Fig. 10 illustrates the spectrum obtained from pure quartz using a
LiF(220) crystal, that has twice the dispersion of LiF(200), both with and
without a Y203 filter. It is obvious that use of a cryétal of lower disper-
sion, e.g. LiF(200), would result in some cross-tailing of the Mo K, peak
under the Compton peak. As the Mo K, lines is not as sensitive to changes
in m.a.c. as the Compton peak, this would result in errors. For this reason
only a LiF(220) analysing crystalvis used in this laboratory for the deter-
miné;ion of m.a.c. using the Compton peak mefhod.

: Normally the intensity éf the Mo K, Compton peak is measured at an
angle corresponding to the maximum intensity of the peak. However, during
the analyéis of lunar samples, some of which contained up to 200 ppm Y, it
was noticed that the m.a.c's determined by the transmission technique and the
>Compton peak method did not always agree. When there was a discrepancy, the
Compton peak method always yielded a lower m.a.c. Investigation showed that
the Y KB1 peak was almost exactly superimposed on the Compton peak causing
too high an intensit& to be measured, resulting in a low estimate of the
m.a.c. (Fig. 11). Fig. 12 gives an expanded view of part A of Fig. 11. It
is clear that even for a sample containing 2000 ppm Y there is a part of the
Compton peak (marked with an arrow) where the intensities of the Compton
peaks of the two samples, pure quartz and quartz + 2000 ppm Y, are almost
equal. This angle is about 0.15o 26 lower than the maximum of the Compton
3 and K55 4

peaks, as shown in Fig. 11(B) using a W tube. When the lunar samples were

peak, and corresponds to the lowest. intensity between the Y KG
. ’

re-run measuring the Compton peak at the off-set angle, there was good
agreement between the transmission and Compton peak methods. Another element

that can cause interference on the Compton peak is Nb, the Nb Ky line
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occurring at an anglé of 30.4° 26, It is only in exceptional rocks that °
this type of interference occurs, e.g. NIM-L (980 ppm Nb). Other elements
causing interference are U (UL’31 at 29.3° 28) and ThL[33 at 30.7° 28), e.g.
in SY-1 (2500 ppm U and 1300 ppm Th). All m.a.c's are now measured in this
laboratory using a Mo tube, Y203 filter, LiF(220) analysing crystal, and the
off-set angular position on the Compton peak. | oo
To prove the accuracy of the Compton peak method; thé m.a.c. of a
number of international standard rocks was determined by the transmission
method (using Nb K, radiation) as carefully as possible, including the use

of an expanded form of the dead-time correction equation:

obs
Rtrue - 2 2 : (3)
1 - (Robs x tp + (Robs X tD/Z))
to correct I and Io for dead-time losses, where
= true count rate in c.p.s.
true : :
R = observed count rate in c.p.s., and
obs
ty = dead-time in seconds.

The Compton peak intensity was measured for 26 briquettes comprising

18 standard rocks and minerals, and the time required to acquire 400,000
counts, corrected for dead-time, was plotted against the transmission m.a.c's.

A reduced major axis regression line (which assumes errors in both measure-

ments) was fitted to the data points (Fig. 13). The intercept on the m.a.c.

axis was -0.0003. The maximum relative error of any of the points compared
to the best fit line was 1.91%, while the average relative error was 0.82%.
As the error on the transmission determinations was probably about 1%, the
agreement between the two methods was most satisfactory, and proved that the
use of the Compton peak method for determining m.a.c's for accurate trace

element analysis was justified.

For comparative purposes, the m.a.c's for the standards were
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calculated from the recommended major element concentrations (Flanagan,
1973) using five different. sets of m.a.c. tables froﬁ the literature.
Intercepts on the m.a.é. axis, maximum deviations from the best fit lines,
and average percentage deviaﬁions from the lines are shown in Téble 8. It
is obvious that the best agreement with the Compton times occurs when the
transmission data are used, with the average.percentage deviation being
about half that obtained using calculated m.a.é's. For coﬁparison with
Fig. 13, the pldt of the Philips data against Compton time is shown in
Fig. 14.

It was necessary to cdnfirm that a m.a.c. determination made using

the Mo K Coﬁpton peak (at 0.738) would still be correct at the Ga K
wavelength (1.343). It is not pdssible to determine the m.a.c..at the Ga Ko
wavelength by the transmission method, as thevvery‘small amount of sample
required to allow measurable transmitted intensity precludes tﬁe making of a
disc in the perspex slide. It is possible to make disés of sufficient
thiﬁness to measure Rb K radiation (0.938), and in Table 9, abstracted from
a paper by Feather and Willis (1976), m.a.c's for a number of.samples

measured at five different wavelengths are shown together with various

ratios.

Hower (1959) stated that in the wavelength region shorter than the
absorption edge of the highest atomic number major element, which in most
rocks is Fe, the ratio (m.a.c. Sl)/ (m.a.c. 82) for two samples is constant

for all wavelengths, although the absolute values of the m.a.c's vary

considerably for different wavelengths. Therefore, provided that Fe is the

highest atomic number ma jor element, the determination of the m.a.c. usin
g ) ’

the Mo K, Compton peak (0.738) will be valid for the correction of m.a.c.
effects at the Ga wavelength (1.348) as well, both w%velengths being shorter

than the Fe absorption edge at 1.74%. The data in Table 9 support this

statement.
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There are, hqwever, some samples for which the Compton peak method
cannot be used for the analysis of Ga, for reasons other than line inter-
ference. Usually these are samples in which a major or minor element
absorption edge occurs between the Compton peak and the Ga K, wavelengths.
Typical examples are samples having high Sr concentrations, such as NIM-L
(4500 ﬁpm Sr) (see Table 9), or high Th concentrations, such as SY-1 (1300
ppm Th). If samples have trace elements in this wavelength region (0.7-1.08)
at concentrations higher than 1000-1500 ppm, the accuracy of the m.a.c. as
determined by the Compton peak method must bé suspect. It is then necessary

to determine the m.a.c. at the Rb K, wavelength by the transmission method.

Table 9 shows that the error for NIM-L would be 5.5% if the m.a.c;
for the determination of Ga was measured using the Compton peak method.

The Mo x-ray tube was already being used for the determination of
Ga with the LiF(200) analysing crystél. As the spectrometer can hold up to
three analysing crystals at a time, it was possible to have the LiF(220)
crystal mounted together yith the LiF(200) crystal, and to use the Mo K,
Compton peak for the determination of the m.a.c. during the‘Ga run. This
regulted in a considerable saving of time as the sample had to be loaded into
the instrument only once for both measurements. Another advantage was that
if the sample was for some reason noﬁ at the correct height in the instrument,
the effect of méking the two measurements together was to cancel out any
errors due to varying distance from the x-ray tube.

It was not possible to measure the Compton peak with the yttrium
filter as this would have absorbed too much of the Ga radiatioﬁ. The result
was some cro;s-tailing of the Mo Ky peak under the Compton peak for low
MeaeCo samples (Fig. 10), altering the slope of the line relating time to
m.a.c. such that it made an intercept on the m.é.c. axis of about 1.0, and
also affecting very high m.a.c. samples. The slope and intercept of the

line were calculated from measurements on a number of standard samples, and
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were fed into the computer pr&gram which used the information to calculate
m.a.c's for unknown sampies, Satisfactory results weré obtained as shown in
Table 10 and Fig. 15 comparing m.a.c's determined by the Mo K, Compton peak
method using an yttrium filter and during a.Ga run. The samples shown cover
the range of m.a.c's found in rocks and meteorites. Above aly@hb of about 22,
which applies only to meteorites and some minerals such as ilmenite and
magnetite, it is best to determine the m.a.c. separateiy using the yttrium
filter or the transmission method.

4.2.8 Alternate Means of Background Determination

Before discussing the accuracy and precision of the method, the
reader's attention is drawn to another means of determining the background
iptensity at a peak position, as described in a paper by Feather and Willis
(1976) (see Appendix 1). | | |

In brief, the background infensity at any wavelength‘shorter than
the Fe absorption edge was found to.be linearly related to the recipro;al of
a mea.c. appropfiate to that wavelength region, e.g. m.a.c. Rb K“. It
followed that if the m.a.c. was known, then the background intensity at a’
peak position could be calculated from the equation of the line relating.
1/m.a.c. and background at the peak wavelength. The equation of the line was
determined by plotting intensities at each required position against i/m.a.c.
for a number of blank samples, obtaining the best fit line to the points and-
calculating its equation. It is'obviously extremely importantbto ensure that
the 'blank' samples contain no traces of the elements being deEermined,
otherwise the equations of the best fit lines will be incorrect.

All that is then required to determine the concentration of an
element in an unknown sample is to measure its m.a.c. and the intensity at
the peak position. From the equation of the background line, the backgroﬁnd

intensity is calculated, the nett peak intensity found and the concentration

of the element determined in the normal way. It should be noted that it is
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no longer necessary to measure background positions.

For the determination of Ga, this method has important implications.
Firstly, it is not necessary to count the background positions. Secondly,
the only element actually interfering on the Ga Ky line is Hf, with an
interference factor of 5.5% of the nett Hf peak. The Hf peak itself suffers
interference from the Cu Kﬁ peak to the extent of 3.4% of the Cu peak inten-
sity. If the determination of Ga is the only interest, the contribution of
Cu on the Hf peak can be ignored as the cumulative error for the effect on
the Ga peak is negligible. ' Consider the data in Table 11 as an example. For
EG-4489, ignoring Cu correction on Hf, the Hf correction on Ga amounts to
3.6 c.p.s. or 1.4% of the Ga peak. The errof,in ignoring the Cu interference
on Hf is 0.3 c.pes. or ~0.1% of fhe Ga peak. Depending on the accuracy
required, it may even be acceptéble to ignore the Hf contribution on the Ga
intensity. Theoretically, théfefb#e, it should be possible to reduce the
number of positions counted from six to either two or one. The saving in
time would make the method extreﬁely attractive. If both Ga and Hf were to
be determined, it would.be necessary to count the Cu peak as well as Hf and
Ga. |

It was noted earlier that Pb also caused interference on the Ga peak
to the extent of 0.0061 ppm Ga per ppﬁ Ph. Figure 4 shows that the Pb LL
line in fact straddles both the Ga peak and B2, so that the interference on
the Ga peak is to some extent cancelled'out by a slightly higher background
intensity, when using the conventional method of analysis.

Using the new method described above, this is not the case, and in
fact the Pb interference increases to 0.0132 ppm Ca per ppm Pb, or double the
amount (Table 3). Of course there is no reason now why the Pb content should
not be determined instead of, say, 2Zn, and a proper correction made. It
would still mean that only two, three or four measuring positions (Ga, Hf, Cu,

Pb) are required instead of the six used in this work. Using conventional
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methods of Eackgréund determination, it is not possible to determine Pb with
a Mo tube. The poor dispersion of LiF(200) prevents accurate baékground
measutrements and LiF(220) causes "Spurioﬁs" or "ghost" reflections on the Pb
peak position (Willis, 1968).

The accuracy of the new method is still somewhat uncertain. At high
vconcentrations, above 50-100 ppm, the accuracy is 1-2% (Feather and Willis,
1976) and perfectly adequate for most purposes, but at 1owe£ concentrations’
the accuracy deteriorates (Table 12).

The‘reason possibly lies in the accuracy of the m.a.c. detefmina-
tions. Using the new method, any error in the m.a.c. is compounded in the
final result. For example, if the m.a.c. for a sample is too high, because
the re;iprocal m.a.c. is related to the background intensity the reciprocal
of the m.a.c. will be too small and so the background intensity will be too
low, resulting in a nett peak that is too large. To determine the concentra-
tion, the nett beak; which is ﬁoo large, is multiplied by a m.a.c. that is

also too high, resulting in a compounded error giving a concentration that is

* ’

high. Equally, if the m.a.c. was low, the final result would also be low.
In the conventional method, any error in the m.a.c. is of course present in
the final result, but it is not compounded. The effect of instrumental

drift is also magnified using the new method.
In essence, the final accuracy of the new method relies even more

heavily on the accuracy of the m.a.c. than the conventional one; and also on

the stability of the instrument.

Ga data for some international rock standards determined by the 'no
background' method are given in Table 12 (column 2). At concentrations above

~5ppm Ga, the agreement with the data determined by the conventional method

is good.
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4.3 EFFECT OF PARTICLE SIZE ON DETERMINATION OF GALLIUM

A possible cause of bias in XRF analysis is the so-called particle
size effect or mineralogical effect. This is usually only a problem when
rthe particle size is fairly large (+100 =k ), the wavelength >~ 3A, and the
element being determined is concentrated in a single phase or mineral. If
the mineral in which the element is concentrated is finer than the bulk of
the sample, high values will result, while if thé mineral is coarser than
the bulk of the sample, low values will be obtained, because the coarse
grains are shielded by the finer material.

To test the effect of particle size on the determination of gallium
in rocks, a rock sample, OK 227, was ground for varying times in an auto-
matic agate mortar. The rock chosen was a gabbro-picrite, an blivine
cumulate, which would be a good tesf of particle size effects as the
- plagioclase would contain the bulk of the gallium in the rock while the
olivine would cdntain none. The starting material was -120=f= and after
grinding for 60 minutes the powder was less than 300 =f=.

The results are plotted in Fig. 16. The mean of twelvg different
briquettes was calculated, and all Ga values plotted within + 3§C (counting
statistics) of the mean, indicating that there was no statistically disce?-
nable difference between briquettes. Close scrutiny of the plot in Fig. 16,
however, suggests the possibility that the determined values tend to
decrease slightly with decreasing particle size.

The problem of particle size effects was recognised in this
laboratory many years ago, and all briquettes are made with samples ground
to -300 =f=, especially as they are used for the determination of sodium which
does require a very small particle size for accurate measurement;

Particle size effects should therefore notvbe a cause of bias in

the results presented here.
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4.4 STANDARDT SAT TON

In common with most other instrumental methods of analysis, e.g.
optical emission spectrometry, XRF spectrometry is not an absolute
analytical technique, in that unknown samples must be compared to standards
of known element concentrations. In common practice resort is made to tﬁe
use of standard rocks, such as the USGS rocks, whose elemental concentra-
tions are well.known (for some elements)f It is also possible to use
artificially preparéd standards which usually consist of mixtures of
specially pure chemical compounds, or pure quartz or silica doped with
known amounts of trace elements. The experience in this laboratory during
the past ten years is that the use of artificial standards is sometimes
successful and sometimes not, and we have preferred to use natural rock
standards.whenever possible. Norrish and Chappell (1967) state that adding
an element in the form of an oxide or salt can lead to errors arising from
micro-absorption effects, especially in the waveleﬁgth region ~1-38%

(Ga K 1.348). This can be due both to differences in particle size
between the sample and added compound and to the fact that, in this
instance, the Ga is present in an oxide molecule if Ga203 is added, whereas
in the rock sample it is present in a different molecule or molecules.

The precision of the method presented here is 1-2%, and to ensure
accuracy of the same level, it was necessary to use standards having an
accuracy of better than 0.4 ppm Ga at the 20 ppm level. It is the writer's
opinion that it is not possible by dry grinding alone, the only technique
available at the time, to guarantee to mix or dilute samples down to.the
20 ppm Ga level with the required accuracy. Even if such accuracy could be
attained, there was still a strong possibility of bias due to micro-
absorption effects; It was therefore decided to use the USGS rock stan-
dards for standardisation purposes. Having made this decision, it was

necessary to assign usable values to each of the USGS rocks.
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Flanagen (1973) presented a list of recommended values, averages
or magnitudes for a large number of elements in "international' rock stan-
.dards and minerals. The data are extremely useful, but must be used with
great care, and there is the drawback that no individual values are givene'
In a new compilation, Flanagan (1976), the individual values for the USGS
standard rocks are reported. \

If the Ga contents in the two standard rocks G-1 and W-1 are con-
sidered, Ahrens and Fleischer (1960) recommended averagee of 18 and 16 ppm
Ga respectively. Fleischer and Stevens (1962) and Fleischer (1965, 1969)
found no reason to change these values. However, in Flanagan (1973, 1976)
the recommended value for G-1 changed to 19.6 ppm, while W-1 remained un-
ehanged at 16.0 ppm Ga. From inspection of Table 12, it is apparent that
Flanagan (1973, 1976) has taken de Laeter's (1972) isotope dilution values
'for‘the USGS rocks as being the definitive values. To the writer's knpw-
ledge no one elee has, ﬁeed the isotope dilution technique for the deter-
minatien of Ga in rocks, and while the stable isotope dilution technique is
known to give accurate results for elements such as Rb and Sr, there are
probleme associated with its use for the determination of Ba, for example,
(Philpotts, pers. comm.). In principle the writer considers it wrong to
assume the results-of a single analyst using an untried method es being
definitive, until such time as his data are supported by further work.

In the absence of original data in Flanagan's (1973) report, a list
of data for the concentration of Ga in the eight USGS standard rocks G-1,
Ww-1, GSP-1, AGV-1, BCR-1, PCC-1 and DTS-1 was compiled. In addition to the
individual analyses reported in Ahrens and Fleischer (1960), Fleischer and‘
Stevens (1962), Fleischer (1965, 1969), and Flanagan (1967, 1969), data
have been taken from twenty other papers in the literature. Altogether
data from 92 papers have been collated. The data are summarised in Table

13 and individual determinations plotted in Figs 17-19. For ease of
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plotting, the data values have been rounded to the nearest ppm, but the
calculations shown in Table 13 were made using the original values.

From the data plotted in Figs 17-19 the problem arose of how best
to arrive at a "preferred', '"proposed'" or 'usable” vaiue for these rocks.
Roubault et al. (1966) calculated means and standard deviations for each
element for the three French standard rocks using all available results.
All results which differed from the mean by more than one standard deviation
. were then rejected and the remaining values used to calculate '"preferred"
means. Abbey (1970) found that for major elements considerably ﬁore
(80-85%) than two-thirds of the data lay within one standard deviation of
the mean. In calculating ™usable values'" for the trace elements, Abbey
(1972, 1973) arbitrarily decided, when 10 or more results were available
for a pargicular standard, to reject the 20% of the results farthest removed
from the mean of all available féstlts. The mean of all remaining results
was taken as a Gusable value'. When between 5 and 9 results were available
for a standard, all results were accepted and the crude aQerage taken as
the "usable Qalue", but with the reservation that it was less certain and
might well change when more results became known.

In this work a combination of the two methods was used in attempt-
ing to arrive at preferred values for Ga in the USGS standard rocks.

First, the means and standard deviations using all availaBle results were
calculated for each standard. - All results lying outside the range of + is
of the mean were rejected, but an attempt was made to retain at least 85%
of the results. The mean of all remaining results was taken as the
‘preferred value". For G-1, W-1 and GSP-1 both criteria were satisfied.
For G-2, AGV-1 and BCR-1 the distributioﬁs of the data points in Figs 17-19
were considéred when deciding which of those results outside the + 1s range
to accept. For PCC-1 and DTS-1 the reported results range from 0.1 ppm to

22 ppm Ga. As Laul et al. (i970)_and de Laeter (1972) have pointed out, it
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would be expected that the Ga content of these ultrabasic rocks would be
extremely low. Accordingly, only those results less than 1 ppm Ga were
accepted, and the average used as the '"preferred value'.

Mr. T. Steele (pers. comm.) of the National Institute for Metal-
lurgy, Johannesburg, has devised another method of calculating "preferred
values*. His method involves calculating the mean ana sténdard deviation
of all values, and rejecting those results falling outside the range of
mean + 2s. A new mean and standard Aeviation are calculated using the
remaining results, and again those results falling outside the acceptable

~range of new mean + 2s are rejected. The calculation is répeated until no

-further results are rejected. When the method was applied to the data pre-
,seﬁted here, three iterations were required for G-1, AGV-1 and BCR-1; for

G-2 and GSP-l four iterations were necessary; and for W-1 six iterations.

The results of all three methods are presented in Table 14, and
the mean of the three results for each standard used as the preferred
average in this work.

. Ahrens and Fleischer (1960) usually used averages when reporting
trace element values for G-1 and W-1, which were classed as eithgr
“recommended] when the analytical data were satisfactory, of"magnitudeé‘when
it was not so good. The use of simple éVerages isAsatisfactory when the
number of values is large and the distribution symmetrical, as for G-1 and
W;l in Fig. 17. Although there are one or two values, e.g. 37 to 39 ppm Ga,
that are far removed from the main body of data, because of.the fairly
large number of values, the high results do not greatly affect the means.
For G;2, however, the number of values is smaller, and there age four
values that are rather high with only one low value outside the main body
of data. In tﬁis case the averaée is biased towards the higher values to

the extent of about 4%.

There is unfortunately no international agreement on how to handle



45

standards data in order to arrive at "preferred values“, which is a pity.
It is to be hoped that one of thé international organisations will set up a
discussion group that could set accepted rules for the handling of data
that is of such crucial importance to the practising analyst,vgeologist and
geochemist.*

In the absence of any set guidelines, the handling of standards
data must be to some extent subjective; It is hoped that the means used to
arrive at the preferred values in this work are less sub jective than most.

In Figs 17-19 the analytical fechnique used for each determination
is indicated, and a study of the results obtained by different methods is
interesting. Most of the determinations have'been made by optical emission
speétroscopy with neutron activation analysis the next most frequently used
method. _For OS:there is aclear-cut bimodal distribution of the data,
although not S0 obvious in the case of G-1. This is particularly so for
data from Flanagan (1969) where the analyses by three USGS'laborétoriés
show a marked Systematic difference in their results for Ga. The differ-
ence is consistent for all four standards G-2, GSP-1, AGV-1 and BCR-1. 1In
Figs 17-19 the preferred averages tend to fall between the two modes of 0OS
data.

Fleischer (1969) commented that the INAA results tended to be high
compared with other techniques. This observation is confirmed by the data
presented here, particularly for the acid and intermediate type rocks,
indicating fhat there may be some interference in the technique that is not
taken into account. The XRF analyses tend to be rather widely scattered

about the preferred averages.

* Note added in proof: This is now being done.
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CHAPTER 5

QUALITY OF THE DATA

5.1 GENERAL

The duration of the analytical runs on the spectrometer varied
from about ten days to six weeks. Because no normalisatjon to a reference,
saﬁple was made in the computer program, the overall accuracy and precision
of a run was dependent on the stability of the instrument. In order to
monitor the drift occurring during a rumn, a blank sample heavily doped with
copper was run every three to four hours on B1l, Cu K.‘31 and the Mo Ka
Compton peak. In this way it was possible to monitor any changes taking
place in peak counts (using Cu KB1)’ background counts and Compton peak
times. In addition to the Cu-doped sample, a briquette of W-1, and 1ater a
doped sample, was counted once with ‘every twenty to thirty samples.
Depending on the counting times for the sampleé, this resulted in W-1 being
counted once or twice a day.

‘In practice the stability of the instrument was quite remarkable,
as indicated by thevplots for W-1 and a Ga-doped blank used in place of W-1
for the October 1974 run, in Fig. 20. In not a single instance was the
calculated Ga content outside the range of + 35¢ éounting statistics (99%
confidence limits), while it was usually within + Zsc (95% confidence
limits), indicating that there was mo significant drift or bias and that at
all times the measured concentrations were within the range éxpected from
counting statistics alone. It is considered that much of the precision of
the final results is due to the fact that both nett intensities and m.a.c.
(by Mo K, Compton peak) were measured at the samé time; 1if, for example,
a slight increasg in the intensities occurs, i.e. nett pegks, it is

accompanied by a slight increase in the Compton peak, which, being
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inversely related to the m.a.c., results in a slightly lower m.a.c.
Therefore, when the peak intensity and m.a.c. are multiplied together as in

equation (1),-;ny drift will tend to cancel out.

5.2 PRECISION

The majpfity of the measurements made in this work were carried
out at three separate times, and it was important that there should be no
bias between the results from different runs. Altogether three separate
briquettes (each 4g) of W-1 were run during this work, as shown in Table 15.
In no case was there a greater difference than 0.1 ppm between the three
briquettes which were used as standards for the various runs. When the W-1
briquettes were run as standards, as opposed to being run as monitors,
counting times using code 800 were used giving a relative counting error of
1.2% (Table 6). The briquettes were run aé the start of a run, ip the
middle and again at the end of thelrun, usually three times on each
occasion. . Monitor determinations using W-1 were counted using code 480
giving a counting error of 1.7%. 1In addition to W-1 other standard samples,
e.g. G-1, G-2 and BCR-1, were run at the same time, and reference to the
data in Table 15 indicates no bias between runs. 1In all cases the resulﬁé
are withinvi 35c of the mean, except for G-2 where the results are within
+ 4sc for briquette 1, i.e. any differences are those that méyvbe expected
from counting statistics alone.

‘ 1t appeared therefore that all results obtained were within the
precision calculated from counting statistics alone. In the case of indi-
vidual unknown samples, all samples were counted twice in the first
instance. The Ga content was calculated and the two results compared; 1f
the difference between the two results was less than four times the 1sC
error due to counting statisticg, the results were accepted. If the

difference was greater than four times the counting error, the sample was



48

recounted as many times as necessary to achieve an acceptable result. 1In
Table 15 the data in column "sigma" are the maximum difference between the
determined Ga concentrations divided by the counting error (1sc) for a
single determination. The valué of sigma for each sample was checked to

ensure it was less than 4.

5.3 ACCURACY

| It is well known, but frequeﬁtly forgotten, thét although the pre-
cision of an analysis may be good, it does not necessarily follow that the
accuracy is also good. The result may in fact be biased due tovsbme factor
in the technique affecting the final answer. Before discussing the
accuracy as a whole of the technique used here, the precautions taken to
avoid biés in individual samples will be described.

In this XRF technique there are three likely sourceé of error that
could introduce bias into the final result: errors in the determination of
the m.a.c., "counting errors’, and interference on peaks and backgrounds by
elemgnts other than Zn, Hf and Cu. Possible errors in the determination of
the m.a.c. have been discussed earlier, and in all samples where errors
were suspectéd; the m.a.c. was determined either by the transmission method
or by éalculation from tables when no further sample, other than the
briquette, was available. Included in the term '"counting errors' are the
occasional bad count on the instrument, e.g. due to spikes on the mains,
mis-setting of the counting time, and mis-punching of computer cards for
the calculation program, i.e. errors other than those due to counting
statistics which are random. The possible interferences on peak and back-
ground positions by unmeasured elements have already been discussed.

.The means of checking for these possible errors is a novel one,
and arose out df‘the work by Feather and Willis (1976) and the alternative

method for determining Ga already described. The method of checking for
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errors has been so useful that it is strongly recommended that it be used
whenever trace elgments are determined by XRF dnalvsis.

Essentially the method involves plotting all backgrounds for
indi&idual samples against their reciprocal m.a.c's. By "all" backgrounds
is meant the calculated background for Zn, Ga, Hf_and Cu, as well as the
individual measurements of Bl and B2. As the backgrounds for Zn, Ga, Hf
and Cu are all calculated by multiplying the sum (B1 +B2) by.different
factors, it follows that if the Ga background is in error, the others will
be too. Therefore only plots for Bi, Ga background and B2 are shown heré.
Some typical plots are shown in Figs 21-23, in which data for 883 samples
have been plétped. The diagrams are easily plotted by computer. An option
| was built into the calculation prbgram by which the background intensities
and reciprocal m.a.c. for each sémple.were written to a disc file.
Following the calculation section of the program, a program from the BMD
package, BMDO2D, (Dixon, 1976), was used to plot the data on the line
'printer of the computér. | |

Inspection of Figs 21-23 indicates that most of the points, as
expected, cluster around a straight line relating intensity to 1/m.a.c.

It is also immediately obv?pus that certain samples do not, and it is these
samples that are checked further in an effort to find out wh& they do not
fit the general trend.

The first possibility checked is that punching errors occurred.
If duplicate points for a sample plot in the same place, it is unlikely
| that punching errors were made. If no punching mistakes were made, then
either the m.a.c. is incorrect or the background intensities are in error.
Again, as each sample was measured twice, if the two points plot together,
then it is unlikely that a bad count was the cause of the error.

In general, if a point lies to the right of the trend line, then

the m.a.c. will be in error by being too low, i.e. 1/m.a.c. is too high.



If a point lies to the left of the trend line, then eitﬁer the m.a.c. is
too high or there is interference on cne or both of the'baékground posi-
tions, or perhaps both of these alternatives are true.

In Figs 21-23 four samples plot to the right of the trend line,
JJG106-108 and ilmenite. As indiéated earlier (Fig. 15), samples with
exceptionally high m.a.c's, such as ilmenite, will tend‘to give low m.a.c.
values when measured without an yttrium filéer, so that it was expected
that the ilmenite sample would plot where it did. When the m.a.c. was .
redetermined by the transmission method, the point fell on the trend line.

In the case of the tﬁree sémples JJG106-108, one possible explana-
tion was that the briquettes were not infinitely thick for Mo Kg radiation
ebout 4g of sample iS'réquired) and that some of the Mo K, radiation was
being reflected from the békelite/boric acid backing (very low m.a.c.),
yielding low m.a.c. values for the samples. On enquiry, Dr. J.J. Gurney
(pers. comm.) indicated that only 2-3g sample had been available for these
samples. These briqueﬁtes were therefore not infinitely thick for Mo K,
radiation (therefore giving an incorrect m.a.c. measu:ement), but would be
so for Ga radiation (1g being sufficient). No further material was
available for these samples, but fortunate1y>theyvhad been analysed for
major’elements. The major element data were used.ﬁo calculate the m.a.c's
and the'points then plotted correctly on the diagram (Fig. 24). To check
that a 1g briquette was infinitely thick for Ga K,, both a 1g and a 4g
briquette of sample E26, an intermediate lava, were measured with the

results given below:

ppm Ga M:A+Co
4g briquette 20.4 15.77
1g briquette 17.6 13.54

When the correct m.a.c. for the sample, i.e. 15.77, was used for the 1g

briquette, a value of 20.5 ppm Ga was obtained, in excellent agreement with
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the result for the 4g briquette.

Of the points lying to the left of the trend line, sample KL13
will be considered first. This sample is a rhyolite from northern S.W.A.,
and it should be noted that, although the sample falls off the trend line
for Bl in Fig. 21, it does not do so for B2 in Fig. 23, indicating the
presence of an element causing interference on Bl. Table 2 suggested Ta or
W as the likely elements and é wavelength scan (Fig. 25) showed the presénce
of an exceptionally high concentration of W. According tobProf. A.J.
- Erlank (pers. comm.), this sample was not ground in tungsten carbide. 1In
contrast, saﬁple BRA2, for which Bl was also in error, showed the presence
of a considerable concentration of Ta (Fig. 5). The other sample that has
consistentlyAfallen off the trend line is NIM-L. As indicated earlier, the
mea.c. as determined at the Rb K, wavelength by the transmission method
seems to be éqrrect. NIM-L is known to contain ~20 ppm Ta, which would
cause Bl to be slightly high, but as B2 is also high, this is not the com-
plete expiénation. A wavelength scan for this sample is shown in Fig. 2,
indicating the high concentratién of Hf in this sample.

To ensure that the interference correction procedure.wasrworking
- correctly, a sample doped with exceptionally high concentrations of Zn, Ga,
Hf and Cu, relative to average rocks (Fig. 6) was counted with the results
shown in Fig. 26. The background points for thi; sample, counted eight
times, straddle the general trend line véry closély, indicating that for
high concentrations of the elements concerned, where any efrors would show
‘up most strongly, the correcﬁion pfocedure worked satisfactorily. Thev
reasons for NIM-L falling off the trend line are at present unknown.

The final sample to be discussed is the kimberlite phlogopite
nodule 199, and this sample plots a &ery considefable distaﬁcevoff the
trend line for both Bl and B2. It would seem therefore that the m.a.c. is

in error. The Compton peak method had in fact placed the sample at a
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position marked with an 'X', and the transmission m.a.c. gave the value for
its present position. 1In Fig. 25, which shows a wavelength scan for this sample,
there appears no reason for error in the background measurements. The
sémple is known to contain very high concentrations of Ba (~1%) and Sr
(~0.2%) (br. J.J. Gurney, pers. comm.). In addition, being a mica, it was
very difficﬁlt to grind finely, and it is possible that some type of
diffraction effect is taking place affecting the background intensity
relative to rocks. 1In any case, one would be most reluctant to report data
for such a sample, and it is omitted from this compilation. For the record,

the value determined for Ga was 18.5 ppm, which is not inconsistent with the

size of the peak in Fig. 25. If the m.a.c..is incorrect, this would reduce

to about 13 ppm Ga.

The preceding comments sh;w the value of plottingll/m.a.c. against
background intensity, not only for this work but for any trace element work
done by XRF, in highlighting errors that would not otherwise be obvious,
thereby helping to maintain a high standard of accuracy.

The problem in deciding on the question of the overall accuracy of
an analytical technique is always a difficult one, and in the final result
is always highly subjective. One of the common ways of estimating the
accuracy of an analytical technique is to compare results obtained on
international standards with recommended values, when they are available,
and also to compare results with those of other workers on the same samples
when this is possible. Both approaches will be discussed here with regard
to some international rock standards and meteorites.

Table 14 compares the results obtained in this work with the pre-
ferred averages for eight USGS rock standards. The mean correction factor
required to change the Qalues from this work to the préferred average

values is very close to one (1.004), indicating an absence of bias in the

results. There are nevertheless fairly large differences in the results
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for GSP-1 and BCR-1. The reasons are unknown. In the case of BCRZ1, the
difference may reflect the large proportion of INAA results used in calcu-
lating the average value. 1In the case of GSP-1, the spread of the data
points in Fig. 18 is so large and symmetrical that no comment is possible.
Qur bottle of GSP-1 is known to be inhomogeneous with respect to Zr and Th,
but it is unlikely that it would be so for Ga.

In this work it was possible to determine Zn, Cu and Hf, as well
as Ga; and'if the data for these elements are accurate, it lends support to
the question of the accuracy of the Ga data. Data for Zn, Cu and Hf in )
some standard rocks‘have been tabulated in Tables 16-18. 1In spite of the
fact tﬁat for Zn and Cu the KB lines were used, which resulted in far less
sensitivity and greater counting errors than those obgained-using the Kq
lines, the agreement for the USGS rocks is‘exéellent. For the French
standards GA, GH, GR and BR, the agreement for the Cu results is féir, but
for Zn the agreement is very poor for GA, GH and GR. The reason is uncer-
tain, but it may be due to Zn contamination from the vacuum oil as these
briquettes date from 1965, before the problem of contamination was recog-
nised. The data for Hf are in satisfactory agreement with those from the
literature, allowing for the rather large error (0.5 ppm,lsc) for this
method; The literature data for NIM-L are very poor, five analyses
ranging from 148-274 ppm Hf. For the counting times used here the precision
is rather péor, buf could be imprerd if required. In any case XRF is not
the-best method of determining Hf in rocks, but could be used when the con-
centration is above 10 ppm Hf.

It is concluded that the acéuracy and precision (i-é%) of the
analytical method presented here holds for the determination of Ga in rocks
at concentration levels above about 10 ppm Ga. At concentration levelé
less than 5 ppm the precisiou'will depend on the concentration, varyiug

from 2% at the 5 ppm level to 50% at the detection limit of 0.3 ppm Ga.
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From Table 14 it appears that the accuracy at the 1 ppm level is
still satisfactory, but the data obtéined on meteorites in this work will
be compared with those obtaiﬁed by other workers as a further check on the
accuracy at low conéentrations. .

Gallium is an important element in meteorite geochemistry, and its
concentration in meteorites has been determined by many workers, using
mainly radibchemical NAA or INAA. Comparative Ga concentrations in indi-~
vidual meteorites have been tabulated in Tables 19-24 and all data have
been summarised in Table 25. When compafing meteorite daté, the problem of
possible sample inhomogeneity must be considered, and therefore it is
preferable to compare the averages obtained for different classes of
meteorites, when this is possible, rather than individual Samples. In conQ.
sidering fhe data in Table 25, it should be borne in mind that the data of
Ereenland (1965) were amongst the eafliest presented, and it is clear that he
éXperienced some difficulties, espe;ially with the carboﬁaceous and
enstatite chondrites for which his data appear to be higher than that
obtained by other workers.

It should also be borne in mind that not all of the wofkérs

analysed the same meteorites, and this also has an effect on the average
valqes obtained. The point is well illustrated if one considers the
carbonaceous éhondrites class C3. There is a distincf difference between
the Ga contents of the €3-0 and C3-V sub-classes, and depending on the
number of each class analysed, the average for the C3 class as a whole may
vary considerably. 1In the data reported in this work there are four |
meteorites for which the Ga data appear anomalous for their type. The
individual results are discussed later, but in Table 25 the anomalous
values ére reported separately so as not to distort the averages, e.g.
C3-V, E6 and aubrites. |

Bearing these points in mind, the agreement between the meteorite
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data presented here and that from the literature is excelient at all levels
from 18 ppm Ga in the E4 ensfatite chondrites, down through the 5 ppm level
of the H- and L-group chondrites, to thé 1 ppm level in the howardites;
with no evidence of consistent bias towards either high or low result$
relative to those of»other workers.

It %s clear that the analytical technique presented here yields
data that compare favourably with those for the international standard
rocks and those for meteorites; the two instances where meaningful compari-
sons can be made. -

The technique can; therefore, be used with confidence to determine
the gallium content of common rocks, minerals and meteorites, always
bearing.in mind the few exceptions tﬁat have already been‘discussed, i.e.
samples containing unusually high concentrations of W, Ta, U, Th, Ba .and
Pb. |

_Béfore moving on to a discussion of the data presented in this
work, it is necessary that an important point be emphaéised. For the vast
ma jority of samples analysed in this work, the Pb content is unknown, and
it has therefore not been possible to make a correction for the effect of
this element on the measured gallium concentration, ;xcept in a few
instances. In order to be consistent ffom one group of rocks to another,
it was decided tc make no correctioﬁ for Pb, except in the case of the
standard rocks. In most samples the lead content is unlikely to be greater
than 50 ppm Pb, which means that the maximum erfor would be 0.3 ppm Ga.
Some exceptions are the syenites from the Nejoio Ring Complex in Angola
where the iead cbntent rises to 70 ppm Pb. As the gallium content of these
rocks is approx. 40 ppm Ga, the relative error introduced by ignoring the Pb
correction is only about 1%. 1In general, the relative errof will vary from
zero for basic rocks to a maximum of 1.5% for granitic type rocks. It

should be borne in mind, therefore, that there could be a systematic error



of up to 0.3 ppm Ga in the acid rocks relative to the basic rocks.

error is considered to be sufficiently small to be ignored.

The
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CHAPTER 6

GALLIUM 1IN STONY AND STONY-IRON METEORITES

6.1 GENERAL

Data are presented on the Ga content of one hundred and ten bulk
samples of seventy-seven meteorites (fifty-four chondrites and twenty-threé
achondrites) and thirty non-magnetic or silicate portions of twenty-eight
meteorites (twenty chondrites and eight mesosiderites), probably the most
complete suite of stony and stony-iron meteorites ever analysed for Ga in
one 1aboratofy using a single technique.

The data contribute‘to the knowledge of the geochemistry of Ga in
the following ways: (i) eleven of the twelve classes of chondrites and
achondrites listed by Mason (1972), together with the mesosiderites, have
been analysed, a fairly comprehensive coverage; (ii) in most classes a
number of meteorites have been analysed; (iii) although Ga has been deter-
mined in thirty-one of'thevmetgofites by other workers, thirty-six new
analyses are presented; and (iv) the use of a single technique of high
accuracy and precision enables meaningful comparisons to be made both
within and'between groups.

There are very many papers in the literature that deal, at least
in part, with Ga in meteorites. The most recent reviews were published by
.Baedecker and Wasson (1970) and Burton and Culkin (1972) and include pub-
lications up to 1970. Since that time a number of papers have been pub-
lished, especially on the achondrites, which are not mentioned by Baedecker
and Wasson, and for which only five apalyses of howardites and eucrites are
included by Burton and Culkin. No datalwere available for the less common
types of achondrites. It was, therefore,‘considered appropriéte to this

study to summarise the data at present available on Ga in stony meteorites
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and the ndn-magnetic portions of mesosiderij:es.~

As discussed in the previous chapter, comparisons of Ga determina-
tions on individual meteorites have been presented in Tables 19-24. Excep£
for the consistently high data of Greenland (1965) for the carbonaceous
chondrites, the data arg remaékably consistent, especially when the number
of different laboratories is considered. This consistency may.be due, in
part, to the common use of a single analytical technique, radiochemical
neutron activation analysis.

Al]l available data for the different classes of stony meteorites
have been summarised by analyst in Table 25 for comparative purposes.
Four apparently anomalous values obtained in this work are reported
separately in Table 25 under the classes C3 and C3-V, bronzite chondrites,
E6 and aubrites. The data have been condensed in Table 26 to give concen-
tration ranges and mean valqes for the individual classes of meteorites.
Anomalous (?) values éppear in brackets. Table 26 represents the present
extent of our knowledge of the distribution of Ga in the stony meteorites.

Before discussion of these taBles and the data in detail, it may
be advantageous to‘summarise also the present knowledge of the distribution
of Ga in meteoritic minerals, including the metal phase. As stated in the
intrbduction, Ga exhibits chalcophile, siderophile and lithdphile behaviour
in meteorites, although in terrestrial materials it tends to be mainly
lithophile and, in some cases, chalcophile.

Tables 27-29 summarise our present knowledge of the distribution
of Ga between the various minerals and phases found in méteorites. The
only data for Ga in individual minerals are those of Mason and Graham (1970)
and Allen and Mason (1973), whose study constitutes an extremely important
contribution to our knowledge. It is to be hoped that with the improvement
of>ana1ytica1 techniques such as the ion microprobe, which will allow

analysis of mineral grains for trace elements in situ, more data will be
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forthcoming. The information would be of considerable help to our future
understanding of the geochemistry of meteorites.

Tables 27-29 indicate that chfomite and bulk metal (in enstatite
chondrites) contain the maximum Ga (~ 60-70 ppm) found in minerals. Ni-rich
taenite also has a high Ga content (~ 30 ppm). The metal fraction of the
ordinary chondrites contains ~14 ppm Ga. The data indicate that on
average the sulphides in the H and L chondrines contain ~7 ppm Ga, while
in the highly reduced enstatite chondnites the sulphide fraction contains
only about 0.5 ppm Ga. The very variable Ga content of plagioclase in
various metgorite tynes is extremely interesting and further work is
reduired to confirm and extend these findings. Sulphide minerals contain
between 0 and 14 ppm Ga. It is possible that the magnetite found in the
cnrbonaceous chondrite§ also contains high Ga values, similar to the magne-
tite in terrestrial rocks. All other minerals analysed to date contain
less than 2 ppm Ga and contribute very minor qugntities tovthe'total Ga

content in chondritic meteorites.

*  Table 30, taken from Mason (1972), summarises the mineralogy of
meteorites. Information for the snergottites has been added. It is predic—
table from this information and from Table 29 that the achondrites should
have, in general, nery low Ga contents, consisting as they do mainly of
pyroxenes, olivine and low-Ga plagioclase. Experimental work confirms this
prediction. ' .

The Ga data determined in this work are listed in Table 31 A-L.
All 'finds' have been indicated with an asterisk, and where more thgn one
sample of an individual meteorite was avnilable, the data for each are
ginen. The ﬁable includes the Ga cnncentration determined in each sample,
the Ga/Al ratio, Al concentration, tne detection limit in ppm, one standard

deviation error (1sc) in the Ga determination expressed as both ppm and

percentage, and the class to which the meteorite belongs where this is



60
known. The classification used is that of van Schmus and Wood (1967) and
Van Schmus and Hayes (1974)_f0r fhe chondrites, and class names from Table
30 (Mason, 1972) for the other meteorites. The mesosiderites have been
sub-divided according to the scheme of Powell (1971).

If the data in Tables 25 and 26 are considered in conjunction with
those in Table 31, a few results are anomalous. The Ga content of Coolidge
fallsAwell outside the range found by most other workers for C3-V carbona-
ceous chondrites. However, Coolidge is the only C4 meteorite analysed in
this work and should perhaps form a further sub-class of‘the carbonaceous
chondrites. Karoonda, the only other C4 analysed for Ga (Matga and
Lipschutz, 1977), is also anomalous, and will be discussed in detail later.
Coolidge is a find and is apparently considerably weathered (Jarosewich,
1966), a faEt that may have affected the Ga content. Aﬁothér anomalous Ga
“value is tﬁat for Beardslex (H5) of 9.8 ppm Ga, a value comparablé with
those of thé E6 chondrites, and which might indicate that the sample was
mislabelled. However, the same samplé was analysed by von Michaelis (1969)
for majdf and trace elements, and both K.and Rb were high for an H5 chon-
drite (e.g. 11.5 ppm Rb compared with the group average of 2;9 ppm), which
seems to indicate that some contamination may have occurred. Major element
data definitely place it as.an H-group chondrite. Bearasley was re-
analyséd twice when the anohalous value became apparent, and the repeat
analyses yieldedfthe'saméJvalue as previously obtained.

A further‘énomalous_concentration found was that for Blithfield
(E6), 5.5 ppm‘Ga compared with the group ﬁean of 11 ppm. This meteorite is
a find and will be discussed in a later part of.this chapter (6.5).
Shallowafer (aubrite) has a Ga content of 6.3 ppm, anomalously high for an
- achondrite. However, its very high metal content (9%) could account for

the high Ga value.

In addition to bulk analyses of meteorites, separated non-magnetic
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fractions of some H, L and enstatite chondrites and mesosiderites were
analysed and the data are included in Table 31. Sulphide minerals were not
removed from these fractions prior to analysis. It is very difficult to
ensure tnat all metal has been rémoved from the non-magnetic fraction, and
because of the very high Ga content of the metal relative to that of the
silicate and sulphide fractions, the presence of a small amount of metal
can pfoduce a considerable bias in tne Ga content of the non-magnetic
fraction.. | o

The values presented for the H and L chondfite non;magnetic
fractions in this work are essentially the same as, or even slightiy lower
than, the gfoup means calculated using the values of all workers, which is
a tribute to the care with which von Michaélis (1969) carried out the
éeparationsf Of the two enstatite chondrite fractions analysed, tne value
for Hvittis agrees well with those reported by other workers, but the value
for St. Marks is probébly slightly nigh due to incomplete separatinn of the
ﬁetal fraction; However, sinceronther;énalyses have been made of separated
fractions of E5 chondrites, this value may‘be correct. Fouche and Smales
(1967) obtained similarly high values for E4 chondrites, which they consi-
dered to be contaminated by metal.

Wasson et al. (1974) reported unpublished values for Ga in the
silicate fractions of the mesosiderites Estherville and Patwar and indicéted
that work would be published on the non-magnetic portions of mesosiderites,
bnt do not appear to have done so.- No other work has been done on Ga in the
non—magnétic portions of mesosiderites and it is not possible to compare the

data presented here with those of other workers.
The data presented here are summarised in Table 32 and histograms
are given in Figs 27-36. The data in Table 26 and Fig. 27 indicate that Ga

in achondrites is very much lower than in chondrites and mesosiderites. . 1In

the chondrites Ga has a very wide range from about 3 ppm to 20 ppm, with
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the enstatites having the higher concentrations. The H and L group chon-
drites have a very regtricted range of concentrations and almost identical
mean values (Table 32, Fig. 29). The carbonaceous éhondrites have a some-
what greater range and higher concentratjons (Table 32, Fig. 32). There js
no significant difference in the Ga concentration ranges of the non-magnetic

fractions of the H and L chondrites and of the mesosiderites.

6.2 CLASSIFICATION OF METEORITES USING Ga, Al AND Fe CONCENTRATIONS

'Although much of the Ga in meteorites is present in the metal or
sulphide phases which are essentjally Al-free, it is nevertheless quite use-
ful to plot Ga against Al, as is commonly done for terrestrial rocks. This
has been done iﬁ Fig. 37, and several interesting features are apparent.

It is possible to differentiate unambiguously between a number of the main
groups of meteorites. The achondrites, except for the nakhlites, the
anomalous aubrite Shallowater, and Shergotfy, all cluster at the left of the
diagram with Ga contents of less than 2 ppm. The bronzite andvhypersthene
chondrites form a discrete cluster, with the hypersthene chondrites having
a slightly higher Al content. The groups cannot be separated on this
diagram. Plotted with data for Orgueil (Cl) taken from the literature, the
carbonaceous chondrites also form discrete groups in terms of the classifi-
cation accofding to Van Schmus and Hayes. Coolidge, the only C4-V,

plots separately from the C3-V chondrites. The enstatite chondrites extend
across the diagram with a small range in Al but a large range in Ga, but
Blithfield plots in the middle of the bronzite chondrites. The calculated
bulk concentrations for mesosiderites cluster in two groups, generally
different from any others but with the sub-group 1 tending to overlap with

C3-V carbonaceous chondrites.

If the non-magnetic fractions are also plotted on this diagram,

then those of the mesosiderites fall in a field distinct from any other.
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The non-magnetic fractioﬁs of the bronzite and hypersthene chondrites tena
to overlap. The non-magnetic fractions of the enstatite chondriteg plot in
the achondrite field, with the non-magnetic fraction of Hvittis plotting
directly on the Ga-Al trend line of the achondrites.

The groups or classes that afe difficult to separaté on. this
diagram are the H and L chondrites, the C1 and E6 chondrites, and the sub-
group 1 mesosiderites and C3-V carbonaceous éhondrites. In Fig. 38 Ga is
plotted against total Fe, the other major element with which Ga is asso-
ciated. It is possible to get an unequivocal separation between those
groups which could not be separated on the Ga-Al diagram. The mesosiderites,
because of their very high Fe contents, are well separated from the C3-V
carbonaceous chondrites; the H and L chondrites are separéted by their
different Fe éontents, with no overlap; and the Cl and E6 classes are also
well separated by their differing Fe contents.

The C3-V carbonaceous chondrites overlap witﬁ the L group chon-
drites, but are well separated from them on the Ga-Al plot. It seemed |
logical, therefore, to plot the three elements Ga-Al-Fe together on a
ternary diagram to investigéte the possibility of achieving separation of
the various classes of meteorites on a single diagram. The ternary plot is
shown in Fig. 39. The ppm Ga values have been multiplied by a factor of 4,
the percentage Alvby 3, and percené Fe by 1.

This diagram separates the H and L group chondrites, the Cl car-
‘bonaceous and E6 chondrites and the mesosiderites and the C3-V carbonaceous
chondrites.. There is a slight ovérlap between the C3-0 carbonaceous
chondrites and the L group chondrites. The separation between the
howardites and eucrites is small but distinct, the eucrites plotting above
90% Al and the howardites below 90% Al. .The anomalous aubrite Shallowater
plots between the E6 chondrites and Cl carbonaceous chondrites and the

single nakhlite falls in the mesosiderite field. The non-magnetic
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(troilite + silicate) fractions of the mesosiderites plot in the Al corner
of the diagram, and it is interesting to note that the lunar mare basalts
(Taylor, 1975) plot in the same field. The silicate fractions (no troilite)
of the mesosiderites plot between the mare basalts and the Fra Mauro
basalts, with that for Patwar falling between the eucrites and howardites.

.It has therefore been shown that just as Ga and Ge can be used to
classify the iron meteorites into groups (Baedecker and Wasson, 1970), so
can Ga be used, in conjunctionvwith Al and Fe, to divide the stony
meteorites and mesosidefites into the various groups or classes suggested
by Van Schmus and Wood (1967), Van Schmus and Hayes (1974) and Mason (1972).
Unfortunately, most analysts determine either trace elements or ma jor
elements, but seldom both together, in meteorite analysis. The data pre-
sented here were determined in thevsame laboratory on thé samé aliquots or
portions of meteorites and are therefore directly comparable. The plots
shown here are critically dependent on the correct relationship between the
three elements Ga, Al and Fe. In many meteorites there can be a considerable
difference in the Fe and Al contents depénding on the proportion of metal in
a particular sample, and this will also affect the Ga content. For this
reason composite data for Ga, Al éﬁd Fe from the literature have not been
" plotted on the diagrams. In this context XRF spectrometry is an ideal
analytical technique for the analy;is_of meteorites, enabling the accurate,
fast and relatively simple detefmination of both major and trace elemehts.
The only problém is the relatively large amount of sample required, 2-3g.
On the other hand, this has the advantége of analysing a more representative
sample than is commonly the case when much smaller aliquots are taken.

There are a nﬁmber of interesting points that have come to light

while considering the data so far, and these will now be considered in

detail.
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6.3 CARBONACEOQUS CHONDRITES

There have been consideratle differences of opinion on the classi-
fication of the carbonaceeus chondrites in the past, but the consensus as
stated by Van Schmus and Hayes (1974) is that there are four groups: Ci1,
C2, C3-0 and C3-V. Although no Cl chondrites were analysed in this work,
data for Orgueil taken from the literature (Fouche and Smales, 1967; and
von Michaelis et al., 1969b) have been combined with those from this work
and those from Van Sehmus and Hayes (1974). 1In Fig. 37 thete is a negative
correlation between Ga and Al in carbonaceous chondrites which is quite
marked. This could be accounted for by increasing metal content, except
that metal is absent, or almost absent, from carbonaceous chondrites.

There is a very variable amount of volatile matter in_.the catbona-
ceous chondrites aed Van Schmus and‘Hayes prefetred.to ese data normalised
relative to Si to avoid distortion of the relationships between non-volatile
elements. The same procedure has teen adopted in this study. In Fig. 40
Ga/Si is plotted against Al/Si, Fe/Si, C/Si aﬁd S/Si for all carbonaceous
meteorites analysed in this work, together with Orgueil and Karoonda. The
negative correlation between-Ga and Al is still obvious. There is a
slightly positive correlation between Ga and Fe, althouéh the line of best
fit is almost horizontal. It is also obvious that the two C4 meteorites,
Coolidge (C4-V), a find, and Karoonda (C4-0), a fall, which were originally
classed as C3 meteorites, do .not plot with the other C3 meteerites. When
the data for Coolidge were found to be displaced from those of the C3-V
group, it was at first considered to be the result of weathering leading to
a loss of Ga. ‘Hewever, with Karoonda, a fall, being similarly displaced
from the C3-0 group of meteorites, the Coolidge data may be correct, and
the C4 carbonaceous cﬁondrites are perhaps different from the C3 chondrites.

With Ga inversely related to Al and only following Fe to a very

slight extent, the question arises as to which fraction contains the bulk
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of the Ga in the carbonaceous chondrites. One possibility is that Ga is
cencentrated to some extent in the volatile fraction.

Fig. 40 shows plots of normalised Ga versus both C and S. C is
positively correlated with Ga, although there is considerable variation in
the C content of the C3-V meteorites, and both C4 chondrites are depleted
in C relative to the C3 chondrites. The correlation is even stronger
between Ga and S with less variation wifhin groups, and this plot alsb shows
the displacement of the C4 chondrites relative to the C3 chondrites. The
evidence suggests that in the carbonaceous chondrites a considerable portion
of the Ga is present in the carbonaceous and sulphide fractions. This
observation, coupléd with the fact that the C4 chondrites are generally more
.recrystallized (Van Schmus and Wood, 1967), may account for the low Ga
‘values found in these meteorites relative to the C3 chondrite;, i.e. they
may have lost some Ga by volatiligation during a period of reworking.

Aﬁ interestihg experiment in this regard has recéntly been made by’
Ikramuddin and Lipschutz (1975) and Ikramuddin et al. (1975) in which
sampies of Allende were heated in a low pfessure environment at 500°C and

1000°C for seven to t@enty—nine days. At 500°C there was no logs of Ga and
at 1000°C only a minor loss when compared with more volatile elements such
as ﬁg, Tl and In. Unfortunately no accurate measurements were made on S or

C, although C will certainly be lost and S tends to be released over a

narrow temperature rénge.

Assuming part of the Ga is in the volatile fraction, it is
interesting to calculate residual values from the C-Ga and S-Ga graphs.
Both Karoonda and Coolidge have a S8i content of about 15.5%, equivalent to
15.8% on a volatile-free basis. Taking the intercepts on the Ga/Si axes
for S/Si and C/Si equal to zero, and calculating the Ga concentration in
ppm for a Si concentration of 15.8%, gives Ga values of 2.7 and 4.3 ppm

respectively, which lie in the range of the non-magnetic fractions of the
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H and L group chondrites.

Obviously much more work needs to be done on the individual
. meteorite minerals and fractions, especially of the carbonaceous chondrités.

The Ga concentrations in the four groups of carbonacecus chpn-
drites, Cl (~ 10 ppm), C2, C3-V and C3-0, are not ciearly separated (Fig.
.31, Table 31A), although the C3-V chondrites have distinctly lower values
than, the others. However, the Ga/Al ratio (Fig. 32) clearly distinguishes
between the four groups Qith no overlap, the Cl chondrites having a Ga/Al
ratio greater than 10.0. | |

The Ga data presented here confirm, as do many other properties,
the sub~divi§ion of the carbonaceous chondrites into four sub-groups, and
also that there is more vériation in the C3-V chondrites than in the C3-0
chondrites. The Ga data further suggest that there may be a significant
difference beﬁwéen.the C3 and C4 meteorites, confirming results from Van

Schmus and Hayes (1974) and McCarthy (1971).

6.4 BRONZITE AND HYPERSTHENE (H AND L) CHONDRITES

So much has already been written about Ga in theée chondrites that
little more need be said here, excebt that the data confirm those determined
by other workers. There is little difference in the Ga contents of the two
‘groups (see Table 31B-E and Fig. 33). Because of the similarity in their
Al content (1.07% and 1.15% respectively), the only way to distinguish
between the two groups in this work was by their Fe contents (Figs 38, 39).
Because of the fairly high Ga content of the metal fractions (14 ppm), the
non-magnetic and silicate fractions should have a lower.Ga content than the
bulk meteorites, as found in this Qork (Tables 31 and 32). The Ga contents
of the silicate fractions determined by Chou and Cohen (1973) and Chou EE_Elm
(1973) appear to be high, as their a;erages’are higher than those of the

bulk meteorites.
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6.5 ENSTATITE CHONDRITLS

The enstatite chéndrites are highly reduced and therefore contain
a considerable proportion of Fe metal, which in turn Has a highVGa éontent,
in the range 41-71 ppm (Table 27). Because the silicate fraction has an
exceptionally low Ga content (0.3-1.2 ppm), the prbportion of metal in the
meteorite will determine the total Ga content of the meteorite. Fig. 41,
in which Ga has been plotted against Al and total Fe, shows a strong posi-
tive correlation between Ga and Fe and a negative correlation between Ga
and Al, with the non-magnetic fractions of St. Marks and Hvittis falling on
the same trend line for Ga-Al as the bulk meteorites.

- Fouche and Smales (1967) analyséd separated fraétions of the
enstatite chondrites and found 29%‘meta1'in Abee, 25.5% in.Indarch, and 20%
in the E6'chondrités, and a correspondiﬁg decrease in the Ga content of the
metal fractions of 70, 63 and 57 ppm Ga respectively. Using these data, it
is pgssible to calcﬁlate the Ga content of the enstatite chondrites analysed
in this work. The agreement between calculated and determined values is
good, c.f. Baedecker and Wasson (1975).

Compared to the H and L chonarites, the enstatite chondrites are
interesting because almost all the Ga is in the metal phése, wHereas in the
H and L chondrites Ga is partitioned to a greater extent inté the silicate
phase (about 30%). Because Ga is essentially siderophile in the enstatite
chondrites, the silicate fraction is strongly depleted in Ga and the Ga/Al
ratio 'is much closer to that found ih the achondrites than that in the
ordinary chondrites.,

An unusualvmeteorite in this group is Blithfield, which has a very
low Ga content relative to the other E6 chondrites, although it lies on the
same Fe-Ga trend line in Fig. 39 as the other meteorites. Blithfield is
also unusual because the Fe ié present as troilite rather than metal

(McCarthy, pers. comm.). Moss et al. (1967) determined Ga in the sulphide
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phase of Khairpur (E6) and found it to be zero, and Allen and Mason (1973)
measured 1 ppm Ga.in troilite from Khairpur. t would be interesting to
determine the Ga content of the sulphide fraction of Blithfield in which
there is little metal. Blithfield has the same Ga/Al ratio as the L group
chondrites, but is otherwise chemically dissimilar because of its much
lower Ca concentration and higher Mg and Si contents.

Ikramuddin et al. (1976) carried out similar heating experiments
on a sample of Abee as those of Ik;amuddin et al. (1975) oﬁ Allende. The
results for Ga wefe slightly different for the two meteorites, and not
quite as might have been expected.’ Abouf 35% of the Ga was lost from Abee
only at 1OOOOC, whereas in Allende 10-15% was lost at 900 and 1000°C.
Another inte?esting result from the experiment was the loss of S, as a

result of‘sulphide decomposition, at 1000°C from Abee compared with 700°C

for Allende.

6.6 | ACHONDRITES

Since the latest review of.Ga in meteorites a considerable amount
of work has bgen done on the achondritic meteorites. The present study has
included all‘the different classes of achondrites, except shergottites and
angrites, and the data are in excellent agreement with those of other
workers. Iﬁ Fig; 37 data points taken from the literature have been
plotted for Angra dos Reis and a shergottite. Both are mineralogically
‘anomalous: Angra dos Reis is the only meteorite consisting of more than
90% augite, while the shergottites consist of equal propor:ioﬁs of augite
and pigeonite, with plagioclase, magﬁetite and ilmenite. Angrites have a
similar Ga/Al ratio to that of the other basaltic achondrites, whereas(the
shergottites have a very high Ga/Al ratio (~5), similar to tﬁat of the
ordinary chondrites. bThe very Bigh Ga content of the shergottite makes it

unique among chondrites other than the enstatites.
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It is clear from Figs 27 and 37 and Table 26 that the eucrites,
howardites, diogenites and angrites are strongly depleted in Ga and have
exceptionally low Ga/Al ragios of about 0.2-0.6 (Figs 28 and 36), compared
with both terrestrial rocks and other meteorites. The basaltic achon-
drites, eucrites and howardites,are considered to have formed by different
processes (McCarthy et al., 1972), the eucrites (and diogenites) by'igneous
differentiation, and the howérdites by mixing of different proportions of
thé two end members, eucrites and diogenites. In Fig. 37 all three groups
fall on a line which could be a mixing line or could result from fractiona-
tion. McCartHy g£~3l..(1972) proposed mixing proportions, for the two
samples of Frankfort analysed here, of 38% eucrite and 627% diogenite for
Frankfort (F) and 30% eucrite and 70% diogenite for Frankfort (T). Calcu-
lation of the‘Ga content: of these two meteorites on this basis, using data
from Table 26, gives values of 0.68 ppm Ga compared with a measured value
of 0.7 ppm and 0.57 ppm compared with a measured value of 0.6 ppm Ga,
respectively.

It has already been pointed out that the separated silicate portion
of Mvittis plots on the achoﬁdrite Ga-Al trend line, as doeé that of St.
Marks, if it is assuﬁed that 1% of metal remains in the sebarated,silicate
portion of this meteorite.

The enstatite achondrites (aubrites) are another interesting group
of meteorite;, and it has been suggested by Mason (1962) and others that
they may represent the siiicate portion of the enstatite chond;ites. Keil
(1969), however, concluded otherwise, and the data presented here for
Norton County and Cumberland Falls indicate that it would be difficult to
relate them to the non-magnetic fractions of Hvittis or St. Marks. 1In
Fig.‘41 Ga-Al and GafFeAare plotted for the non-magnetic fractions of
Hvittis and St. Marks and the three enstatite achondrites._ Neither the

Ga-Al data nor the Ga-Fe data of the enstatite achondrites coincide with



those of the non-magnetic fractions of Hvittis and St. Marks. McCarthy
(1971) also found difficulty in applying the proposal of Wasson and Wai
(1970) that the enstatite chondrites and achondrite§ fofm a genetic
relationship. It is interesting to note, however, that Shallowater, which
has 9% metal (Hey, 1966), lies on a Ga-Fe mixing line between the other two
enstatite achondrites and the E5 chondrites. If it is assumed that the
metal fraction contains 60-65 ppm Ga; i.e. similar to Ehat of enstatite
metal (Table 27), then the Ga content of Shallowater is calcﬁlated to be
between 5.5 and 6.0 ppm Ga, in fairly close agreement with the measured
value of 6.3 ppm. It is possible that the sample of Shaliowater analysed
'in this study contained a slightly higher percentage of metal..

The enstatite achondrites, the;efore, probably represent a sili-
cate composition different from that of the enstatite chondrites but mixed
with metal of a similar Ga contenf to that in the enstatite chondrites.
Further wqu on different fractions in Shallowater would be useful to enable
a proper interpretation to be made of the data.

Laul et al. (1972) suggested that the nakhlites and shergottites
may have originated in parént bodies that had similar compésitions, and
alsc that the shergottites\and L-group chondrites may have a common origin.
In support of this suggestion, these three groups of meteorites and
Chassigny have similar Ga/Al ratios (Fig. 37). Boynton et al. (1976) have
suggested that similar processes were responsible for the generation of the

source liquids of Chassigny and the nakhlites. The data presented here

support this idea.

6.7 MESOSIDERITES

In this work the non-magnetic fractions of seven mesosiderites and
the ‘silicate fraction of another were analysed. The silicate portion of

Bondoc was analysed on an '"as received" basis, as were the non-magnetic
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fractions of Estherville and Mt, Padbury. The other samples were prepared
by Simpson (1978). Three of the non-magnetic fractions contain very high
concentrations of troilite (Powell, 1971; and Simps;n, 1978). These are
Vaca Muerta (16.7%), Patwar (18.9%) and Mt. Padbury (8.3% troilite)

(Table 33).

Wasson et al. (1974) stated that the Ga content of the metal from
the mesosiderites falls in the same range as the H-group chondrites (Table
27), and also reported the Ga contents of the metal fractions of a number

~of mesosiderites.

In Table 33 information is listed that allows the calculation.of
the Ga content of the bulk mesosiderites and also of the silicate (no
troilite) fractions. Data for the éroportions of metal (Simpson, 1978) were
used, except for Estherville and Mt. Padbury for wﬁich respectively
Powell's (1971) and McCall's (1966) values were taken. Although there was
almost certainly a considerable differgnce between the metél content of the
Estherville sampleg as determined by Powell aﬁd that analysed here,'the
maximum difference is likely to be less than 10% absolute, which would cause
an error in the Ga content of the bulk meteoritelof less than 1 ppm Ga. A
further error could arise from the fact that the Ga content of the‘metai is
not constant throughout the meteorites. It was nevertheiess still consi-
dered worthwhile to calculate Ga values for the bulk mesosidefites and the
silicate fractions as no other data were available. Calcuiated values for
bulk meteorites and silicate fractions are reported in Table 31K, and the
data have been plotted in Figs 27, 28, 3% and 39 and included in Table 32.

In order to.calculate the Ga content of the silicate fraction, it
was necessary to correct for the considerable sulphide content of some of
the mesosideriteﬁ. The Ga content of #he metal fraction of the mesosider-
ites i§ similér to that of the H and L chondrités (~13 ppm). It was

therefore assumed, in the absence of other data, that the Ga contents of



thg mesosiderite sulphide fractions were also similar to those in the
sulphide fractions of the H and L chondrites, i.e.~7 ppm Ga, rather than
those in the enstatite chondrites (~ 0.5 ppﬁ),

As the Ga content of the metal is not nearly as high as that of
the enstatite chondrites, and as the metal/silicate ratio in thevmeso—
siderites is apprqximately unity, the effect of the Ga content of the metal
on that of the bulk meteorite is not as marked as for the enstatite
chondrites, with the result that the bulk Ga content is-in the range
5-10 ppm. The range for the non-magnetic fractions is 2-5 ppm Ga and that
for the silicate fraction is 0.5-5 ppm. The calculated value of 0.7 ppm Ga
for the silicaté fraction of Patwar and the 0.5 ppm measured value for the
silicate fraction of Bondoc appear anomélous compared to the other calcu-
lated values. Bondoc is extremely inhomogeneous (Simpsén, pers. comm.) and
it is possiblé that‘the powdered sample received may consist of nearly pure
pyroxene.

'Although the Al contents of the silicate fractions are similar to
those of the Ca-rich achondrites, the calculated Ga Contents are consider-:
ably higher (Fig. 37), except for Patwar, Mt. Padbury and Vaca Muerta,
which have Ga values similar to the howardites and eucrites. In general,
both silicate and non-magnetic fractions occupy fields in the Ga-Al diagram
that are different from all other meteorites or meteorite fractions.

Powell (1971) divided the mesosiderites into three groups based on
“differences in textural and mineralogical characteristics. All of the
mesosidetifes analysed here belong to group 1, except Mincy and Vaca Muerta,
which are group 3,vand Emery which is still unclaésified, although Wasson
et al. (1974), having studied the metal fraction, found Emery to Se on the
borderline between groups 1 and 2/3. Bondoc is also unclassified because

no major element data are available.

It is interesting to note that on the Ga-Al diagram the bulk,
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non-magnetic and silicate fractions of the group 3 mesosiderites are always
distinguished from the group 1 meteorites by their higher Ga contents. On
this basis Emery would be classified ;s a group 3 mesosiderite for all
fractions. Unfortunately no group 2 mesosiderites have been analysed in
this study, and further work must be awaited before it will be possible to
confirm whether Ga can be ﬁsed to separate 'mesosiderites into sub-groups as
it can for other meteorites. On the ternary diaéram (Fig. 39) the three
group 3 mesosiderites are clearly separated from the group 1 meteorites by
their higher Ga contents.

The mesosiderites analysed here form part of a thesis in prepara-

tion by Simpson (1978) and will not be discussed further.

6.8 CONCLUSION

Dataxfor Ga in a number of meteorites have been presented. It has
been demonstrateé that by using Ga, Al and Fe, it is possible to separéte_
the meteorites chemicélly into the.same classes or groups as proposed by
various workers on the basis of other criteria. This could be very useful
when attempting to classify meteorites that are on the borderline between
classes using textural, mineralogical and petrological data. It has béen
confirmed that the mesosiderites, bulk, separated silicate and non-magnetic
fractions, are diétinct from all other types of meteorites. The sub-
division of the C3 carbonaceous chondrites into C3-0 and C3-V is likewise
confirmed, and there is evidence to suggest that the C4 chondrites might be
chemically different in terms of Ga and other elements from the C3
chondrites. Thefe is evidence which suggests that a considerable proportion

of the Ga in the carbonaceous chondrites is located in the carbonaceous and

sulphide fractions. Blithfield is shown to be distinctly different from
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other E6 chondrites. On the basis of their Ga contents, it is difficult to
relate the enstatite achondrites to the enstatite chondrites. The Ga con-
tents of the howardites are in agreement with the pfoposal that they could
be mixtures of varying proportions of eucrites and diogenites, but also
indicate that the howardites could have been derived by fractionation, or

by mixing of a range of fractionated materials.
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CHAPTER 7

DATA HANDLING AND STORAGE

In this work approximately 1600 samples have been analysed for Ga,
usually in groups related to the locality from which the rocks came and
only occasionally in groups determined by the rock type. Handling and
storing this quantity of data was not a simple matter, especially when it
was necessary to handle it in different ways, e.g. by rock Eype, or by
broad sub~division such as oceanic or cohtinental, or by smaller grouping
such as a specific igneous intrusion or single isiand. A database was
established in collaboration with Dr. A.ﬁ. Duncan to aid in data manipula-
tion, and a brief description is includéd in the ;ppendix. Mr. C. Hartnady
of the Pre-Cémbrian Research Unit at the University of Cape Town assisted
with some of the programming. All the data included in this work havé been
stored in the database which was used extensively in extracting data
according to various criteria. Without the use of the database, the task
would have been extremely difficult.

The single biggest problem in establishing the database was the
classification of the various sampleé into correct rock types. The classi-
fication as recommended by the IUGS Subcommission on the Systematics of
Igneous Rocks was follcwed for the plutonic and hypabyssal rocksv(Streck-
eisen, 1973, 1976). As.yet no IUGS classification is available for
volcanic rocké,_and it was decided to adopt a classification based on
Streckeisent(1967) similar to that used for the plutonic récks. For
volcanic rocks it was necessary to have two divisions depending on whether
a rock had been classified on the basis of chemicai or mineralogical
criteria. Modifications of the 1GS classification code (Harrison and

Sabine, 1970) were used for sediments, minerals and meteorites.
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.

The classification is hierarchical and is showﬁ in Table 34. It
is by no means complete at the present time as only those rock types that
have been required are included. Other rock names or types can be added
‘when necessary. Table 35 lists the sub-divisions and rock types sorted by
name for easy reference. It is possible also to sort and list by type
number, but this table has not been included here.

By using the various supporting programs with the database, it was
a simple matter to select or extract data sets, either on the basis of
rock type, using the specific code numbér, or by locality (é.g. oceanic or

island or igneous complex) using the information built into the database

number, or both.
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CHAPTER 8

GALLIUM 1IN MINERALS

Ga has been determined in a number of mineral separates and the
‘data are reported in Table 36. For most of the samples no Al data are

available. Data for Ga and the Ga/Al ratio in some important rock-forming
minerals have been abstracted from the literature and are reported in
Table 37, and data from this work included for comparison.

In acid, intermediafe and, frequently, basic rocks, the bulk
(50-70%) of Ga is concentrated in feldspars, which are also the principal
rock-forming minerals of these rocks. It is only in microcliﬁe, the
plagioclases, some feldspathoid minerals, the micas, chlorite, epidote,
tourmaline, and the ore minerals magnétite, chromite, titanomagnetite and
spinel, that Ga occurs in concentrations significantly abéve its crustal
abundénce of 18 ppm.

The range of Ga values reported here for plagioclase from various
rqck types (19-32 ppm) is well within that reported by Burton and Culkin
(1972).of 10-110 ppm Ga. The exact compositions of the plagioclase
gamples are not known, but for the B.I.C. samples Wager and Brown (1968)
report that the range in plagioclase composition for the Critical Zone,

sample ET3/169, is An g to An76, while for the Main Zone, sample 5087, the

7
range is An76 to Ang,. Mathias (1956) reported the plagioclase composition
for the biotite norites to be from An50 to Anéo. The composition of plagio-

clase DS-50 is An (A.R. Duncan, pers. comm.). The composition of the

50-55
plagioclases from the three NOR- samples is An40 to An48. Although the
plagioclase samples come from very widely differing areas and igneous

bodies, it is nevertheless apparent that those plagioclases with a lower

anorthite content have a higher Ga content. This is in accord with the
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theoretical work of Goldsmith (1950) on synthetic feldspars, although no
consistent relationship between Ga and anorthite content is apparent in the
literature. The results are also in accord with.those found by Goodman
(1972).

0f the six pyroxene samples, three.have Ga contents of ~ 3 ppm,
while the other three have 4-5 ppm Ga. It is possible that the higher
values represent slight impurities in the separates. The samples were
available only in briquette form and tﬁe purity is not known. However, all
the samples fall within the ranée of 1-12 ppm Ga reported by Burton and
Culkin (1972) for pyroxenes.

The six pyroxene samples form mineral pairs with corresponding
plagioclases, and it is interesting to note the ratios of the Ga contents

for the various plagioclase-pyroxene pairs.

Sample Ga ratio (plag/pyx) | Rock type
EI3/169 6.8 pyroxénite
5087 5.8 norite

ME-6 6.8 biotite norite
ME-7 . 6.7 biotite norite
ME-9 3.9 biotite norite
DS-50 4.4 . dolerite

The ratio for the first four samples is fairly consistent, and the loﬁ
ratio for ME-9 would seem to confirm that the pyroxene sample for this rock
was impure, leading to a high Ga cbntgnt. However, the ratio for the
Karroo dolerite DS-50 is almost as low. The number of mineral pairs is too
small to be able to make definite conclusions regarding the constancy of
partitioning of Ga between plagioclase and pyroxene.

The single orthopyroxene analysed has a very low Ga‘content of
0.9 ppm, and a Ga/Al ratio of 1.7 which is lower than any reported by

Burton and ‘Culkin (1972) for orthopyroxenes.
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Thé Ga contents ofvthe two hypersthenes NOR-1 and NOR-2 seem rafher
- high at 13-14 ppm. Burton and Culkin (1972) report a range for Ga in
orthopyroxenes from 1.5 to 30 ppm, and from 2 to 10 ppm in hypersthenes.
Howiev(1955) reported a raﬁge for orthopyroxenes from tﬂe.charnockite
series, Madras, of 5 to 30 (mean = 13) ppm Ga. Philpdtts (1966) reported a
range from 10 to 25 (mean = 15) ppm Ga in orthopyroxenes from Quebec rocks,l
mainly norites. Philpotts also repbrted a range from iO to 20 (mean = 14)
ppm Ga in clinopyroxenes. Philpotts repprted noAdifference in the Ga con-
tent of clino- or orthopyroxenes, in contrast to Howie who found twice the"
" amount of Ga (13 ppm) in orthopyroxenes as in clinopyréxenes (6 ppm) with
corre5ponding differences in the Ga/Al ratios. Bell (1953) reported a
range from 1 to 8 ppm Ga for pyroxenes, with only spodumene having a high
Ga content of 33 ppm. Burton et al. (1959) reported a range from 5 to 7
'ppm Ga in pyroxenes. |
The data of Philpotts and Howie are, therefore, much higher than
those of Bell and.Burtbn and co—workers. The data of'Phiipotts and Howie
were determined by Nockolds and Allen. The same anaiysts determined
the Ga contents of Messum rocks for Mathias (1956, 1957). 1In Cﬁapter 13.7
the Messum data are shown to be high. Nockolds and Alle; (1956) also
determined the Ga content of Karroq dolerites, and in Chapter 16 their data
are shown to.be high by about 50%. The data of Philpotts and Howie may
therefore be higher than others as a result of systematic error in the
analyses.
 In Table 38 tﬁe range for Ga in 14 pyrokenites is given as:
1.3-6.3 with a mean of 3.3 and median of 3.0 ppm. Although these are
ultrabasic rocks, it does suggest that thé hypersthenes might be contami-
nated. The two hypersthenes analysed in this work were separated from

rocks containing magnetite, and although every attempt was made to separate

. the magnetite completely (A.J. Erlank, pers. comm.), it is possible that
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some magnetite was included in the hypersthene grains. Assuming the magne-
titg contained 100 ppm Ga, it would require the presence of about 10%
magnetite to account for the increased Ga content relative to other clino-
pyroxenes. Such a degree of contamination is unlikely, but some finely
divided magnetite could be disseminéted in the hypersthene. An attempt was
made to detect magnetite by XRD analysis. Unfortunately the strongest
magnetite reflection (2.532) occurs very close to two weak hypersthene
reflections (2.51 and 1.568), and it was not possible to confirm the
presence or absence of magnetite. No feldspar peaks were found.

The.two rocks NOR-1 and NOR-2 from ﬁhich these ﬁypersthenes were
separated have.fairly high Ga contents (32 ppm and 24 ppm respectively) and
the separated plagioclases also have high Ga contents. It is possible that
the measured Ga contents of the hypersthenes are correct.

Erlank (1971) reported that the rock ET3/169 (Table 55B) from which
the.plagioclase and pyroxene reported in Table 36A were separated, contained
20% plagioclase, 80% pyroxene (mostly orthopyroxene) and about 0.02%
alkali feidSpaf, Burton and Culkin (1972) report values for Ga iﬁ>alka1i
feidspar ranging from S to 20 ppm with a mean of 14 ppm. The mean Ga
contents of alkali feldspars reported in Table 37 are similar. I; is

'possible'to calculate the Ga contributions of the individual minerals to

the bulk rock for ET3/169, as follows:

Mineral . Rock

ppm Ga ppm Ga
Plagioclase (20%) 20.4 4.1
Pyroxene (80%) ' 3.0 2.4
Alkali feldspar (0.02%) ~14.0 0.0

Total: 6.5

The measured Ga content of ET3/169 is 6.3 + 0.2 ppm at 95% confidence

limits, in good agreement with the calculated value. The good agreement
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confirms the conclusions repofted by Vincent (1974), namely that alimost no
Ga resides in the inter-cumulus material.

O0f the two upper mantle clinopyroxene megacrysts from kimberlite,
sample M(A), which crystallized at 1340—13950C, has an average Ga content
and Ga/Al ratio, but sample JJG248 (1030°C) has a vefy high Ga/Al ratio.
Some upper mantle pyroxenes contain exsolved ilmenite which contains
approximately 20 ppm Ga. However, JJG248 contains only 0.5% Ti02. The
high Ga/Al ratio for this sample can not therefore be due to the presence
of ilmenite. These sampleé are discussed further in Chapter 14.2.

Five upper mantle garnets were analysed for Ga. Two samples were
garnet megacrysts separated from kimberlite, one garnet was separated from
an eclogite, and two from peridotite xenoliths.

All the Al in garnets is in 6-fold co-ordination. As discussed in.
iChapter 2, considerations of the ionic radius of Ga and its radius ratio
compared with that of oxygen would lead to the expectatién that Ga would
preferentially enter those minerals in which Al is in 6-fold co-ordination.
Huggins et al. (1977) reported, however, that in garnets Ga showed greater !
preference for tetrahedral sites compared with octahedral sites than did Al.
This evidenée would suggést that thé Ga/Al ratio in garnets should be low.
Four of the garnet samples have Ga/Al ratios in the range 0.5-0.8, and the
fifth has a ratio of 1.2. These are among the lowest ratios found in this
work. The low ratios are in contrast to the data of Howie (1955)vwho
reported a value of 40 ppm Ga and a Ga/Al ratio of 3.0 in a garnet from
Madras, but confirm the data of De Vore (1955), Bell (1953) and O'Hara

(1961) who found mean values for Ga in garnets of 4, 6 and 6 ppm respectively,
and corresponding Ga/Al ratios of 0.4, 0.56 and 0.5. All the garnets
analysed by these three workers were obtained from schists or gneisses,
whereas those analysed in.this work are of upper mantle origin and from a

~

high pressure environment. .The reascn for the high Ga content of the
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Monastery garnet is uncertain, but this sample is discuésed further in
Chapter 14.2.

Ga has been determined in a single sample of epidote. The value of
34 ppm Ga is well within the range reported in the literature of 4-57 ppm.
A sample of a zeolite (heulandite), separated from a basalt, contaiﬁed
5 ppm Ga. This is close to the lowest value reported in the literature,
4-75 ppm Ga (Shaw, 1957).

Only a few values for Ga in corundum have been reported, namely
"not detected'" by Pearson (in Shaw, 1957) in a corundum of metamorphic
origin, 99.7 ppm Ga in corundum of unknown origin from N. Carolina (Burtbn
et al., 1959) and 0.01-0.05% Ga in corundum samples from Russia (Vlasov,
1966). - The single determination én corundumvmade in this work of 100.2 ppm
Ga is very close to that of Burton and co-workers. The origin of the
sample analysed here is uncertain, But is probably metamorphic.

Ga was not detected (<0.3 ppm) in an olivine sample, confirming
that Ga is excluded from the olivine lattice.

Two sémples of schorl tourmaline from very different rock types
were anélysed and Ga found to be present at the 29 and 37 ppm levels.
Burton gg_él. (1959) reported 14 ppm Ga in a tourmaline'sample, and Bell
(1955) 27 ppm Ga, giving an average of 21 ppm. Butler (1953) reported
extremely high values for Ga in. tourmalines separated from adamellite,
pegmatite and topaz-fels, namely 150-800 ppm Ga. These values seem
unreélistically high, although Vlasov (1966) reports the presence of
260-310 ppm Ga in pegmatitic tourmalines from Russia. Neiva (1974)
reported Ga in schorl tourmaiines from granites (62-75 ppm), associated
aplites (50-90 ppm) and pegmatites (75-90 ppm). |

Some of these high values may be the result of.poor analytical
technique. Butler (1953) used an optical spectrogfaphic method in which

the sample was mixed with carbon and arced at 8 amps for the first 30
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seconds of the burn. Butler stated that he measured the Ga line at 42152,
.which does not exist. Butler also.arced to completion and used the Ga
29433 line, which is a line commonly used by spectrochemists for the deter-
mination of Ga, but which may be sensitivé also to interference by Fe
29438 in schorl tourmalines. Hé made a visual estimate of line intensities
and compared these with line intensities of spectrograms of artificial
standards to obtain concentrations. It is not clear from Butler's paper
which line he actually used to determine Ga in tourmaline, but his data
must be open fo question and should bg disregarded. Neiva (1974) determiﬁed
Gé in Nockold's laboratory, and the data are likely to be high, aé mentioned
earliéf for other minerals.

Ga was also determined in biotites and perthitié feldspars
separated from fresh, partly weatﬁered and weathered samples of_three
granites from the Cape Peninsula, but these data will Be discussed in
Chapter 17. At this point it is sufficienﬁ to record that the range of Ga
values in the biotites was 57-66 ppm Ga and in the feldspars 13-17.5 ppm,
in agreement with other data in tﬁe literature. Only the data for the
minerals from the fresh rocks are reported in Table 36;.

| Five chromites (18-58 ppm Ga) and five magnetites (49-54 ppm Ga)
" from the B.I1.C. were analysed for Ga, and the results are discussed in
detail in the séction oﬁ the rocks from the B.I.C. (Chapter 13.4). The Ga
contents of the magnetites can be considered normal and similar to those
reported by other workers, but thg values found for the chfomites are

mostly much higher than other values reported in the literature, by factors

of two to three.

Ga.contents are reported for five ilmenites and one spinel from
kimberlite. The ilmenite data are extremely interesting. Wager and
Mitchell (1951), Vincent and Nightingale (1974), Howie (1955) and Burton

et al. (1959) all reported low Ga values for ilmenite, ranging from 'ot
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detected!" to-9 ppm Ga.. The five ilmenite values reported here range between
16 - and 21 ppm Ga, at least a factor of two highef than previously reported
results. Wager and Mitchell, Vincent and Nightingale, and Howie all
reported that Ga preferentially entered magnetite, substituting for Fe3 in
4-fold co-ordination, rather than ilmenite where Fe3 is present in 6-fold
co-ordination, when both minerals are present in the same rock.

In the upper mantle Ga obviously enters the ilmenite structure,
either substituting for Fe3 (6-fold co-ordination) or Tia; also in_6-fold.
co-ordination. The reasons for thé substitution are unknown, but may be
due to a number of‘factors: one, most (~ 60%) of the’Al in the upper
mantle i; present in garnet, and Ga is not readily.accepted into garnets
where it must substitute for Al in 6-fold co-ordination; two, the amount
of magnetite in kimberlite in which Ga could reside is very variable, may
not be primary and may not always be available as a host mineral; th?ee,
the‘high pressure environment in the upper mantle may cause slight distor-
tion of the ilmenite lattice and allow Ga to substitute more.readily for

, :
Fé3 in 6-fold co~ordination than at lower pressures; and, four, the
ilmenites possibly crystallized‘only from metésomatised'rocks in which the
metasomatic liquids were rich in Ga (see Chapter 14.1). The single spinel
sample from kimberlite is also high.in Ga (29 ppm), in agreement with»data
reported by other workers.

' The data reported here are included in Table 37 for comparison
with those abstracted from the literature for some of the more important
rock—forﬁing minerals.

| It‘ié clear from Table 37 that there are a number of minerals for
which more data are reduiféd, especially the pyroxenes, epidote, tourmaline,
and the Fe and Ti oxide minerals. 1In particular, attention.éhould be given
to minerals from the upper mantle, some of which have forhed at high

temperatures and pressures. Data for Ga in clay minerals from the sedimen-



tary environment are very scarce.
In the following chapters frequent reference will be made to the

data in Table 37.

86
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CHAPTER 9

ABUNDANCE AND DISTRIBUTION OF GALLIUM 1IN TERRESTRIAL ROCKS

The general distribution and abundance of Ga in terrestrial
materials is well known and has been summarised by Shaw (1957), Burton et
al. (1959) and Burton and Culkin (1972). Prinz (1967) summarised data on
Ga in 219 basaltic rocks. One of the main objects of this work was to-
define the fine structure of the Ga distribution in rocks and its relation-
ship with Al. A large number of rocks have been analysed to achieve this
pﬁrpose. Although Ga has been previously determined in many of these rock
types by'other workers, nevertheless there are a number of instances where
the data usefully extend our knowledge. The precision and accuracy of the
data presented here is superior to most of that invthe literéture, which
enhances its uséfulness.

In Table 38 the Ga data in this work are summarised by rock type
or mineral, giving arithmetic mean, median, mode and range of concentrations.
Where the Al coﬁcentrations are known, data for mean and range of Al and of
the Ga/Al ratio are included. The Ga/Al ratio has been multiplied by
- 10,000. The number of samples in each case is given in brackets after the
mean value. As in all works of this nature, mean values for aﬁy individual
“rock type or general type, such as Q + A + P rocks (quartz + alkali feld-
spar + plagioclgse),'is bound to be influenced by the relative.numbers of
samples from individual areas. For example, granites from two or three
areas in southern Africa have been analysed, and there is no reason to
expect that they should have the same Ga contents as granites from other
areas of the world. They might possibly have similar concentration levels,

but care must be taken in making detailed comparisons.
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A further problem is that many of the samples analysed here were
received as powders from overseas. The rock names ;ssigned by the peoéle
who sent the samples had, thefefore, to be accepted. 1In many cases workers
used different methods of classification, so that often similar rocks have
- been élassified differéntly. Without having access to the original rock
thin sections, samples were allocated to the class or type in the IUGS
system according to the rock names given by those workers who originally
| classified them. In some instances this has led to the rocks being incor-
rectly placea in groups or classes. Where this is thought to ﬁave occurred,
it will be pointed out in the text. Generally, the effect on a&erages for
any one class or type will be negligible. |

The rgsults summarised in Table 38 are presented in histogram form
“iﬁ}Figs 42-72, which give a better idea of the distribution of tﬁe Ga data
. within each rock type and should be read in/conjunction with Table 34.

Each figure has two barts, giving respectively information for Ga (A) and
the Ga/Al ratio (B), the latter always multiplied by 104, as elsewhere in
‘this work. The number of samples in each histogram is shown in the top
right hand corner.

Fig. 42 shows the Ga and Ga/Al distributions for the five main
groups of rock types analysed in this work..

The frequency distribution of Ga for the plutonic and hypabyssal
rocks (Fig. 42A) is broad (0-46 ppm) with a prominent mode at 15.7 ppm Ga.
The large number of rocks with less than 10 ppm Ga reflects the considerable
number of ultramafic rocks analysed in this work.(Fig. 44).

The volcaﬁic rocks classified by mineralogy have a bimodal Ga distri-
bution whiéh reflects the distribution of the basaltic rocks (see;Fig.b59).
The bimodality is caused by the difference in the Ga content of basalts
and tholeiite basalts (see Fig. 62). It is noticeable that the Ca conﬁent

of the volcanic rocks classified by chemistry is much lower than those
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classified by mineralogy.  Most of the chemically classified rocks are from
the Barberton Mountain Land, and comprise mainly komatiites with a range of
1.4-15.2 ppm Ga.

The sedimentary rocks have a distribution with no really prominent
mode, because most of the samples analysed here represent mixtures of feld-
spathic and siliceous shales.

The metamorphic rocks have a distribution with a pronounced mode
of 22 ppm Ga, which is caused by a relatively large number of rocks from the
same area (the Séa Point contact, Cape Town).

In Fig. 42B the Ga/Al distributions of the plutonic and volcanic roéks
are positively skewed, reflecting the tendency for Ga to enrich relative to
Al during differentiation processes, resulting in Ga/Al ratios that are
likely to be high father than low. It is also noticeable that only in the
plutonic and hypabyssal rocks does the Ga/Al ratio exceed 5.0. All the high
ratios have been observed in kimberlites, usually in those with a high Fe
content. Another interesting feature is that the mean Ga/Al ratios for all
groups are essentially constant, ranging from 2.3-2.7. Nevertheless, it
will be:shown later that variations in the Ga/Al ratio within a group of
rocks can be useful in interpreting tﬁe geochemistry and history of the

- group. |

Figs 43 and 44 are frequency diagra@s for the eight groups of
plutonic rocks as classified by the IUGS. The A-+ P 4+ Q rocksvare divided
int; two separate.groups, quartz gabbros and quartz norites, all having Ga
values less than 15 ppm, and the other rocks having values greater than 17
ppm (sece Fig. 46A). There is a similar division in the Ga/Al ratios, the
gabbros and norites having lower ratios than the other rocks (Fig. 46B).

In the F + - A + ~ P rocks (Fig. 444) the ijolites have a very enriched Ga
concentration (31-32 ppm). The distribution'of Ga in the ultramafic rocks

is positively skewed, whereas the Ga/Al distribution (Fig. 44B) has three
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modes, the significance of which will be discussed later (Chaptef 14),

It is clear that in the group A + P +— Q rocks the spread in the
Ga data is essentially that of the gabbroid rocks (see Fig. 47A). The
Ga/Al ratios (Fig. 47B) of fhe anorthosites are lower than those of other
rocks.

A larée number of gabbroid rocks (230) have been analysed in this
work. These can be divided into two main groups: those consisting mainly
of plagioclase and pyroxene, and those in which olivine is also a major
component (Fig. 48). It might have been expected that those rocks which
contain olivine, which does not contain detectable Ga and therefore acts as
a diluent, would have had a lower Ga content. The effect is'very slight
indeed. The difference between the mean Ga values of the two groups'is
only 0.2 bpm. This is possibly due to the large ﬁumber of dolerites
analysed. Tﬁese cluster closely about a value of 16 ppm Ga (Fig. 50) and
account for the modal peak in the plagioclase -+ pyroxene rocks. As would
. be expécted, the Ga/Al ratio is similar in the two major groups (Fig.‘48B).

The foid-bearing syenites (Fig. 51) analysed here have much higher
Ga values and Ga/Al ratios with wider distribﬁtions than the foid-bearing

gabbros° Most of the foid-bearing syenites are from an igneous complex in
the ﬁejoio aréa, Angola.v
The frequency distributions of Ga and Ga/Al in foid s&enites and
foid monzodiorites from the Okonjeje Igneous Complex in S.W.A. are given in
Fig. 52. The Ga distribution in the syenites again has a greater spread of
values than in the monzodiorites and Ga is generally higher in the syenites.
The Ga/Al' ratio is similar in both rock types.

One of ﬁhe ma jor contributions in this work to our knowledge of
the distribution of Ga is for ultrabasic rock types. Data are presented
for 257 sample;, about half of which are kiﬁberlites (Figs 53, 54). As

would be expected, olivine + pyroxene rocks contain less than 7 ppm Ga,
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which is low relative to other igneous rock types; The one value higher
than 7 ppm Ga is from an amphibolitised websterite, amphiboles having a
higher Ga content than pyroxenes (Burton and_Culkin; 1972, and Téble 37).
The Ga content depends on the proportion of olivine to pyréxene. The Ga
content is generally highest in thdse'rocks.containing the least olivine.
The Ga/Al ratio for olivine + pyroxene rocks is usually less than 2.0, again
with the exception of the amphiolitised websterite. When plagioclase is
present in the rock, the Ga content increases, as does the Ga/Al ratio,
although only two values fof tﬁe ratio in olivine + pyroxene + plagioclase
‘rocks were determined. It is also clear ip Figs 53B and 54B that kimber-
lites haye higher Ga/Al ratios than oﬁher ultramafic rock;; almost all
ratios for kimberlites afé greater than 2.0.

Fér kimberlites (Fig. 54) there are two modes in the Ga/Al ratio
distribution which are not sb-clearly defined in thé.Ga distribution.
Kiﬁberlites_will be discussed in detail in Chapter 14.3.

Another group of rocks for which a considerable quantity of new
data aré presented are the kimberlitic xenolithé. Of 119 samples analysed,
43 were eclogites.. Fig. 55 shows that the range for the eclogite #énoliths
is esSentialiy the same as.that for all xenoiiths analysed, with the excep-
tion of the ilmenite xenolith which has a high Ga content of 20 ppm. With
the exception again of a single value, the Ga/Al r#tio is less than 2.0,
similar to the.ultrabasic rocks other than kimberlites.

Thg'range of Ga values in the volcanic rocks (Fig.l56) analysed
here is considerable, from <(0.4-67 ppm Ca; which is greatér than that
found for the plutonic and hypabyssal rocks (Fig. 42). The Ga/Al ratios
have a much smaller range of values, 1.1-7.0 in volcanic rocks compared
with 0.6-14.7 in piutonic and hypabyssal rocks. As already po@nted out,
the bimodality of the Ga distribution is due to the large numberé of

basaltic rocks analysed,.and reflects different Ga contents\of basalts
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and tholeiite basalts (Fig. 62A), )

Acidic rocks generally contain more than 20 ppm Ga, while approxi-
mately half of the more baéic A + P +— Q rocks (Fig. 57) have Ga values
less than 20 ppm. It is noticeable that when feldspathoids are present in
the rocks, the Ga content increases again. The.A + P + — F rocks have the
same Ga distribution as the A + P + — Q rocks, but the Ga contents of the
.A +P+Fand F+—A+— P rocks are almost all greater than 20 ppm Ga.

There are toolfew analxses of Q+ 4 + P rocks (Fig. 58) to make
detailed comparisons between ‘the different rock types.

About a quarter of the samples (390) analysed in this work fall
into the group A + P + — Q rocks; fréquepcy distributions forlthe main
sub&ivisions of these focks are given in Figs 59-62. The raﬁge of Ga con-
| centrations in trachytes and alkali trachytes (16-43 ppm) is greater than
those found in latites, latite andesites, latite basalts and andesites
(Fig. SQA); The fange of Ga values reported for the trachybasalts (latite
basalts) (19-29 ppm) is much less and they also have a lower mean value of
22.6 ppm Ga compared witﬁ ~ 27.5 ppm for the trachytic rocks.

The Ga contents of béséltic rocks (Fig. 604A) range between 7 and
29 ppm with a mean value of 18 ppm Ga. It is for basaltic rocksvthat
differences in methods of classification are most likely to have distorted
the distribution paﬁtefns. For examble, it is clear in Fig. 60A that the
plagioclasev+ pyfoxene + olivine rocks have a slightly lower Ga content
(16.6 ppm) compared with the plagioclase + pyroxene rocks (18.3 ppm), pro-
bably due to the presence of oliyine. However, there are probably a number
of rocks of low Ga content in the latter group which should have been
classified as containing olivine. In Fig. 60B the range in the Ga/Al‘
ratios of the plagioclasé + pyroxene rocks covers the values found in all

the other groups or subdivisions.

In Fig. 62 the plagioclase + pyroxene rocks (245) have been
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divided into basalts and tholeiite basalts. The Ga contents. and
distribution patterns of the two groups are distinctly differenﬁ. The dis-
tribution of Ga in tholeiites approximates that of a normal distribution,
with a mean of 15.8 ppm Ga, while the basalts have a strongly negatively
skewed distribution and a mean of 19.7 ppm Ga. Priﬁz (1967) reported a
mean of 19 ppm Ga for tholéiite basalts and 20 ppm for basalts. The nega-
tively skewed distribution of the basalts is possibly caused by the inclu-
sion in this group of a number of tholeiite basalts misclassified by
various workers.. The Ga/Al ratio is also considerably different in the two
groups, the tholeiites having a mean value of 1.9 and the basalts a mean of
2.6. 1t is clear that Ga is depleted in the tholeiites in a manner similar
to the alkali eleménts K and Rb, although not to the same degree.

Histograms for Ga and Ga/Al in‘the voicanic rocks, classified on
the basis of their chemistry, and the two major subdivisions of the sub-
alkaline rocks,‘the tholeiitic type and the calc-alkaline type, are given
in.Figs 64-66. Only one sample of the alkaline type was analysed. It con-
tained 23.6 ppm Ga with a Ga/Al ratio of 2.30. All the tholeiitic sub-
- alkaline rocks analysed here were komatiites, and for thié reason it is
unwise to read too much into the marked difference between the Ga contents
of the tholeiitic and calc-alkaline types. The Ga/Al ratios of the two
types are similar. o

'96‘komatiités, 42 peridotitic and 54 basaltic, have been analysed.
The difference in the Ga contents of the two groups is marked (Fig. 65), |
although the Ga/Al ratios in the peridotitic type are similar to those in
the basaltic typé-. It is clear (Fig. 65) that the Ga contents of the three
types of basaltic komatiite are different. The Ga/Al ratios of the three .
types are similar. The komatiites will be discuésedeurther in Chapter 15.

The distributions for Ga in‘the sedimentary rockS'ahalysed in this

work, which are all shales from the Malmesbury formation in the Cape Pro-



94
vince and which can be divided into feldspathic or siliceous shales, are
~given in Fig. 68. The siliceous type is gssentially the feldspathic type
diluted with quartz, and it would be expected that, although the Ga content
of'the siliceous.shales should be lower, the Ga/Al ratio should be similar:
for the two groups, as is the case (Fig. 68B).

In an attempt to remove the effect of quartz diiution; the clay
fractions were analysed separately, and the data are included in Fig. 68.

The Ga contents and Ga/Al ratios of the clay fractions of the arenaceous

+

shales are similar to those of the feldspathic shales.

Histograms of the Ga gnd Gg/Al rati§ distributions in minerals are
given in Figs 69 and 70.

The range of Ga data in the literature for various rock types is
so large, whether real or as a result of analytical error,.thaf the data
presented here generally fit well within the fangesvalready-reported (Shaw,
1957; Burton and Culkin, 1972).. The main qontribution of this work has
been in filling gaps in our knowledge of the Ga distribution in ultramafic
rock types, the komatiites and anorthosites. A comparison of Ga data
presented here with that in the literature is given in Table 39 for some
major rock types.

As already mentioned, a considerable number of basaltic rocks, both
continental and from oceanic islands and the ocean floor, have been
analysed. Using the database,'it was a simple matter to extract separate
sets of data for oceanic and continental basaltic rocks. Data for Ga and
Ga/Al ratios in. these groups are givén in Table 38 and frequency distribu-
tions are shown in Fig. 71. There is little difference between the two
sets of Ga data with respect to either the range of values or the mean
values. The Ga/Al ratios in the oceanic rocks, with the excepticn of one
high value of 4.8, have a more uniform and narrower distribution than in

the continental rocks, which are positively skewed.
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a In Fig. 72 and Table 38 the basaltic rocks have been further
divided into basalts and tholeiite basalts for both continental and oceanic
types. Slight differences between continental and oceanic rocks are
apparent. The ranges of Ga in continental and oceanic tholeiites are
identical, i.e. 10 ppm Ga, buﬁ the continental tholeiites have a lower mean
value of 14 ppm compared with 16.5 ppm Ga for the oceanic rocks. There is
considerable ovérlap between the two groups and it is not possible to dis-
tinguish clearly between them. The Ga/Al ratios of the two groups are also
similar, with the ratios for the continental rocks, which are all from the
Barberton Mountain Land, falling within the range of the oceanic tholeiites.

A similar picture emerges for the basalts, with the ranges of the
two groups being almost identical, and the mean value for the continental
rocks (19 ppm) just lower than that for the oceanic rocks (20 ppm Ga). The
Ga/Al ratios of the continental basalts, in contrast to the tholeiites,
have a greatef range of values than the oceanic rocks, although the mean
‘values are similar, 2.7 and 2.6 respectively.

In Fig. 73 percent Al haé been plotted against ppm Ga for all
tholeiite basalts. With the exception of the two ringed samples, it is
‘ clear that the Barberton Mountain Land tholeiites can be distinguished from
all the oceanic tholeiites. Although the abyssal and Barberton tholeiites
have similar ratios, the Barberton rocks have lower Ga concentrations. The
two Barberton samples that fall within the oceanic field are a dolerite
dyke (13.8 ppm Ga) that is'younger than the tholeiites,vand a carbonated
pillow (16.3 ppm Ga) which ﬁay ﬁave been contaminated with Ga.

In Fig. 74 Ga and Al data have been plotted for continental and
oceanic basalts. There is considerable overlap between the oceanic and
continental rocks, but most of the oceanic basalts have a'higher Al content
than the continenﬁal bésalts. The six oceanic rocks which plot in the

continental field are all from Marion and Prince Edward Islands. The only
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noticeable feature about these six samples is that they have low differen-

tiation indices (< 30) (see Chapter 12.4, 12.7).
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CHAPTER 10
INTER-ELEMENT RATIOS FOR Ga:

Ga/Al, Ga/(Al + Fe3) AND Ga/(Al + Fe3 + Na)

It has already been noted that Ga méy substitute for Fe3 as well
as for Al, and Taylor (1964) suggested that it should enter the Fe3 posi-
tions more readily than the A13. Shaw (1957) suggested that therGa/(Al+ Fe3)
ratio might show more coherence than the Ga/Al ratio. Bowden (1964)
suggested Fhat the Ga/(Al + Fe3) ratio might be more useful in evaluating
trends in rock series having variable Fe3 contents than the Ga/Al ratio.
Bowden evaluated both ratios in his discussion of the dis;ribution of Ga in
granites from Northern Nigeria, and found that both gave similar information.
He was, however, comparing granites from different complexes and it is
possible that this tended to blur the picture.

The problem with using the Ga/(Al + Fe3) ratio can be two-fold.
Firstly, if the major element compositions are determined by classical wet
" chemical techniques, then the Al data are determined by difference and tend
to be not only imprecise but also biased towards slightly high values
(Ahrens and Fleischer, 1960). The determination of Fe3 is notoriously
difficult if really accurate data are to be obtained, and is also dependent
on the degree of grinding the powdered sample has been subjected to before
a sub-sample is taken for analysis; The measured Fe3 concentration may pot
therefore reflect the true value present in the‘rock during its crystalli-
zation, the value which is of impoftance when considering Ga substitution
for'FeB. The other problem associated with the use of Fe3 is that modern

instrumental methods of analysis measure only the total Fe content of a

3
sample, and data for Fe are frequently not available.
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I1f, therefore, the Ga/(Al + Fe3) ratio is to be used, then prefer-
ably the Al should have been determined by instrumental methods and the
greatest care should have been taken in the determination of the Fe3, which
in the case of routine analyses is often not the case. In addition, to
warrant its use the coherence of the Ga/(Al + Fe3) ratio should be markedly
better than that of the Ga/Al ratio.

It is of interest to take a few examples and seevwhether more
information can be obtained from one fatio or the other in those cases
where data on both Al and Fe3 are available.

Pearson's correlation coefficients (r) between Ga-Al and
Ga-(Al +-Fe3) for a number of different suites of rocks haveibeen tabulated
in Table 40 and thé corresponding data have been plotted in Figs 75-83. 1In
. some instances the number of data points is too few and the spread of the
points too narrow for meaningful conclusions to be reached. The data in
Table 40 and Figs 75-83 should be considered together.

For rocks from the Doros igneous complex (Fig. 75) good correla-
tions are obtained for both sets of data, with Ga-(Al + Fe3) showing a
slightly better correlation than Ga-Al. For the Erongo igneous complex
(Fig. 76) the spread of the data points for both Ga and Al is small, and no
trend is discernible. The Fe3 values in these rocks vary considerably and
accentuate the poof negative correlation found between Ga and Al. For rocks
from the Losberg igneous complex (Fig. 76) there is no~difference between
the two sets of éata, both showing very'strong correlations. The Kunene
anorthosites have a fairly sméll range in Ga values (Fig. 77) and a high Al/Fe
ratio (~ 22), which results in little difference between‘the two data sets.

The two groups of ultraba;ic rock tybes, the mica~rich-kimberlites
and the xenoliths from the Matsoku kimberiite pipe (Fig. 78) show very
different correlations. TFor the Matsoku rocks there is excellent correla-

tion for both data sets with little difference between the two; while the
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kimberlites exhibit a very strong Forrelation between Ga and Al but an
almost random dis;ribution between Ga and (Al +-Fe3). The range of Fe3
‘varies very considerably in the kimberlites with apparently no correSponding
variation in the Ga content. This is probably due to the fact that much of
the Fe3 was formed during the serpentinisation of oiivine. Since olivine
containé negligible Ga, there should be no correlation between Ga and

~olivine-derived Fe?. If the Fe3 was present as primary magnetite, then a
correlation betweén Ga and Fe3 could be expected.

A large number of samples from the Okonjeje igneéus complex have
been analysed and major element data of ﬁhe highest quality were made
available by Fesq (1978). . Rocks from the Okonjeje complex can be
divided into two groups, a tholeiitic and an alkalic series. As discussed
later (Chapter 13.8), the data points on a Ga-Al plbt overlap to a consi-
derable extent for the different rock types in these series, and it was
‘considéred preférable to plot ea;h rock type separately to avoid confusion.
Data for gabbro-picrites and olivine gabbros have been §lotted (Fig. 79),
and show opposite features. The Ga-Al data for the gabbro-picrites give
the best coherence, while for the olivine gabbros the Ga-(Al + Fe3) plot
shows a better correlation than Ga-Al, although in neither case is the fit
as good as ghat for the gébbro-picrites. In Fig. 80 the olivine ferro-
gabbros show no correlation at all for either data set. Three different
trends are illustrated for hypersthene ferrogabbros, alkali syenites,
and pyroxene dioriteé,monzonites and.adamellites. For the hypersthene
ferrogabbros the spread of Ga and Al values is small with a much larger
spread in the Fe3 values, resulting in a strong grouping of the points on
the Ga-Al plot and a variation in the (Al + Fe3)va1ues with no variation in
the Ga values. The pyroxene diorites, monzonites and adamellites group
together for both sets of data points with no discernible trends, while the

alkali syenites show a better correlation between Ga and A1 + Fe% than
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between Ga and Al, although the number of points is small.

In the alkali series (Fig. 81) alkali olivine gabbros show a pic-
ture similar to that of the olivine gabbros in the tholeiitic series. The
granulitised alkali olivine gabbros on the other hand show a better correla-
tion between Ga and Al alone. The nepheline oliviné gabbros (Fig. 82) show
. a better correlation between Ga and Ai + Fe3, although only a single samplé
causes the difference between the two plots. Both the melteigites and the
camptonites are plotted together, and here Ga-Al shows the better correla-
tion.

Similar plots and calculations were made for rocks from two oceanic
islands, Bouvetoya and Gough (Fig. 83). For Gough Island the Ga-Al data are
marginally more coherent (r = 1.00) than the Ga-(Al + Fe3) data (r = 0.98),
while the.récks‘for Bouvetoya Island, in addition to showing negative
correlations for both sets of data, give a better correlation between Ga and
(Al + Fe3) than between Ga and Al.

de Albuquerque (1971), in his work on granitic rocks from Portugal,
fqund no significant differences between the two ratios, although the
amounts of Fe3 were small relative to Al.

Rooke (1964), investigating African acid igneous rocks, reported
that Na had an important bearing on the concentration of Ga,‘and found a
good relationship between Ga and Na/(Al + Fe3). This relationship was
investigated in the rock suites reported in Table 40, but, with one or two
exceptions, correlation coefficients were very low compared with those for
the Ga-Al andvGa—(Al + Fe3) relationships. Rooke (1964) was investigating
acid rocks in which Fe3 would bé very low in comparison with Al, and in
which Na increases with differentiatio;. The relationship reported by.
Rooke probably reflects an increase in Ga with increasing degree of

' 3
differentiation, with the Na/(Al + Fe” ) ratio acting as a crude differen-

tiation index.
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In summary it can be concluded that only for the Erongo Igneous
Complex, Bouvetoya Island, and the alkali syenites, olivine gabbros and
alkali olivine gabbros from the Okonjeje Igneous Complex are there any sig-
nificant increases in the correlation coefficients between Ga and (Al + Fe3)
as compared with those between Ga and Al. 1In all other groups examined,
either the Ga-Al correlation is better than that of Ga-(Al + Fe3) or there
is little difference between the two.

Therefore, bearing in mind the problems associated with the
determination of Fe3 and in some insggnces the lack of such data, it was

decided to report only the Ga/Al ratio in this work.
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CHAPTER 11
GALLIUM 1IN ABYSSAL ROCKS FROM THE ATLANTIC,

PACIFIC AND INDIAN OCEANS

11.1 INTRODUCTION

Galiium has been determined in 60 abyssal rocks from the Atlantic,
Pacific and Indian Oceans ‘and in 8 samples from Leg 25 of the Deep Sea
Drilling Program in the Indian Ocean (Tables 41-43). The locations from
which the samples were collected are shown in Fig. 84, which is adapted
from Engel et al. (1965). Of the 60 focks, all but 6 are tholeiites or
dolerites.. Data for the thoiéiites and doleritesvare summarised in Table
44 and-illusﬁrated in frequency distribution diagrams in Fig. 85. Seven

cross-sections of lava pillows have been analysed.

11.2 COMPARISON WITH OTHER DATA FROM THE LITERATURE

A number of workers haveAanalyséd abyssal tholeiites for Ga with
very variable results. Muir et al. k1964) repofted Ga in DBA 20.0 and 20.2
' 65.10 ppm compared with the values here of 14 ppm. They also reported the
Ga contents of 8 pyroxenes and 2 feldspars from the Rift Zone of the Mid-
Atlantic Ridgg at 45°N. Tﬁeir values for the pyroxenes were 6 and iO ppm Ga
and for the plagioclases 30 and 10 ppm, the 1§tter value being extepgionally
low-and representing the xenocrystal ﬁlagioclase.v Auﬁento (1968) reported
- Ga values ranging from 24 tb > 50 ppm for rocks DBA 11-16, compared with the
data given here of 15-17 ppm Ga. Cann (1969) reported values of 20 ppm Ga
for samples DBI 1 and 2 from the Carlsberg Ridge,_and later (Cann, 1970)

reported values of 15 ppm Ga intbasalts from the Gulf of Aden, which are

very close to the average values determined here. Melson et al. (1968)
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~OL-tholeiites, i.e. those in which olivine crystallized out.first, and
PL-tholeiites, in which plagioclase crystallized first. There is a third
group having both olivine and plagioclase as phenocrysts. Thompson et al.
(1972) determined Ga in tholeiites from 25°N on the Mid-Atlantic Tidge aod
found no difference between the Ga contents of OL- and PlL-tholeiites,
although there was a difference between OL-tholeiites from different
‘stations, i.e. 25° and 30°N. However, the standard deviation of + 6 ppm
(3s) was almost as great as the total range of the Ga data (7 ppm), and his
conclusions were probably not statistically valid. Unfortunotely, in this
work the nature of the phenocrysts in most of the samples was not known, and
it was . not possiBle to come to any conclusions as to differences that may be

present in the Ga contents of OL- and PlL-tholeiites.

11.3.1 Ga and- Ga/Al ratio variations in altered pillows

In six instances inside/outside fractions of lava pillows have been
analysed, and the data for three of them'presented here were reported by
Hart et al. (1974). For the pillow represented by sémples DBP 9-13 (Table
42B), .although Ga decreases regularly from core to maréin, the variation is
within analytical error and the Ga/Al ratio remainsconstant. DBA 27-28
(Table 41E) shows a slight drop in the Ga content from interior to margin,
but again the difference is within analytical error and the‘Ga/Al ratio is
constant. For samples DBA 38-39 the Ga content is higher in the margin,
but no Al data are available. DBA 24—26‘(Tab1e 41D) shows a higher Ga
content in the interior and thevGé/Al ratio is again conotant. Ga in
DBA 31-32 (Table 41C) is constant. DBA 21-23 is the only pillow to show a
significant chaoge in Ga content , with the most weatherod or altered frac-
tion, DBA 22, having the lowest Ga value. It is perhaps significant that
the Ga/Al ratio remains constant. It is suggested that the variation»in
Ga content is not due to alteration but rather to variation in composition,

as the normative composition of DBA 22 is distinctly different from those
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of the margin and interior fractions (Hart et al., 1974).

The;e is no evidence to suggest that in abyssal lava pillows there
has been significant alteration of the Gé content or removal of Ga relativé
to Al, although Hart et al. (1974) suggested that dqring the initial stages
of alteration both Ga and Al are lost from the basalt.

11.3.2  Comparisons between abyssal and island tholeiites

In Fig. 73 Ga is plotted against Al for all tholeiites analysed in
this work. For all the abyssal tholeiites, except Station 248, the Ga/Al
ratio lieé between 1.1 and 2.3, while for tholeiites from the oceanic
islands the ra;io varies narrowly about a value of 2.7, except for a single
~olivine tholeiiﬁe from Cuipepper Island in the Galapagos group which.plots
with the abyssal tholeiites. The Ga content of island tholeiites ranges
between 1}.5 and 21.4 ppm Ga, with a mean of 19.1 ppm which is distinctly’
"higher than the abyssal tholeiites. The Ga content of the Hawaiian island
tholeiites is, however, similar to that of the highest values of the
abyssal tholeiites, but the Al content is lower. The higher Ga content of
“island tholeiites is consistent with their higher contents of elements such
| as K, Rb, Ba and Sr (Kable, 1972) relative to abyssal éﬁéleiites, coﬁfirming
the primitive nature bf abyssal tholeiites.

Sample DR 3-1 (Table 41A) is unusual because not oﬁly.is‘it a
plagioclase-phyric tholeiite, but it has a very low Ga content of 12.9 ppm
and a quite exceptionally low Ga/Al ratio of 1.12, relative to the average
ratio of 1.9 for abyséal tholeiites. Goodman (1972) determined Ga in
plagioclases from two Icelandic tholeiites and in the whole rocks and found
Ga/Al ratios of 1.1 and 2.0 respectively. Reference has already been made
to Muir et al. (1964) who reported 10 ppm Ga in a plagioclase from a basalt
from the Rift Zone of the Mid-Atlantic Ridge 45°N. If this value is
correct, the Ga/Al ratio for the plagioclase would be very low indeed,

about 0.7. There is evidence to suggest, therefore, that plagioclase
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which crystallizes at a very early stage in the formation of abyssal
tholeiites, and presumably has a high anorthite content, is depleted in Ga
relative t§ those crystallizing at later stages, and that this would account.

for the low Ga/Al ratio of sample DR 3-1 and possibly DBP 5 (Ga/Al = 1.11).

11.3.3 ° Indian Ocean

The Ga data on these samples given in Table 43 were originally
reported by Erlank and Reid (1974). It has already been pointed out that
the three samples, DBI 8, 9 and 12, from Site 248 have distinctly different
" Ga values from the.othér sites and also from other abyssal tholeiites;

_ None of the samples from Leg 25 are mid-ocean ridge basalts (Fig; 86), bﬁt
.>except for Site 248, both the Ga contents and the Ga/Al ratios fall in the
range found for tholeiites from mid-ocean ridges.

Erlank and Reia (1974) reportéd that thé distinctive feature of the
basalt from Site 248 is the coarsely porphyritic textufe with conspicuous
large zoned phenocrysts of plagioclasé of composition An50-88' Although
Erlank aﬁd Reid consider the samples to be c0ﬁsiderab1y altered, so far as
Ga is concerned it is difficult to understand how the Ga content could
have been increased from about 16 to 22 ppm by alteration, and‘it is consi-
dered that the highAGa content at thig'site is real and reflects the
" original composition of the rocks. Erlank and Reid compared the Site 248
basalts with Karroo basalts from the Lebombo region. Ga has been deter-
mined iﬁ samples from the Lebombo regionr(Chapter 16) which range from 17
‘to 24 ppm Ga - with Gé/Al ratios between 2.1 and 2.5, ranges which indeed
bracketvthose values found at Site 248. However, Sité 249 (Fig. 86) lies
én the Lebombo side of the Mozambique Ridge, i.e. between the Lebombo region
and site 248, and samples from site 249, DBI 10 and 11, bear no resemblance

to the Karroo basalts but are similar to the abyssal basalts.
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11.4 COMPARISON BETWEEN DSDP BASALTS AND DREDGED BASALTS

Basalts were collected in many cores drilled during the DSDP pro-
ject. A number of workefs determined Ga in these basalts, which were
vmostly tholeiitic,‘and their data.fér tholeiitic basalts taken from the
DSDP reports are summarised in Table 44B.

‘ Mést of the analyses were made by optical emission spectroscopy
with a precision of + 15%. Kempe'(1976) determined Ga by visual comparison
of optical emission spectra (c.o.v. = + 50%) and rep§rtéd Ga contents in
basalts of 50 ppm. His data have beén omitted from this.discuésion on the
basis that they are high by a factor of three when compared wiﬁh other
results; |

The marked difference in Ga content’and Ga/Al ratio for samples
from site5721ﬁ and 216\from tﬁe Ninetyeast Ridge (Leg 22) in the Indian
Ocean compared-with rocks from this and other sites is obvious. Thompson
et al. (1974) pointed out that éhe récks from sites 214 and 216 differ in
composition, texture and mineral paragenesis from typical mid-ocean ridge
basalts, and suggested.that the Ninetyeast Ridge rocks were fractionated
lavas thét cooled and crystallized in shallow magma chambers before
extrusion.

Despité the fact’that many samples were altered to a greater or
lesser extent, the average DSDP Ga data are in remarkable agreement with
those repérted Here for dredged basalts. The Ga/Al ratios are in equaliy

good agreement. There is no evidence of a change in either the Ga content

‘or the Ga/Al ratio of deep ocean basalts with time.

11.5 CONCLUSION

It has been shown that the variation in Ga content and the Ga/Al
ratio of abyssal tholeiites is generally much less than had previously been

indicated. The mean value for Ga is 15.7 ppm, with a Ga/Al ratio of 1.9.
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Variation of both Ga and Ga/Al ratio between oceans is no greater than that

1

found within a single ocean, and there is no apparent variation with lati-

tude. The data suggest that the Ga content of plagioclase may vary consi-

derably, but more work needs to” be done before this can be confirmed.
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CHAPTER 12

GALLIUM IN ROCKS FROM OCEANIC 1ISLANDS

12.1 - INTRODUCTION

Ga has been determined in roéks from several oceanic islands whose
locations are shown in. Fig. 84. Data for islands from the Atlantic Ocean
are given in Table 45, fér the Pacific Ocean in Table 46, and for the
Indian Ocean in Table 47.

Before diécussing the data, it is necessary to.comment on the rock
nomenclature used in the tébles, The nomenclature of volcanic rocks from
oceanic islandé is somewhat confused. Some authors use the general termi-
nology, basalt—trachybasalt-trachyandesi;e—trachyte, while others used the
more specific terminology, basalt-hawaiite—mugearite-benmoreite—tréchyte in
addition to names such as icelandite and tristanite. -

It was not the intention in this work to become embroiled in the
contentious field of rock nomenclatﬁré, and accordingly in Tables 45-47 the
rock names given by the original workers have been used. Where no names.
were given to the rocks, they have simply been labelled 'basalt', e.g.
Table 45A, where éample AZ-2 is almost certainly a picrite basalt or
oceanite. |

A nuﬁber of workers (Baker, 1969, for St. Helena Is.; Baker et al.,
i974, for Easter Is.; and Verwoerd et al., 1974, for Bouvetoya Is.) have
used the Differentiation Index (D.I.)vof Thornton and Tuttle (1960) as a
guide to the classification of the various rock types. Baker et al. (1974)
also used the composition of the normative plaéioclase as. a guide, and where
the two criteria did not coincide, gave priority to the normative plagio-

clase. Verwoerd et al. (1974) also deviated slightly from the D.I. classi-
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compared with the values for the trachytes and trachyandesites (25 ppm Ga).
Compared with the data reported here, Le Maitre's values for.Ga ﬁended to
be on the iow side by on average 5 ppm, resulting in his calculating too
lowva Ga/Al ratio, 2.0 as against the 2.5-2.9 found here.

The data of Baker et al. (1964), although substantially correct,
when cémpared with the data given hére, were high by about 6 ppm Ga, a
relative difference of.25%. Baker et al. reported Tristan de Cunha to be
unusual in that the Ga/Al ratio decreases with increasing D.I., thus differ-
ing from other alkali provinces but being similar to the trend found by
Nockolds and Allen for the Polynesian alkali-basalt province.

In fact the Atlantic Ocean islands as a group are unusual because
they exhibit thrée different trends in Ga and Ga/Al ratio as shown in
Table 48 and Fig. 87. In most cases Ga increases with increasing D.I. to
the extent of 10-20 ppm Ga as .the D.I. increases from 20 to 80, i.e. from
ankaramite or picrite basalt to benmoreite. Examples of this trend are
Bouvetoya, Iceland and Gough Island. 1In contrast, Tristan da Cunha and
Ascension Island rocks have a constant Ga content with increésing D.I. As
a result of the differing trends in Al with D.I., the Ga/Al ratio increases
with increasing D.I. for Iceland and Bouvetoya Islaﬁd, decreases for
Tristan da Cunha rocks, and remains constant for Ascension and Gough
Islands, although increasing sharply in the trachytes and rhyolites. For
Ascensioﬁ Island rocks the Ga/Al ratio increase§ from 2.7 for the '"benmore-
ite" to 5.7 for the “rhyolite' or comenditic obsidian (Table 45C). In all
cases the "basélts", i.e. D.I. (30, tend to be variable in both Ga and
Ga/Al ratio, because they are cumulate rocks, and the.data points for this
rock group do not always fall on a smooth trend line with those of the
other rock groups, which are generally thought to have formed from one

another by fractional crystallization, e.g. Gough Island.
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12.3 ISLANDS IN THE PACIFIC OCEAN

The Pacific Ocean islands show two trends. Easter Island and the
Galapagos Islands exhibit trends similar to Iceland and Bouvetoya Island,
but the Hawaiian Island alkali series rocks and the Main series from Tahiti
show quite a different trend, i.e. a‘drop in both Ga and Ga/Al ratio with

increasing D.I.

12.4 ISLANDS IN THE INDIAN OCEAN

Of the Indian Ocean islands examined, neither the Comores, Prince
Edward nor Marion Islands show a great range in D.I. All show an increase
in.Ga of approximately the same rate with increase in D.I., and a constant
Ga/Al ratio. Mauritius shows a similar trend to Ascensioﬁ Island, except
that therg is not a marked increase in Ga/Al ratio for the ﬁrachyte group

of rocks relative to the other groups, as there is in Ascension.

12.5 GENERAL

Ga has been determined in rocks, for which major element data were
not available, from a number of o&her islands. However, Kable (1972)
determined percent SiO2 in all the sampies, and to a first approximation
SiO2 increases with D.I.. Accordingly, in Figs 90-91 ppm Ga has been
plotted against percent SiO2 for all islénd rocks for which major element
data were notavailable.

From comparisons between Figs 87-89 it appears that Médeira_is of
the saﬁe type as’ Gough and ASEension'Islands; the Azores and Tenerife
Islands could.Belong to either the Gough-Ascension tyée or the Iceland-
Bouvetoya type. There ére no samples with Si02vcontents high enough to
.define the trgnds conclusively. Jan Mayen Island rocks define a trend

different from all other Atlantic Ocean islands, which is similar to the

alkali series of Hawaii and the Main series in the Tahiti Islands, i.e. Ga
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'decréases with increase in differentiation.

Although‘a number of different trends for Ga and Ga/Al ratio have
been defined, there does not appear to be any relationship between the type
of trend found and the general petrochemistry of each island group. Baker
(1973) has grouped Ascgnsion and Bouvetoya Islands as mildly alkaline to
trénsitional,.and they both have different trends. He also grouped Gough,
Tristan da Cunﬁa and St. Helena Islands as moderately élkaline and Tristan
da Cunha shows quite a different frend from the other two. 1In the Pacgfic
Ocean there appears to be more coherence between trends and petrochemistry
since the Galapagos and Eéster Islands have similar trends,as do the

alkaline series of Hawaii and Tahiti.

12.6 USE OF PARTITION COEFFICIENTS IN DEFINING CRYSTAL FRACTIONATION

MODELS TO ACCOUNT FOR OBSERVED TRENDS IN Ga AND Ga/Al RATIOS

Using the Ga data determined iﬁ this work, Verwoerd et al. (1974),
in theif discussion on the geochemistry>of Bouvetoya Isiand, concluded that
in order for Ga and the Ga/Al ratio to increase with differentiation, some
mineral that does not readily accept Ga must have fractionated out togethér_
with plagioclase.

Bouvetoya, Tristan da Cunha and Gough Islands show three separate
and different trends for Ga and the Ga/Al ratio Qith increasing D.I.

(Fig. 87). Using the sparse partition coefficient data available for Ga,
an attempt has been made to define the types and propor#ions'of miﬁeralé
fractionating from a magma théﬁ are necessary to produce the trends found
for these three islands. The only.partition coefficient data available for
Ga (as discussed in Chapter 2) are those presented by Pasteret al. (1974),
and Goodman (1972), who determined partition coefficients in a number of
basic volcanic rocks from oceanic isiands.~ The data presented in Goodman's

paper have been summarised in Table 49 and Fig. 92.
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Pyroxenes showed a raﬁge.of 6-14.5 ppm Ga and a range of partition
coefficients betwgen pyroxene and liquid of 0.30-0.58, withla mean value of
0.41. Plagioclases showed a range in Ga of 17.5-28 ppm and a range in par-
tition coefficients of 0.84-1.27, with a mean of 0.99. Olivines had Ga
contents of 1 ppm and partition coefficients of 0.04-0.05.

Other information essential to this discussion is the partition
coefficients for magnetite and ilmenite. Magnetite is known to contain
about 100 ppm Ga (Vincent and Nightingale, 1974; and Burton and Culkin,

1972), while ilmenite contains about 1 ppm Ga. Paster et al. (1974) deter-

mined partition coefficients for trace elements in the Skaergaard complex

by calculation and estimated Dg;ag'to be'1,7 and Dg; to be 2.0. 1In view of
Géodman's work, the value of 1.7 for plagioclase seems rathér high, but the
value of 2.0 for magnetite has been accepted here. It has been assumed
that ilmenite hag approximately the same partition coefficient as olivine,
i.e. 0.05. Haslam (1968) investigated the crystallization of magmas at Ben
Nevis and determined Ga in biotites, amphiboles and'pyroxenés; He reported
the mean Ga content of the'pyroxenes to be 2 ppm for cliﬁopyroxenes and

'7 ppm for orthopyroxenes, with corresponding Ga/Al ratios of 2.2 and 8.6.
The mean Ga contentlof amphiboles was 19 ppm, with a Ga/Al ratio of 6.1.
Haslam did not analyse plagioclases, but on the basis of his data and that

of Goodman, a partition coefficient of 0.9 has been assumed for amphibole.

12.6.1 Bouvetoya Island

A mean'coﬁposition was calculated for the hawaiites, and an
addition-subtraction plot was used to célculate the composition of the
crystal mix that ﬁad to be removed from the average hawaiite to give the
cémposition of the rhyolite WJ18B (Table 42D). F, the fraction of liquid
remaining, was calculated to be 0.23 and the CIPW NORM calculation of the
composition corresponding to the crystal mix gave 63% plagioclase, 18%

pyroxene, 6.5% olivine, 5.5% magnetite, and 6.0% ilmenite. A computer
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program MIXER, written by A.R. Duncan andhsimilar to that of Bryan et al.
(1969), usiﬁg as ;nput the compositions of parent (mean hawaiite), )
daughter (rhyolite) and minerals plagioclase, pyroxene, magnetite, olivine
and ilmenite, calculated the proportions of each mineral which; whenﬂfemoved
from the parent, would yield the daughter rock. Reéults from this calcula-
tion for Bouvetoya gave F = 0.24, 627 plagioclase, 17% pyroxene, 6% olivine,
7% magnetite, and 8% ilmenite,-a mix very close to that calculated in the
CIPW NORM above. Assuming the average hawaiite as parent, the calculation,

based on equations from Arth(1976) and using the computer data to estimate

the Ga content of the rhyolite, is set out below:

X

DGa | Weight Fraction

Plagioclase (An75) 0.88 0.62
Pyroxene - 0.41 0.17
Olivine : 0.05 ' 0.06
Magnetite 2.0 - 0.07
Ilmenite - 0.05 ~ 0.08

1.00
F = 0.24 D™ = 0,76

Ga

Therefore CI/C0 = FD-1 = 1,40

Ga in hawaiite = 22 ppm

Calculated Ga in rhyolite = 22 x 1.4 = 30.8 ppm

Measured Ga in rhyolite ' = 31.3 +.5 (25C) ppm
C1 = concentration in differentiated liquid
¢® = concentration in original (parent) melt . |

It can therefore he predicted that Ga should increase with D.I. for
Bouvetoya Island, and the predicted value agrees with the measured value
within 95% confidence limits (counting error).

12.6.2 Gough Island

A similar experiment using the MIXER program was carried out for
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Gough Island. G13 (olivine basalt) wés chosen as parent to ﬁroduce‘
sequentially G164‘(trachybasalt), G15 (trachyandesite) and G114 (trachyte)
(Table 42F), in a similar way to that-reported by Zielinski and Frey (1970).
Ehé results are given in Table 50. It is_Shown that it is possible ﬁo pro-
duce rocks that approximate the measured compositioﬁs of those found on
Gough Island by crystal fractionation using olivine basalt as éarent, and
that it is also possible to match calculated and measured Ga concentrations
in these rqcks for the range olivine basalt to frachyte. It was not éos-
sible to produce acceptablé results for the late stage aegirine-augite
frachytes, probably because the correct mineral compositions were not
available. | |

12.6.3 Tristan da Cunha Island

For Tristan da Cunha an attempt was made to derive the trachybasalt
351 from the olivine basalt 6 by érys;al fractionation. In this instance it
was necessary to increase the Al content of the rocks from 7.5% Al to 9.1%
and at the same time to decrease the Ga content from 22.5 to 21;4 ppm Ga.
.It was not possible with the mineral compositions used for Bouvetoya and
Gough Islands to produce an acceptable major element match by extracting
plagioclase, pyroxene, olivine, magnetite and ilmenite. vIn describing rock
351, Baker et al. (1962) mentioned phenocrysts of partially resorbed amphi-
bole, plagioclase aﬁd pyroxene, the plagioclase zoned An80_70; and the
amphibole having a thick rim of granular iron ore. Using only plagioclase,
pyroxene, amphibole and magnetite, it was possible to obtain the following

crystal mix which, when fractionated from rock 6, would yield rock 351:



DGa Weight Fraction
Plagioclase (An70) 1.20 0.17
Pyroxene 0.58 0.41
Amphibole 0.90 0.22
Magnetite ' 2.00 0.20
1.00

F = 0.52 p™% = 1,04

Ga ‘
clrc® = 0.97
Ga in 6 = 22.4 ppm
Calculated Ga in 351 = 21.8
Measured Ga in 351 = 21.8

Although it seems possible to derive the measured Ga content in
this way, it would be necessary to carry out major element analyses on the
appropriate minerals in Tristan rocks to confirm the calculations. A
furthér complication arises because many of the Tristan rocks contain
leucite, although never as phenocrysts.

The above calculations were made using the approach of Gast (1968),
assuming the simplified case of crystallization of phases in constant pro-
portions with constanﬁ distribution coefficients (Arth, 1976). |

Actempts were made to model the Kohala Mt. lavas from Hawaii
(Table 46i), but without success., HOW9ver, with the correct mineral compo-
sitions and assuming that the rocks aré derived from one another by crystal
fractionation, a knowledge of the phenocryst phases should make it possible
to match measured and calculated data as was done for Tristan da Cunha

Island.

12.7 INTER-ISLAND COMPARISONS

12.7.1 Marion and Prince Edward Islands

Kable et al. (1971) noted slight but distinct differences between
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the K/Ba, Ba/Zr and Zr/Nb ratios of the two islands and also between the Zn
contents. They concluded that the differences were not established during
the differentiation process but were characteristic of the magmas at the
time of the fofmatibn of the islands.

In Tables 47E, F, G and 48 and Fig. 89 there is clearly no signifi-
cant difference between the Ga and Ga/Al ratio of younger and older lavas
within each island, but there is a difference in the Ga/Al ratios between
the two islands, the average ratio for Maribn being 2.38 and for Prince
Edward 2.74.

Ga has been plotted against Al in Fig. 93, and although there is a
slight overl;p of points for the trachybasalts, a Student t-test on the
Ga/Al ratios indicates that there is a significant difference between the
two iglandﬁ at the 99% confidence level. It is also apparent from Fig. 93
thét there is less variation in the Ga/Al ratio for Prince Edward than is
the case for Marion Island.

The Ga data presented here therefore confirm the conclusions of
Kable et al. (1971), which‘were based on other trace élemeﬁt data.

12.7.2 Generél

Inspection of Tables 48 and 51 is helpful in compariﬁg the Ga and
Ga/Al ratios for different islands. If the ﬁbasalts" are ignored as being
cumulative rocks in which the Ga content is sﬁrongly dependent on both the
proportion and composition of cumulate material, then a number of features
become apparent.

Firstly, rocks from jan Mayen Island are unique in that they
exhibit the lowest Ga content of mugearite and bénmoreite. The Ga contents
of all the rock types in Jan Mayen.fall within the range for abyssél
tholeiites, despite the range in differentiation. Unfortunately no Al data
are available for these rocks. Another island on the Mid-Atlantic Ridge,

Flores, in the Azores, also shows very low Ga values, with trachyte having
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only 20.6.ppm Ga compared with trachytes from other islands which have a
minimum of 23 ppm but usually contain about 30 ppm Ga. The unusualrdistri—
bution of Ga in Tristan da Cunha has already been commented on at length.

In the Pacific Ocean, Pitcairn Island appears to be simila;‘to
Easter Island in its Ga content and distribution, wﬁile the four samples
from Japan show typical aby;sal tholeiite levels for Ga.

In the Indian Ocean, the Ga value of 15.8 for hawaiite in Amster-
dam Island is very close to the average of'i6 ppm Ga found by Gunn gﬁ_gl.
(1971). Their data indicate that the mean Ga/Al ratio for Amsterdam Island
is 1.7 + 0.1 (1s). This is a very low ratio, lower even that than found
for abyssal tholeiites in this work. It is matched only by that found for
Rodriguez Islan&, whiﬁh is also located on the mid-ocean ridge. Heard
Island is also unusual in that Ga, after increasing with increasing degree

of differentiation, finally decreases in the aegirine-augite trachyte.

12.8 GOUGH ISLAND

Gough Island (Table 45F) has the greatest rangé in Ga concentra-
tions found.in oceanic islands studied in this work, with a range from 11.0 to
43.2 ppm Ga and a corresponding range in D.I..of 19.5-87.9. Kable (1972)
found that a numbér of trace elements, i.e. Ba and Sr, after increasing
steadily through the differentiation sequence, decreased in the late stage
aegirine-augite trachytes as a result of fractionation of plagioclase and
alkali feldspar. If the D.I. is taken as the criterion of thé degree of
differentiétion, as has been done in this work, then Ga also decreases in
tﬁe last liquids, i.e. it decreases in the last three rocks from 43.2 to
41.0 to 30.8 ppm Ga. However, using the crystallization index (C.I.) of
- Poldervaart and Parker (1964), the reverse is the case. The modified
sdlidification index Qsed by McBirney and Williams (1969) in studying rocks

from the Galapagos Islands confirms the C.I. trend, i.e. that Ga continues
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to increase with increasing differentiation, or at least until the last

liquid analysed, and does not pass through a maximum as do Ba and Sr.

12.9 CONCLUSION

In oceanic islands Ga and the Ga/Ai ratio follow four different
trends against the D.I. Qenerally, Ga increases with ingreasing D.I. and
the Ga/Al ratio éithef stays constént until about D.I. 80, wﬁen it
increases strongly, or it increases steadily and evenly with increasing
D.I. For Tristan da Cunha, Ga remains constant with increasing D.I. and
the Ga/Al ratio decreases. - In alkali series rocks from Hawaii and T;hiti,
both Ga and the Ga/Al ratio decrease with increasing D.I. It is possible
to modei ;hese trends using calculations based on crystal fractionation and
the known partition coefficients for the minerals plagioclasé, pyroxene,
:olivine,'aﬁphibole, magnetite .and ilmenite. Jan Mayen Island, the most
northefly island on the Mid-Atlantic Ridge, has exceptionally low Ga coﬁcen-
trations which are similar to those in abyssal tholeiites. Amsterdam and

Rodriguez Islands also have similar Ga and Ga/Al ratios to mid-ocean ridge

basalts.
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CHAPTER 13

GALLIUM IN ROCKS FROM IGNEOUS INTRUSIONS AND COMPLEXES

13.1 THE LOSBERG INTRUSION, FOCHVILLE, TRANSVAAL

The geoéhemistry of the Losberé Intrusion has been investigated by
Danchin and Ferguson (1970). Ga has been determined in the same samples
examined by them and the data are reported in Table 52.

The Losberg Intrusion is a flat-lying, layered body about 400 feet
;hick, intrusive into the shales and quartzites of the Pretoria Series of
the Transvaal system. It is underlain by shales and capped by quartzite.
The age of the intrusion is 1881 m.y.

fhe intrusion is of particular interest because it is one of a group
of  mafic bodies with’ tholeiitic affinities extending along a north-south
line from Rhodesia into the Orange Free State and including the Bushveld
Igneous Complex and the Great Dyke (Fig. 94). The rocks of the intrusion
represent a differentiation sequence ranging from harzburgite at the exposed
base,ﬁo granophyric quértz gabbro at the roof.

The geologic setting of the intrusion is shown in Fig. 95.

Abbott and Ferguson (1965) subdivided the intrusion into three main
units on the basis of the cumulus phases constituting the different rock
types, namely harzburgite, quartz norite and quartz gabbro. The variation
of the major and trace elements with height, as reported by Danchin and
Ferguson (1970), are given in Figs 96 and 97.

Bétwaen the 50 and 60 foot levels there is a sharp increase in 510,
that marks the cessatién of olivine crystallization and the change from
harzburgite to quartz norite. However, a similar abrupt change in the con-

centrations of A1203, FeO, CaO, Na20 and K20 occurs only between the 60 and
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70 foot levels, and this change is also reflected in the Ga contents of the
rocks. The 60 foot level quartz norite has a similar Ga content to the
harzburgites and almost half that of the other two quartz norites. This
is due to the large amount of normative hypersthene (51%) present in the
sample (LB-4) and the fact that the plagioclase content increases markedly
only from the 70 fooﬁ level.

Information in Table 52 is plotted in Fig. 98, and, as pointed out
by Danchin and Ferguson (1970) :for other elements, there is a decrease in
the Ga concentration befween fhe 240 and 270 foot 1evels,vwhich is in con-
trast to a sudden increase in the MgO content from 5.5% to 12.2%, and a
corresponding increase in normative clinopyrokene. This is contrary to
Abbott and Férguson'g observations of a decrease in modal clinopyroxene and .
the constancy of the optically determined Mg contents of clinopyroxene over
this range. Danchin and Ferguson suggest that the clinopyroxenes above the
270 foot 1eve1‘are a highér temperature variety of higher Mg0 content than
those lower in the sequence. The increase in normative'clinopyroxene
"results in a decrease of the D.I., which is mirrored by the decrease in the
Ga content (Fig. 98).

In the rocks from the Losberg Intrusion Ga increases steadily with
increasing D.I., but the Ga/Al ratio stays almost constant, increasing only
from 1.7 to 2.0. The four roof rocks from the intrusion ﬁave a slight but
significantly lower Ga content than'those of corresponding D.I's from lower
in the sequence;

Danchin and Ferguson state that crystal fractionation was the
. dominating process operating in the magma chamber, and that the ma jor evi-
dence marking a discontinuity in the differentiation proceésvms that invol-
‘ving the uppermost rocks in the sequence, namely from 270 to 390 feet. All
the elements, with the exception of Fe3,\Rb, K, Cs, Cu and Sr, show a marked

reversal in concentration beginning at the 270 foot level (Figs 96 and 97),.
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and Danchin and Ferguson suggest that this caﬁ be explaiﬁed either by simul-
taneous downward crystallization and bottom accumulation or by a sufficient-
ly mafic Eulse of new magma.‘ On the basis of symmetry patterns
in the concentration versus height plots showing the higher temperature
elements aggregating towards the floor and the roof of the intrusion, they
suggest the early simultaneous crystallization from both these margins as
the most likely process. Abbott and Ferguson, on the basis of petrological
data, suggeéted that a minor influx of magma occurred.

Danchiﬁ and Ferguson recognised the following problems which con-
flicted with the idea of downward crystallization: némely tﬁat with
increase in.height‘there was no chéége in concentration of Sr; that the
K/Rb ratio tended to decrease steadily; and that the absolute amounts of
K and Rb did not show a reversél.’ Theyltentatively suggested that a late-
stage acid residue resulting from fractionation of the lower members
permeated the.uppeg rocks, thereby leaving the K, Rb and Sr contents
unchanged.

TheAGa data presented here contradict this suggestion. Ga usually
increases in late-stage residues, both in absolute amount aﬂd‘also relative
to Al. 1In the Losberg rocks above the 270 foot level, there is an abrupt
and marked.decrease in the Ga content, buﬁ thé Ga/Al ratio decreases only
_slightly. If a late-stage residue had permeated the rocks, it might have
been expected that Ga would have remained constant or even have increased
and that the Ga/Al ratio would also have increased. The Ga data, therefdre,
suggest that a second minor intrusion at the 270 foot level is the more
likely cause of the observed changes in chemistry and mineralogy.

- !

13.2 THE KOMATIPOORT INTRUSION, N.E. TRANSVAAL

The Komatipoort Intrusion (Fig. 94) is one of three younger basic

plutonic masses penetrating, approximately conformably, the basalts cf the
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Middle Suite of the Drakensberg Lava Stage of the Karroo System on the
south-eastern corner of the Kruger National Park (Saggerson and Logan, 1970).
The Komatipoort Intrusion consists of a compésite body of three separate
intrusions, the first of which was a pulse ofvplagioclase-rich tholeiitic
magﬁa. The second wa; a surge of normal tholeiitic magma emplaced below
the first sill, which produced a sub-concordant layered sequence as a conse-
quence of strong differentiation by crystal settling. A final sill of
granophyre was intruded along the contact between the two earlier sills.

As indicated in an FMA variation diagram (Fig; 99) for the rocks
analysed'in this wofk, the Komatipoort Intrusion shows strong differentia-
tion and considerable iron enrichment during'crystalliza;ion. |

Data fof‘Ga'in rocks from the three intrusive phases are given in
Table 53 and plotted in'Fig..lOO;

There is a distinct increase ip Ga with increasing D.I. from
approximateiy 18 ppm to a maximum of 29 ppm in the grandphyric gabbros and
granophyres; Although there is a positive correlation between Ga/Al and
D.I., the correiation is not a strong one. This is prbbaﬁly the result of
many of the rocks being partial cumulates.

There is no clear distinction between the Ga contents of the three
intrusive phasés.v However, differenées in the Ga/Al ratio clearly separate
the final bhase from the first two. The Ga/Al ratio in the granophyres is
extremely high at about 4.7 and demonstrates the strong enrichment of Ga

relative to Al in these late-stage rocks.

13.3 THE  TROMPSBURG INTRUSION, ORANGE FREE STATE

The Trompsburg Intrusion lies on a southern extension of the line
Great Dyke - B.I.C. - Losberg Intrusion (Fig. 94). It is not exposed at
the surface (Davies et al. 1970), but its shape and nature have been

revealed by driiling and gravity measurements. It is a sheet-like body,
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roughly circular in outline, about 56 km in diameter, and intrusive into
marble which is possibly of Transvaal system age. The body consists |
mainly of gabbro and anorthosite, with olivine-rich layers in parts, and a
roof of granite which was intersected in two of three boreholes. The age
of the intrusive is 1372 + 142 m.y. (Davies et al., 1970).

| - Unfortunately no major élement data are available for the five
rocksvand there is little that can be said about the Ga content other than
that it is constant at about 20 ppm Ga, except for sample TG 1 3970,which
’presumably represents one of the olivine-rich layers and would have a lower

Ga content because of dilution with olivine (Table 54).

13.4 iHE BUSHVELD IGNEOUS COMPLEX

Liebenberg (1960, 1961) reported an extensive investigation of the
geochemistry of the B.I.C. for both major and trace elements, including Ga.
In addition to four of the rocks analysed by him, a number of other samples
were analysed in this work and it was considered worthwhile to report the
data (Table 55). Unfortunately no Al data were available for these samples.

Liebenberg determined Ga in his samples by optical emission.
spectroscopy, and it reflects to his credit that nearly 20 years later Ga
determined in the same samples by a more-precise method gave essentially

similar results.

"Sample | Liebenberg . This work
ppm Ga ppm Ga
LIEB 50 CL 12 12.3
W4 | 9 12.3
W 7 13 13.5
LIEB 51 16 16.2

When commenting on the distribution of Ga in the B.I.C. rocks,

Liebenberg concluded that in the ultrabasic rocks the Ga contents were
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controlled by diadochy between Ga3, Cr3 and Fe3, the Ga3 - Cr3 diadochy
being particularly important in chromite-rich pyroxenites. Liebenberg did
not deﬁermine Ga in chromites. One very unusual and surprising feature of
his data, which he did not comment upon, was the Q;ry low Ga content of both
the upper and lower portions of the magnetite band. Liebenberg reported
values of 4 and 5 ppm Ga in the magnetite, much lower than the lowest values
reported by Burton et al. (1959) of 20 ppm, and Burton and Culkin (1972) of
10 ppm. Magnetites generally average 60-80 ppm Ga.

Five samples of chromite and five samples of magnetite from the
B.I.C. have been analysed for Ga. The locations of the samples are shown
in Fig. 101. The chromite samples come from widely dispersed locations,

:i.e. from the northern, western and eastern Transvaal. Four of the magne-
tite samples éome from the Magnet Heights area in Sekhukhuneland and the
other comes from the Pretoria diéffict.

The two chromites from the Swartkop Mines havé Ga contents of 36
and 41 ppm (Table 36C), that from Ruighoek, also in the Western Transvaal,
48 ppm, and that from Driekop in the Eastern Transvaal 57 ppm. These values
are véry much higher than those reported by Shaw (1957) of 4-7 ppm and
Burton et al. (1959) of 18 ppm Ga. The single sample from Grasvally has a
Ga content of 18 ppm, which is very close to that given by Burton et al.
(1959). On a purely semi-quantitative basis (XRF wavelength.scans), the
Grasvallf chromite has the lowest Fe content of thé chromites, but it is only
slightly 1ow;r than that of 6967 (Swartkop) which has twice the Ga content.

From the data in Liebenberg (1960) and Wager and Brown (1968), it
is possible to caiculate the approximate chromite content of the high-Cr
ultrabasic rocks, assuming all the Cr is present as chromite. Assuming an
éverage Ga content in the chromite of 45 ppm, in two pyroxenites the
chromite contributes & ppm Ga out of a total 7 ppm in the rock, or about

60% of the Ga content. Therefore, as Liebenberg suggested, the high
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chromite content of some gf the ultrabasic rocks does account for the high
Ga/Al ratios in these rocks.

All the magﬁetite samples have high and very similar Ga contents
in the range 49-54 ppm. These values are in accofd with those found by
other workers (Burton and Culkin, 1972), but are an.order of magnitude
higher than the values reported By Liebenberg (1960). The data confirm
that in the B.I.C;, as in the Skaergéard Intrusion, magnetite.is the major
host mineral for Ga, but that in the B.I.C. chromite is also an important
Ga host mineral. | |

Although no Al data are available for the rocks analysed in this
work, most of the Ga values reported here fall within the ranges of values
reported by Liebeﬁberg (1960). 1t can, therefore, be assumed that the
Ga/Al ratios found by him would be similar to those of the rocks reported
here. Liebenberg calculated the alfered Larsen function as an index of
differentiétion, (1/3Si02 + K20) — (Ca0 + Mg0). The Ga/Al ratio data taken
from Liebenberg are plotted against the altered Larsen function in Fig. 102.
It is immediately obvious that there are some extremely high values for
Ga/Al, mainly in .the ultrabasic rocks with high chromite-contents. These
rocks are indicated separétely from the other rock types in Fig. 102.

Apart. from the ultrabasic rocks, data for the other rock types tend
to plof around a trend line of steadily increasing Ga/Al ratio with
increasing differentiation. For comparative purposes, the dgta presented in
this work for rocks from the Skaergaard Intrusion are also plotted in
Fig. i02.

The trends of the Ga/Al ratios in thg tﬁo series are quite differ-
ent, the enrichment of Ga over Al bging distinctly greater in rocks of
similar D.I. from the Skaergaard than in £hose from the B.I.C. Thé highest
Ga value reported by Liebenberg is 28 ppm Ga, compared with 25 ppm in this

work, with most of the higher Ga values being less than 25 ppm. By contrast,
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the Skaergaard has many rocks with Ga contents in excess of 30 ppm with a

maximum of 38 ppm (Vincent and Nightingale, 1974).

13.5 THE SKAERGAARD INTRUSION

The geology, petrology and geochemistry of the Skaergaard Intrusion
have been discussed at lengtﬁ by Wager.and>Br6wn (1968) and others and it is
not considered necessary to summarise their work here.

Nine samples from the Skaergaafd Intrusion have been analysed for
Ga, and the data are reported in Table 56. In a very interesting paper,
Vincent and Nightingale (1974) re?orted the.determination of Ga in rocks and
minerals from the Skaergaard Intrusion by radiochemical neutron activation
analysis. Wager and Mitchell (195i), Paster gg;gl. (1974) and Baedecker
et al. (1971) r?ported Ga in rocks from the Skaergaard Intrusion. The data
were determined by emission spectroscopy and neutron activation analysis.
Some of their data are summarised in Table 57 for comparative purposes.

The different sets of results are, generally, in good agreement. Vipcent
and Nightingale's data tend to be slightly higher than the values reported
in this work for the same samples. They reported 19.6 and 18.3 ppm Ga
respectively for G-1 and W-1, values which are higher than those found in
this work, and which indicate a systematic bias between ﬁhe two sets of
resuits. The differences are, hbwever, small and the trends are similar.

Before discussing the distfibution of Ga in the Skaergaard
complex, two errors in the data reported by Wager and Brown (1968) must be
pointed out. Wager and Mitchéll (1951) reporﬁed 200 ppm Ga in plagioclase
from the fayalite ferrogabbro 4142, and 15 ppm Ga in the whole rock. Wager
and Brown (1968) reported‘28.66% normative plagioclase in this rock.
Assuming that none of the ohter minerals present contain any Ga, a simple
calculation indicates that the rock should contain 57 ppm Ga, if the

plagioclase really contained 200 ppm Ga. The value of 57 ppm Ga is greatly
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in excess of any other determined in rocks from the Skaergaard, and it must
be conciuded that the Ga determination dn the plagioclase was in error. A
value of 40-50 ppm Ga, as fpund for other Skaergaard plagioclases, appears
more reasonable. The error is pointed out because considerable emphasis is
placed on the fact that Ga remains constant in plagioclases in the early
rocks, and, on the basis o} the single determination in plagioclase from
4142, increases in the plagioclases of the last stages of crystallization.

The second error {s one of interpretation. It is stated'by,Wager
and Brown (1968) that the low Ga content of the late acid granophyre is due
to the abundance of quartz relative to feldspar. This conclusion presuﬁab1y
originated from the modal analysis of the acid granophyre 5259 which is
given as 93% modal.quartz. The normative calculation>gives 31% quartz and
the rock contains ohly 73% Si02, thch makes the modal value for quartz
impossible. In fact, rock 5259 contains 30 ppm Ga (Vincent and Nightingale?
1?74) which is no lower than many of the other rocks from the layered
series. 3058, the rock sample with the highest D;I., does conﬁain less Ga
than-the other late differentiates (Table 56), but the lower value, abouﬁ
50% of the other rocks, canﬁot be due only to dilution by quartz. The
A1203 content is identical to that of 5259, the quartz content (normative)
is only 3% higher than 5259, and yet the Ga content isvhaif that of 5259.

Wager and Brown consider the acid granophyres to have been formed
by filter-press action. 3058 presumably represents the very lastvliquid,
fiom which most of the Ga had already been removed, as was the case for Sr.
Evidence that.extreme fractionation can pefhaps result in a reduced Ga
content in the last liquids was discussed earlier for Gough Island rocks.

Vincent and Nightingale (1974) have calculated the Ga content in
successive liquid fractions and have shown that the Ga content of the
liquid is greater than that of the solid rocks, except for the very last

stages (~99.7% solidified) in the crystallization sequence. On this basis,
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if 3058 represents the liquid squeezed out of the last focks, it should have
a.lower Ga content than the last rocks themselves. The Ga data confirm the
hypothesis.

Plots of Ga, Ga/Al and Ga/(Al + Fe3) against D.I. for rocks
analysed in this work are shown in Fig. 103. The regular increase of all
three variables with increasing D.I., up to a D.I. of 70, is obvious, as is
the sudden drop in Ga in the late-stage granophyre. The Ga/Al ratio also
decreases for the granophyre and indicates tﬁat Ga has been strongly
depleted relative to Al in this :oék.

In Fig. 104 the data of Vincené:énd Nightingale have been
combined with those reported here. .Vincent and Nightingale feported a
. strong concentration ovaa in magnetite (50-110 ppm) in the Skaergaard
rocks._ The effect on the Ga/Al ratio of ;he amount of magnetite in the
sample is h;ghlighted in Fig. 104, wﬁere rock 5322 has a Ga/Al ratio of 15.7,
fa£ in excess of the next highest value of 7.2. When Fe3 is taken into
account in calculating the ratio, the value for this samplevdrops to a level
consistent with thése of the other rocks. .Although the scatter of points
about the trend line is greater than that using the data from this work
alone, the steady increase of the ratios with increasing D.I. is confirmed,

as is the sudden decrease in the last rocks.

The marked difference between the Skaergaard trend and that found

for the B.I.C. has already been discussed.

13.6 THE GREAT DYKE, RHODESIA

The Great Dyke (Fig. 94), extending for a distance of over 320
miles and varying in width from tﬁo to seven miles, consists generally of a
sequence of rocks, from the base upwards, of dunite, pyroxenite, and harz-
_ burgite, capped with gabbroic rocks (Erlank, 1971).

Six samplés from the dyké have been analysed for Ga and the data
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are reported in Table 58. Unfortunately, no Al data are available for these
samples. The Ga data for the different rock types are in accord with those
reported in this work and elsewhere (Burton aﬁd Culkin, 1972). The Ga con-
tents of the gabbros fall within the range of values reported for gabbroic

rocks from the B.I.C.

13.7 THE MESSUM IGNEOUS COMPLEX, S.W.A.

The Messum igneous complex is one of a chain of ring complexes of
late Karroo age which stretch from Cape Cross in the west té Okurusu in the
north-east of S.W.A. (Fig. 105). The Eqmplex is about 144 square miles in
area and consists of an inner zone and outer ring, both deiineated'by a
system of ring faults. The formation of the cémﬁlex has been divided into
three phases: volcanic, intrusive and aikaline (Mathias, 1956). Rocks
from the firét t&o phases have been analysed for Ga and the data are repor-
ted in Table 59. No major element data are available for these rocks.
Mathias (1956, 1957) reported on the petrolog& and geochemistry of the com-
élex, and Erlank (1971) determined K; Rb and Cs in the samples analysed iﬁ
this work.

Maﬁhiaé (1956, 1957) reported vélues for Ga in Messum rocks which
were determined by Nockolds and Allen by optical emission spectrometry.

The concentrations were reported to the nearest 5 ppm Ga and should be
regarded as éemi—quantitative. .Although the samples analysed by Mathias

have not been analysed in this work, it is possible to compare results for
similar rock types. Mathias;(1957) reported Ga values of 25-30 ppm for
basalts, while the analyses in tbis work give values of 15-16 ppm Ga, which
are very close to the average for tholeiitic basalts (16 ppm) reported
earlier (Table 39). On the basis of the K content reported by Erlank (1971)
for the samples analysed here (0.20-0.25% K), the basalts may be of tholeiitic

type. For the olivine eucrites Mathias reported Ga contents of 35-40 ppm Ga,
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while values from this work range befween 9 and 13 ppm, diffefences by fac-
tors of three to four. Mathias! data for the gabbros and anorthosites were
also high by a fector of two. There was evidently a strong\systematié bias
in the earlier data reported for these rocks.

fCalcqlated from the normative data of Mathias (1956), the D.I's of
the olivine eucrites range from 9-11, from 14-20 for the anorthosites, and
the D.I's for the basalts are ~20 and for the gabbros ~ 24, However, as
can been seen in\féble 59, there is litéle change in the Ga content of the
rocks, ekcept for the olivine eucrite ME 11. Using Al data from Mathias
(1956, 1957), it is possible to calculate that the Ga/Al ratio must be
relatively constant between 1.2 and 1.8. For the anorthosites the ratio
would be about 1.1. It will be shoWn‘in the following sections that the

relative constancy of the Ga/Al ratio with increasing D.I. seems to be

characteristic of some of the -igneous complexes of S.W.A.-

13.8 THE OKONJEJE IGNEOQUS COMPLEX, S.W.A.

)

13.8.1 Introduction

The Okonjeje Igneous Complex is one of the smallecst of the post-
Karroo igneous complexes in the Damaraland region of South West Africa and
lies epproximately helfway between Cape Cross in the west and Okorusu in
the east (Fig. 105). The geology and geochemistry of the complex have been
described most recently by Simpson (1954). Fesq (1978) has carried out an
extensive geochemical study of Okonjeje. .Ga has‘been determined in his
samples and the data are reported in Table 60.

The Okonjeje Igneous Complex is exposed over a circular area of
about 20 km2 and consists essentially of a lopolithic complex of tholeiitic
olivine gabbros and ferrogabbros, which are assoCieted closeiy in space and

time with a ring-dyke complex of alkali olivine gabbros, essexites and

pulaskites (Fig. 106).
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The "differentiated gréup” of the tholeiitic series shows a
rreﬁarkably regular mineralogical and chemical variation from An80_30,
En78~°7, Fo s 5g» and Fe”_32 (augite), but this variation is from top to
bottom of the lopolithic stratified series. From this and other evidence
Simpson (1954) deduced4that the tholeiitic series was formed by the emplace-
ment of successive injections of thin sheets from the top downwards. The
cérebgabbro (alkali series) was emplaced after solidificétion of the differ-.
entiated group and was followed by the intrusion of the marginal acid rock
and the ridge syenite dyke. The pulaskites and essexites of Okonjeje Berg -
were emplaced.és a result of the formation of a ring dyke followed by
succéssive slumping of the central bloék.

Fesq (1978) favours a different mode of formation for the
tholeiitic series. He envisages the formation of a ring dyke following the
initial intrusion. The sinking of the central block squeezed up the gabbro-
picrites, which were crystal cumulates of the ini£ia1 iﬁtrusion. Further
sinking of the central block resulted in the iﬁtrusion of the first pulse of
magma, represented by the ridge gabbros. A second pulse gave rise to the
ferrogabbros. Ring fractures resulted in the intrusion of the syenites
which represent the last 20% of this pulse. A third and final pulse of
‘magma formed the rocks of the upper and border zone (mafginal acid rocks).
Fesq's interpretation of the sequence of events and his representation of
the tholeiitic series are shown in Fig. 107.

The age of the tholeiitic series is 165 m.y. and that of the
alkali series.125-130 m.eye

Because Ga has been reported here for Fesq's samples, reference
will be made to his interpretation of events rather than that of Simpson.

Simpson (1954) determined the major and trace element composition,
including Ga, of a number of samples from both the tholeiitic and alkali

series. Fesq (1978) re-analysed Simpson's samples which were also analysed
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in this work for Ga (Table 60). Simpson's trace element data were deter-
mined by Nockolds and Allen using sémi-quantitative (i 30%) optical
emission spectrography. The Ga data determined in this work are plotted
against those of Simpson in Fig. 108. Although there is a scatter about the
1: 1 line for the samples from the alkali series, there is no apparent
bias. TFor the tholeiitic samples, Simpson's data are high by an average of
50%, indicating considerable bias in his results.

In Fig. 109 Ga and the Ga/Al ratio are plotged against D.I. for all
rocks in the tholeiitié and alkali series, while in Fig. 110 similar plots
are given of mean values for individual rock types within each series. The
data for the tholeiitic series are presented in Table 60A-G, and for the
alkali series in Table 60H-L. |

13.8.2 Tholeiitic Series

In the tholeiitic series the mafic cumulates, which according to
Fesq are olivine cumulates, may be taken to represent the first liquid com-
position as far as the Ga/Al ratio is concerned, inasmuch as the propor-
tion'of cumulus olivine present will have no effect on thé ratio. The
average Ga/Al ratio for these rocks is 2.68. The most differentiated rock,
which may be taken as the last liquid, of the tholeiitic series is OK 254,
an aplite dyke, which has a Ga/Al ratio of 2.70. This ratio is almost
exactly the same as that of the intercumulus liquid in the.mafic cumulates,
indicating that the Ga/Al ratio of the liqﬁid did not cﬁange during the for-
matioh of the tholeiitic series. Any changes in the ratio which occurred in
the rocks were due only to changes in mineralogy. From this aspect the
Ga/Al ratio can be very useful as é'petrochemical tool.

Rocks formed from the original intrusion comprise the gabbro-
picrites and lower '"Ridge! gabbros (oliviné gabbros) of the Basal Zone, with
the remaining gabbros in the lower zone being formed from the first pulse of

intruded magma (Fig. 107). The Ga contents of these rocks show a regular
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increase with D.I. from about 10 ppm to 22 ppm Ga. However, the Ga/Al
ratios of the gabbro-picrites and olivine gabbros differ.considerably. The
ratio for the gabbro-picrites is about 2.7, while the oiivine gabbros have
a mean ratio of 1.75, ranging between 1.42 and 2.05. |

The injection of the second magma pulse initiated the crystalliza-
tion of the differentiated ferrogabbro éeries which form the upper zone of
the layered series. This series comprises olivine ferrogabbros, hypers-
thene ferrogabbros, diorites, monzonites and adamellites.

The olivine ferrogabbros continue the increasing ﬁfend in Ga and
Ga/Al ratio with increasing D.I. shown by the Ridge gabbros, although the
Ga/Al ratio varies over a wide range (Fig. 109). The remaining rocks in
this series show remarkable constancy in both their Ga content (19.8-22.7
ppm) and in their Ga/Al ratio (2.53-2.90) over a range of D.I. from
31.5-72.2. Fig. 110 indicates these trends very clgarly, where the mean
values for each rock type have essentially identical Ga/Al ratios and Ga
contents. The only two samples having abnormal ratios for this series are
OK 229-and 2%4 (Table 60C), both of which are plagioclase cumulates contain-
ing 69% and 787% plagioclase respectiyely. The particularly 1o§ ratio for
OK 274 reflects the low Ga/Al ratio for plagioclaseé found by other workers
(Burton and Culkin, 1972, and Table 37).

The same feature of low Ga/Al ratios is exhibited by the alkali
syénites (which occur as an arcuate dyke)formed.by fractionation of K-feld-
spar from the last 20% of the secona pulse. OK 36 (Table 60F) was contami-
nated with ferrogabbro and the effecﬁ of this contamination on the Ga/Al
ratio is clear, OK 36 having a ratio of 2.39 compared with the mean for the
other alkali syenites of 1.64.

13.8.3 Alkali Series

Simpson (1954) stated that the intrusive alkali rocks were mostly

markedly transgressive to the earlier tholeiitic series, and showed little
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continuous variation in chemical composition and mineraiogy. He did,
however, consider that the two basic magmas origiﬁated from a co@mon pérent.
Certainly when the Ga contents and Ga/Al ratios of the olivine (Ridge)
gabbros (16.5 ppm Ga and Ga/Al = 1.75) and the.alkali olivine (Core)
gabbros (18.8 ppm Ga and Ga/Al = 1.91) are compared, there is little differ—‘
ence beﬁween the two suites, the later Core gabbros having a slightly higher
Ga content and Ga/Al ratio as would be expected if they represent a later
differentiate from the same parent. OK 38, an alkali olivine dolerite dyke
(Table 60H), is considered by Fesq to represent the liquid composition of
the Core gabbros; but this sample has a lower Ga/Al ratio (2.32) than that
of thg gabbro-piérites (2.68), which was assumed to be the ratio of the
v original tholeiitic liquid;

| The Core gabbros (Table 60H-I) have a fairly restricted range of
Ga concentrations (16.6-19.6 ppm), with the exception of two samples, but a
wide range of Ga/Al ratios (1.45-2.31) in contrast to the Ridge gabbros
(1.45-2.05). Of the two anomalous samples, OK 106 (Table 60H) has a low Ga
content but normal Ga/Al ratio for éhese rocks, as a result of dilution by
olivine. This sample contains 25% normative olivine compéred’with an
average of about 8% for the other samples. OK 28 (Tabie 601), which has
bbth a high Ga content and high Ga)Al ratio, has been chilled and has twice
the magnetite content (6%) of the other Core gabbros, which would account

for the high Ga and Ga/Al ratio.
The introduqtion of nepheline to form the nepheline olivine gabbros
has little effect on either the Ca content of the rocks or the Ga/Al ratio,
the mean values and ranges for these rocks being very similar to those of
the Core gabbros (Fig. 110). The sgx contaminated alkali -olivine gabbros
have very high Ga/Al ratios compared to their uncéntaminated counterparts

and have ratios very similar to the gabbro-picrites and ferrogabbros of the

tholeiitic series (Fig. 110).
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The essexites and pulaskites continue the tendency for the Ga/Al
ratio to decrease with inéreasing D.I. in the alkali series. If the
andesine essexites and pulaskites are considered in deta}l, the pulaskite
dyke and the marginal essexites have distinctly higher Ga/Al ratios than
their counterparts. At this stage of crystallization of the alkali magma
the liﬁuid probably had a Ga/Al ratio of about 2.2. The higher Ga/Al
ratios of the dyke and marginal rocks probably reflect the higher proportion
of liquid in these rocks relative ﬁo cumulate phases (feldspars), which
.would have lower Ga/Al ratios.

The last rocks to crystéllize in this series were the sodalite
tinguaites gnd abbostonite, which show a considerable increase in Ga, and a
correspondingly ma;ked increase in Ga/Al ratio, to the-highest values found
.for.the complex.

In this respect the alkali series of rocks differ greatly from the
tholeiitic series. Although both series.cﬁlminate in rocks having approxi-
mately the same D.I's, i.e. 91-95, thére-is no increase in either Ga or
Ga/Al for the tholeiitic series with increasing D.I., while the alkali -
series shows‘an initial steady but éradual decrease in Ga/Al followed in the
last stages by a sharp increase.

| Considering the plots shbwn in Fig. 110, the fact that the Core and
Ridge gabbros havevessentially the same Ga contents and Ga/Al ratios has
already been discussed. The rocks of intermediate D.I. (35-?0) are disﬁinct—
ly different in the two series. In the alkali series these rocks have much
lower Ga contents than their;counfefparts in the tholeiitic series, and
much lower Ga/Al ratios, 1.7 cdmpared to 2.7 for the tholeiitic series. 1In
this respect the Ga and Ga/Al data éan be very useful in deciding for this
igneous complex to which seriesla rock belongs, when thefe is any doubt.
Only for the Core and Ridge gabbros is there any difficulty in separating

rocks from the two series on the basis of the Ga content and Ca/Al ratio.

.
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It should be pointed out that sample SOK 36, which Simpson classi-
fied as a Core gabbro, has been reclassified by Fesq as a Ridge gabbro
(Table 60B). Fesq considers Simpson's sample SOK 36 to be equivalent to
OK 236, and certainly the Ga contents and Ga/Al ratios of the two roéks are
almost identical. The Ga content confirms Fesq's reclassification of
SOK 36 as a Ridge gabbro, because the Ga content of 15.8 ppm is too low for
a Core gabbro and would be the lowest of all those analysed, with the excep-
tion of OK 106 which has already been.sﬁown to have an unusually high
olivine coﬁtent, causing dilutiﬁn of Ga.

The melteigites or éore gabbro fenites represent mixtures of Core
gabbros and foyaite liquids (Fesq), and as such their Ga content and
Ga/Al ratios'might be expected to lie bétween those of.the Core gabbros and
foyaites. Three of the melteigites have rather low Ga values, lower than
'aﬁy‘determined in the Core gabbros, bu& the}Ga/Al raﬁibs do lie on a mixing
line between the two end-member rock types. |

The iamprophyres occur mainlyvas dyke rocks, apart from a stock,
which consists of differentiated‘camptonite, at the head of the Auas Valley.'
The Ga and Ga/Al ratio trends for the iamprophyres follow those of the
alkali series as a whole, showing a very siight increase in Ga with
increasing differenti#tion and a glight decrease in Ga/Al.

13.8.4 Olivine Nepheline Melilitite Series

Fesq teéognises a third series of rocks at Okonjeje, the olivine
nepheline melilitite series and dyke equivalents. Although this series of
|
rocks has féirly low Ga contents, the dyke rocks, nepheline monchiquites,
" have similar Ga/Al ratios to the dykes of sodalite tinquaite. The high
ratios are probably due to the high content of magnetite,‘clinopyroxene and
biotite in these rocks.

Just to the south of Okonjeje is an outlier of Karroo sediments.

Three of these rocks have been analysed for CGa and the data reported in
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Table 60N.

13.9 THE DOROS IGNEQUS COMPLEX, S.W.A,

The Doros Igneous Complex in‘S.W.A._(seé Fig. 105) is another of
thé post-Karroo differentiated basic complexes, but lies north of the line
joining Cape Cross - Messum - Okonjeje. The complex consists of an elonga-
ted funnel-shaped volcanic neck or crater which breaks through baked Karrco
sediments resting unconformably on the érystalline basement rocks (Martin
et al. 1960); The plug-filling consists of three separate.concentric out -
crops of olivine gabbro representing multiple intrusions. The core is com-
posed of leucocfafic gabbro and is surrounded by two similar rings grading
from accumulate picrite to oliviné gabbro.

Ga has'been determined in a limited number of samples and the data
are reported in Table 61 and plotted in Fig. 111, |

The Ga data show a very rapid increase with increasing D.I., in
sharp contrast to the rocks from Okonjeje, reaching a maximuﬁ of 31‘ppm in
the leucocratic core gabbro. Rocks from both the inner and outer rings
follow the same trend line. Ga appears to be strongly'enriched'in these
rocks relative to dkonjeje, the Ga/Al ratios being much higherkthan for

corresponding rock types in that complex.

As was the case for the rocks from the B.I.C. and Okonjeje, there
is a sharp decrease in the Ga/Al ratio in moving from ﬁhe cumulate picrites
to the olivine gabbros. The approximate‘mineral composition of the picrites
is known (Fesq, pers. comm.) and it is interesting to relate this informa-

tion to the Ga contents and Ga/Al ratios.

Sample Olivine Clinopyroxene Plagioclase Ore Ga Ga/Ai
% : % ' % . % ppm x 10

D4 45 45 5 5 15.4  4.22

D7 40 40 13 7 12.0 3.31

D2 40 15 30 15 24.9 3.38
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The high Ga/Al ratio for D4 is due to the high clinopyroxene con-
tent coupled with the 10@ plagioclase content and SZ ore. Both D2 and D7
have the same Ga/Al ratio, but D2 has twice the Ga content of D7. Both
rocks have the same olivine content, but D7 has more clinopyroxene.than
plagioclase and a relatively low ore content, which results_in a low Ga
content but high Ga/Al ratio. D2 has much less clinopyroxene and much more
plagioclase, which would result in a higher Ga content andllow Ga/Al ratio.
However, the higher ore content, which tends to increase the ratio, compen-
sates for the low ratio of the silicateAﬁinerals. These examplés stress
the important effect which changing minerélogyvhas on the Ga content and
Ga/Al ratio. Conversely, changes in Ga and Ga/Al ratio can aiert the geo-

chemist to possible mineralogical changes.

+13.10 THE ERONGO IGNEOUS COMPLEX, S.W.A.

The Erongp complex (Fig. 105) is one of predominantly granitic
composition (Martin et al., 1960) and, with a mean diameter of 35 km, is the
largest of thé post-Karroo piutons. The.major intrusive rocks are grano-
diorite and granite, the granodiorite being almost-entirely confined to a
large central stock which is in turn intruded by the Erongo granite.

Ga data are reported in Téble 62 and a single vaiue_for the granite
in Table 63. The data are plotted in Fig. 111. There is almost no differ- _
ence in the Ga content of any of the samples. Except for the granite,
which has a somewhat higher Ga/Al ratio (3.22) than the other samples, the

Ga/Al ratio is also constant.

13.11 GRANITES FROM S.W.A.

Granite samples from four S.W.A. igneous complexes and the Damara
" Salem granite have been .analysed for Ga, and the data are reported in Table

63. The localities are given in Fig. 105. Ga is plotted against Al in
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Fig. 112.

It is clear from Table 63 and Fig. 112 that granites from any one
area or complex have essentially the same Ga cqnténts and Ga/Al ratios and
that it is possible on the basis of the Ga and Al contents to distinguish
quite clearly between granites from different areas. It is interesting to
note that the.Salem‘granite, which forms concordant syntectonic bodies in
the Damara System sediments rather than intrusive plutons, has a lower Ga
content than most of the other samples, and a much lower Gé/Al ratio, which
perhaps reflects its formation by transformation of sediments rather than
by ighéous differentiation.

‘The granites from Okonjejé have higher Ga/Al rhtiog than any other
fotks from that complex. When the Ga/Al ratios are plotted against D.1I.,
the points fall on the same trend line as the late- stage t1nqua1Les and
bostonite of the alkall series (Fig. 109), suggesting that the granites may

be derived from the same parent magma as the alkali series rocks.
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CHAPTER 14

GALLIUM 1IN UPPER MANTLE ROCKS AND KIMBERLITES

Ga has been determined in both xenoliths from kimberlite and in
kimberlite itself, from a number of different pipes in southern Africa and

in two pipes from Tanzania.

14.1 MATSOKU KIMBERLITE PIPE, LESOTHO

The location of the Matsoku pipe is given in Fig. 113, and the data
for Ga in xenoliths and one sample of kimberlite from this pipe are presen-
ted in Table 64. The bulk and mineral chemistry, petrography, mineralogy,
and geological history of xenoliths analysed in this work have been exten-
sively described in a number of papers (Cox et al., 1973; Harte and Gurney,
1975; Harte et al., 1975; Gurney et al., 1975; and Harte et al., 1977).

lMany of the rocks examined by these workers fell within a restric-
ted compésitional range in terms of volume percentages of the four minerals
olivine, clinopyroxene, orthopyroxene and garnet, whiéh théy referred to as
common peridotites or CP's and which are indicated as éarnet lherzolite
(CP) in Table 64. The compositional ranges given by Cox et al. (1973) for
CP's were olivine 45-75%, orthopyroxene'20-50%, clinopyroxene 0-5% and
garnet 0-11%, percent olivine always being greater than percent ortho-
pyfoxene. The rocks analysed here may be divided into four main groups;
garnet lherzolite (CP), which they interpret as depleted mantle; garnet
lherzolites énd garnet pyroxenites (which may be banded), interpreted
as cumulates'(Gurney et al., 1975); =xenoliths with clinopyroxene-rich

_garnet lherzolite sheets or veins occurring within a garnet lherzolite (CP)

host rock; and other rock types, such as amphibolite, eclogite and
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kimberlite.

Kramers (1978) determinéd lead and strontium isotope ratios in
separated clinopyroxénes from-'xenoliths from Matsoku and found that quite a
strong Pb isotopic heterogeneity exists within the group of common perido-
tites (depleted residual mantle material), whereas the cumulates and veined
rocks show relatively good homogeneity.. He gave an approximate age for the
presumed magmatic event thaﬁ gave rise to the undepleted rocks of 190-360
m.y. Kramers also considered that the lack of any specific fb or Sr iso-
topic signature éssociated with the strong Ti enriéhme;t in one rock (LBM
38B) confirhed the conclusions of Harte et al. (1977) thatrthe Ti enrichment
in some Ma;soku sheet xenoliths is difectly related to the magmatic event
.giving rise to these samples, rather than being caused by a secondary
metasomatic event.

| Daga for Ga and Al in the CP, cumulate and other rocks from Table
64A,B, i.e. éxcluding rocks with sheets or veins, are plotted in Fig. 114A.
The cumulate rocks, excluding the orthopyroxenite but including the CP

LBM 32 which has been metasomatised, fall on a well defined trend line of
Ga/Al = 1.45. The CP rocks have a very low Ga content (mean éHO.S ppm) and
a mean Ga/Al ratio of 0.98 which is exceptionally low and is coﬁsistent
with tﬁe hypothesis that these rocks are residual or depleted mantle.

LBM 13, which Harte et al. (1975) consider may be slightly'metasomatised,
has an anomalously high Ga content of 1.6 ppm, twice the meaﬁ content for
these rocks, which does suggest some degree of metasomatism. It should be
noted that the Ga/Al ratio is, however, no higher than that of LBM 16.

LBM 26, which Harte and co-workers also consider may be slightl? metasoma-
tised, shows no evidence of an increase in either Ga or Ga/Al; LBM 32,
which has definitely been metasomatised (Harte et al., 1975), has a very
high Ga content, although again the Ga/Al ratio of 1.54 is not much higher

than those of LBM 16 or LBM 13.
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The cumglate rocks, all pyroxenites, have a much higher Ga contént
(mean = 3.2 ppm) than the CP rocks, but a Ga/Al ratio of 1.45, only slightly
higher than the CP's. Thé orthopyroxenite LBM 41 has a very high Ga/Al
ratio of 3.6, very.similar‘to that of the kimberlite ﬂost rdck, LBM 100, of
4.1. The effect of orthopyroxene on both the Ga and Ga/Al values iﬁ the
orthopyroxene-rich band LBM 33B is clear,.orthopyr0xene having the effect
of lowering the Ga content but increasing the Ga/Al ratio.

LBM 100, the host kimberlite, is.an example (see section 14.3 on
kimberlites) of an uncontaminated kimberlite, with a Ga/Al ratio very close
to the mean of all uncontaminated kimberlites analysed_in this work of 4.0,
as compared with the mean for all South African kimberlites of 2.9.

The Ga/Al.ratiq for the eclpg;te and amphibolite rocks averages
2.1, .and the eclogite is almost idenfical in Ga and Al with the Tanéanian
.eclogites (see section 14.2 and Tabié 6$F).

The rocks with sheets, veins ér dykes (Table 64C-E) are extremely
intéresting. The host rock is usually a CP, and for these host rocks the
mean Ga content and Ga/Al ratio is 1.5 ppm and 2.4 respectively (Fig. 114B),
‘both markedly higher than corresbonding values for the CP's which are not
Veined, indicating that Ga has been enriched in these rocké relative to Al
which is approximately the same in both sets of samples (0.79% Al for
unveined CPt*s and 0.64% Al in veinéd CP's). The Ga/Al ratio for veined
CP'§ is variable, but the mean value is similar to that of the amphibolite
and eclogite,‘which may be a coincidence. Most of the other rocks tend to
have Ga/Al ratios that fall in the réngé found for kimberlites (2.1-4.2).
Sketches of the Qgined sampies, where the information is available, are
given in Figs 115 and 116.

For most of the metasomatised bands or veins in Table 64C-E there
haé been a very marked increase in Ga relative to the host rocks, and the

mean Ga content of the metasomatised CP's is 5.2 ppm. For the metasomatised
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CP's there has been no noticeable increase in Ga/Al ratio witﬁ'accompanying
increase in Ga. However, in those cases where the vein or dyke is pyroxene-
vriCh, there is usually a marked increase in Ga/Al, with LBM 172 being an
-eXception.

The minerals associated with metasomatism may be one or more of the
following: ‘phlogopite, rutile; ilmenite and sulphides (Harte and Gurney,
1975). Ga is unlikely to be present in significant quaptity in rutile, may
be present in sulphides, has been shown to be present iﬁ ilmenite to the
exfentvof about 20 ppm Ga (Table 36C),;and is likely to be present at mucﬁ

"higher levels iﬁ‘phlogopite although no reliable analyses are presently
available. |

Thg rélative proportions of phlogopite, ilmenite, rutile and sul-
phides differ considerably from xgnolith t; xenolith (Harte and Gurney, '*
,1955). Ilmenite or rutile may be the dominant primafy-metasomatic minerél
in any given xenolith, with botﬁ minerals being common in LBM 101, while
rutile occurs to the virtual exciusion of ilmenite in LBM 22'and ilmenite
to the exclusidﬁ of rutile in LBM 38B and LBM 108. If the two titanium
minerals are the dominant metasomatic minerals and‘Ga, présent only in
ilmenite,,ig introduced into these rocks during the‘ﬁetasomatic process,
then the Ga/Ai ratio should be senéitive to the presence of ilmenite but
not to thaﬁ of rutile. Indeed, for LBM 22 where rutile is most common,
there is.nq change in Ga/Al betweenvthe'twp samples, although TiO2 is
present in A and B samples at 0.58 and 6.16% respectively. In LBM 38 (and
LBM 108) on the other hand, in which ilmenite is the predominant metaso-

matic mineral, there is a sharp increase in Ga/Al in the B sample, with

TiO2

0.20 and 7.82% respectively for A and B samples. LBM 101 shows almost no

in LBM 38 at 0.09% in A and 3.60% in B. LBM 108 has TiO2 contents of

change in the Ga/Al ratio, although'the TiO2 contents of A and B samples

are 0.12 and 18.66%. Both rutile and ilmenite are present in this rock,

‘
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but the proportions of each are unknown. It appears the metasomatic intro-
duction of Ga may sometimes be associated with the introduction of Ti, but
when ilmenite is introduced, the Ga/Al fatio is almost invariably increased.

It should be borne in mind that the Ga content of the primary meta-
somatic ilmenite in the veined rocks may be different from that measured in
the megacrysts, as the metasomatic ilmenites have a lower percentage of

Fe20 and higher Cr,0, than megacrysts and ilmenites occurring as lamellar

3 273

intergrowths with clinopyroxene.

Harte and Gurney (1975) concluded from a study of the meﬁasomatic
minefals that they had been formed as a consequence of infiltration by a
hydrous fluid especially enriched in Ti and K, containing also S and pro-
bably Fe and minor elements Ni, Cu, Nb and Zr. Ga shoéld now also be added
to the list. 'Tﬁey considered that tﬁe ﬁost likely source of the fluid was
kimberlite magma prior to eruption. The concentrations of Ga found in
kimbeilite (next section) are entirely consistent with thié hypothesis.

In a recent paper Harte et _al. (1977) considered the origin of the
clinopyroxene-rich sheets in the veined nodules analysed here and concluded
that they were magmatic in origin. The close association of primary-
metasomatic minerals with some sheets‘indicated that the metasomatism was
probably related to the magmatic event responsible for the clinopyroxene-
rich sheets. They stated that after formation of the veins some transfer
of material across vein boundaries had taken place. The Ga data confirm
this hypothesis as the CP portions of veined nodules have higher Ga contents
and Gaf/Al ratios (1.8 ppm and 2.4) than the unveined CP rocks (0.8 ppm and
1.0).

Harte et _al. (1977) used the Mg/Fe ratio, expressed as 100MgO /
(MgO+Fe0*), with FeO* being total Fe expfessed as FeO, as an index for dis-

. tinguishing between cﬁmulate rocks and CP's or depleted rocks, and stated

that all sheets and host CP's have Mg/Fe ratios intermediate between those
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of CP xenoliths,vinterpreted as being depleted, and cumulate xenoliths.
This statement does not hold for all rocks analysed here, as LBMv131 has
Mg/Fe ratios less than 80, placing it within the group of cumulate rocks
having ratios of similar magnitude. Using the same Mg/Fe ratio, data for
Ga, Al, Ga/Al and Cr203 have been plotted in Fig. 117. Clearly, in Fig.
117, while therec appears to be a mixingvline for Ga between cumulates and
CP's (depleted) and host CP's, all Lhe veins or sheets are eﬁriched in Ga.
The CP's in contact with clinopyroxene-rich sheets plot on the mixing iine.
Al is slightly depleted in the host CP's relative to cumulates and deplete&
CP's, with thelresult that the‘Ga/Al ratio is enriched in all portions of
the veined rocks. Harte et al. (1977) state fhat the high bulk CaO/AlZO3
ratio of some of the clinopyroxene-rich margins have a cumulative aspect
and suggeét that some of the low-melting fraction liquid may have been lost
from the sheets. The suggestion is supported by the lower Ga/Al ratio of
the marginal zones relative to the inner zones, as Ga could be expected to
enter the liquid of ghe low-melting fraction.

It is interesting to consider the leQel of Ga required in the mantle in
order to be able to obtain a value of 16.5 ppm Ga in MORB tholeiites by
partial melting. Le Roex (1978) éonsiders a starting cémpbsition of 60%
olivine, 25% ortﬁqpyroxéne; 10% clinopyroxene and 5% garnet, i.e. a garnet
lherzolite, would yield a rockvof oceanic tholeiite composition by 20%
partial melting. Le Roex also considers the parent magma of MORB tholeiites

to be a primitive Mg-rich (i.e. olivine-rich) basalt with a Ga content 85%

of that of abyssal tholeiites, i.e. ~ 14 ppm Ga. Assuming values of

ol _ opx _ cpxX gt ] melt
Do, = 0.01, D, = 0.3, Dy, = 0.4 and Déa ~_0.01, the Do~ = 0.122.
Using the formula
¢y _ 1
Co D 4+ F(1-D)

then for F = 0.22, in order to derive 14 ppm Ga in the liquid, Ga in the
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parent rock must be 4.4 ppm; for F = 0.20, Ga must be 4.2 ppm in the parent
rock and for F = (.18, it must be 3.9 ppm. For a starting composition of
68% olivine, 26% orthopyroxene, 6% garnet and 0% clinopyroxene for which
Dg";"lt = .086, if F=0.18, Ga =3.5; if F=0.20, Ga =3.7; and if F =
0.22, Ga = 4.0 ppm. Therefore the Ga content. of the source rocks should be
between 3.5 and 4.4 ppm. Clearly the oﬁly rocks examined here that have
sufficient.Ga in them are‘the clinopyroxene-rich bands and metasomatised CP's
found in veined rocks. fhe two cumulate pyroxenites LBM 12 and LBM 18 are
‘ also.possible source rocks.

The depléted nature of the common peridotites is again emphasised.
The study of Ga has proved useful in confirming that a number of
ideas derived from mineralogy and major element chemistry for upper mantle

rocks from the Matsoku Pipe hold true also for this incompatible trace

element.

14.2 XENOLITHS FROM OTHER KIMBERLITE PIPES

Gallium has been determined in xenoliths from a number of different
kimberlite pipes from both South Africa and Tanzania. Most of the rocks are
eclogites from Roberts Victor Mine. Data are presented in Table 65 and
plotted iﬁ Fig. 118,

” MacGregor and Carter (1970) reported a wide range in compositions
of Roberts Victor eclogites, which have been confirmed by Hétton (1978) who
states that they vary. in mineralogical cémposition from almost pure gérnet
to almost pure clinopyroxeneé. The Ga aﬁd Al data presented here for eclo-
gites and plottéd in Fig. 118 indeed show a very large scatter, Ga ranging from
3 to 19 ppm, and the Ga/Al ratio varying from 0.5 to 3.7, within the
ranges found for upper mantle garnets and clinopyroxenes. MacGregor and
‘Carter recognised two groups of eclogites, which they considered to be

cumulates (Group I) and corresponding liquids (Group II), but Hatton and
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Gurney (1977) considered that most, if nét all, of the éclogites are cumu-
lates. The Ga data presented here preclude Group 1l eclogites being corres-
ponding liquids to cumulate Group I eclogites. Liquids resulting from frac- -
tiqﬁal crystallizgtion of Group I eclogites could be expected to be higher
in Ca than the cumulates, but the Ga contents of Group II eclogites (pos-
sible liquids) reported here (3-8 ppm) are in all cases lower than Group I
eclogites (10-18 ppm). The Ga/Al ratios of Group 1I eclogites (0.5-1.4) are
also generally lower than for Group I (1.1—1.9). It should be borne in mind
that these results could be slightly affected by secondar& alteration by
kimberiite along crystal boundaries. Group I eclogitesvshoﬁ a more altered
appearance‘than do Group 1I, and inclusion of kimberlite along grain
boundaries would increase both Ga and the Ga/Al ratio in the Grouva
eclogites. | o

| Ho&ever, despite possible contamination by kimberlite, the majority
of the Roberts Victor eclogites, and indeed of all eclogites reported here, .
appear to be deﬁleted in terms of Ga, the Ga/Ai ratios being mostly lower
than the value of 1.42 found for Matsoku garnet lherzolites (CP) and
pyroxenites, although this may be entirely due to a high percentage of
garnet (Ga/Al =~ 0.8) in these rocks. Hatton (1978) considers partial
melting to have dominated the evolution of the melt from which Group II
eclogites crystallized, while the Gr&up I eclogites crystallized from a
normal melt. The Ga data are not consistent withvthis hypothesis because
thevparfial melt could be expected ﬁo bevhigher in Ga and Ga/Al ratio than
an ordinary melt. Crystal cﬁmulates usually retain some intercumulus liquid
which wouid lead to Group II1 eclogites ﬁaving higher Ca and Ga/Al ratios
than Group I, but the opposite is true. It is possible that secondary

alteration has confused the picture.

There is still uncertainty regarding the formation.of Roberts

Victor eclogites, but any hypothesis must explain the differences in Ga and
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Ga/Al ratio between Groups I and II eclogites. -

Eclogites from other pipes fall within the ranges of Ga and the
Ga/Al ratios found for Roberts Victor eclogites and exhibit a similar deéree
of scattef in their values.

Of note is the véry low- Ga/Al ratio fouund for the siﬁgle corundum
eclogite analysed, and the very high Ga‘content (18.9 ppm) found for the
clinopyroxene megacryst in HRV 77, although the Ga/Al ratio is similar to
some of those found for metasomatised'pyroxenite and pyr9xene-rich veins in
B Matsoku xenoliths. Gurney (pers. cémm.) considers that the megacryst HRV 77
may have formed at the roof of the magma chamber, i.e. in a volatile-rich
(therefore Ga-rich) environment, before falling into the eélogite mush at
thé base of the chamber; This explanation would account for the very high
Ga and Al contents of the megacryst. The Ga/Al ratio ofA3.7 is consistent
with values found elsewhere in the literature for'clihopyroxgnes (Table 37
and ﬁurton and Culkin, 1972), although somewhat on the lbw side.

. The megacrysts from Monastéry Mine and Kamfersdown Mine are very
interesting. Jakob (1977) investigated the compositions of megacrysts from
Monastery Mine and reported that olivine + orthopyroxene + clinopyroxene +
garnet + — ilmenite co-existed withinlthe temperature interval 1400 to
1150°C at 42.5 kbar pressure. Discrete megacrysts existed in the tempera-
ture range.1250 to 1150°¢C. By matching bulk chemical analyses for the
clinopyroxene and garnet megacry;ts with Jakob's daﬁa, it is possible to
estimate cfystallization temperatures of 1380°C for the pyroiene (M(A))
and 1340-1380°C for the garnét (M(D)) megacrysts. The crystaliization
temperature of megacryst M(A) estimated from the pyroxene sblvus after the

"method of Davis and Boyd (1966) was 1395°C, in close agreement with the
1380°C estimated by comparison with Jakob;s data. Jakob suégests that
the megacrysts formed from a small volume of melt during a magﬁatic event

in the upper mantle, possibly at the end of the Karra>voicanism. The Ga/Al
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ratio of the garnet confirms the low ratios for this mineral found elsewhere,
while the ratio for the clinopyréxene is also on the low side when compared
.with crustal clinopyroxenes as a whole. The very high crystallization_
temperatures suggest that these megacrysts crystallized from the melt at an
early stage before Ga and other volatile elements had been enriched, which
could account for the relatively low Ga/Al ratio in the clinopyroxene.

Iﬁ contrast, the clinopyroxene from the Kamfersdown Mine (estimated
crystallization temperature 1030°C by method of Davis and Boyd (1966)) has a
considerably higher Ga cdﬁtent and a very high Ga/Al rétio, one of the
highest recbrded. The only higher vélqes have been réportéd by Philpotts
(1960) in clinopyroxenes from Quebec norites.

The data for pyroxene megacrysts suggest that fhe considerable
variation in Ga content and the Ga/Al ratio of pyroxenes reporéed in the
literature may be due in part -to vafiations in the temperatufe at‘whiéh the

minerals crystallized.

Future work should include the determination of the changes in Ga

N

and the Ga/Al ratio otcurring in megacrysts which crystallized at different
temperatures.

The garnet lherzolites from the Bultfontein Pipe (Table 65E) are
almost‘identical with the CP's from ﬂatsoku, having simiiar-ranges of values
for both Ga and the Ga/Al ratio. Chromite harzburgites contain very little
Ga, close to the detection limit of 0.3 ppm. The opaque-bearing lherzolite
has a very high Ga/Al ratio, whiéh in this rock is not due to the presence
of ilmenite as the opaque mineral is spinel. The high Ga/Al»ratios of the
richterite and phlogopite peridotites confirm the metasomatic nature of

these minerals in the rocks.

14.3 GALLIUM IN KIMBERLITES

Ga has been determined in 67 kimberlites from South Africa and
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and Lgsotho, in 25 kimberlites specially selected by J.B. Dawson (pers.
comm.) to be free‘from crustal contamination, and in 11 kimberlites from
Lesotho, also chosen to have low crustal contamination. Kimberlites may
belong to either the diatreme or hypabyssal facies and are clas;ifiqd as
micaceous or basaltic. All types are represented iﬁ the analyses reported
here. The data are presented in Table 66 and Figs 119 and 120.

The Benfontein rocks have been described by Dawson aﬁd Hawthorne
(1973) and the kimberlites from Premier, Bellsbank, Mullersvlei, Ebenhaezer
and Koffyfontein by Fesq et al. (1975, 1976) and Kable et al. (1975) who
reported ma jor ahd trace element data for all samples.

Dawson (1967, 1972) summarised the geochemistry and modes of origin
and formation of kimberlites aﬁd concluded that the concept.of tincipient
melting' was favoured at that time. The melting of volumetrically smally
amoun&s of phlogoﬁite-diopside re;ults in a liquid rich in incompatible
elements, and Dawéon has pointed out that thevhigh Ga/Al ratio found in
kimberlites compared with other ultrabasic rocks is similar to that of late
differentiates.

Gurney (1974) put forward a relafedAhypothesis, namely that kiﬁberf
lite has its origin at least 200 kﬁ below the surface and beneath the litho-
sphere of the continents in a zone of ultrabasic composition with a sméll
amount of intgfstitial fluid conﬁaining dissolved COZ’ H20, K, Ti and other
elements found in kimberlite, which cannot be readily accommodated as major
constituents of the major mantle minerals. Partial melting of mantle peri-
dotite, and especially the degree of partial mélting, affects the original
magma composition.  During its.passage upward from the low-velocity zone
the kimberlite fluid, already rich in volatiles, incorporétes-mantle
material, predominantly peridotite, some pyroxenite, eclogite and possibly
some.ilmenite—bearing rock, intc the magma. Final emplacement is a compli-

cated and frequently explosive process taking place along tensional
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structural features, and is accompanied by incorporation of crustal material
into the magma.

There have been relatively few reports of Ga in kimberlites;
Goldschmidt and Peters’(Shaw, 1957) reported a mean of 4 ppm, Borisenok
(1959) found an average of 1 ppm in ten Russian kimberlites with a Ga/Al
ratio of 1.0, and Dawson (1962a) reported values of < 3-30 ppm Ga for 14
Basugoland kimberlites with a mean of approximately 9 ppm Ga, and a Ga/Al
ratio of 1.2-4.2 (mean = 2.9) for four samples. The large number of Ga
analyses reported here for kimberlite' is  an important contribution to our
knowledge of the Ga content in this volumetrically small but nevertheless
important rock type.

The kimberliées analysed here may be divided into six main groups.
Premier Mine is basaltic and three types of kimberlite have been analysed.
Type 1 contains up to 43% inclusions of which the ma jor component is Water-
berg quartzite. Type 2 has approximaﬁely 28% inclusions, of which the
ma jor component is basic rocks from the B.I.C. Type 3 is similar to Type 1
but has only 20% crustal inclusions (Fesq gg_gl.; 1976). Field evidence
indicates that the ﬁhree types are associated with separate intrusive
events and that the order of intrusion is Type 2 followed by Types 1 and 3.
Ages of 1400 m.y. for Type 2, 1250 m.y. for Type 1, and 1200 m.y. for Type 3
confirm the field evidence. The Bellsbank kimberlites are intruded into
sedimentary carbonates. Three dykes have been investigated, and the main
crustal contaﬁinant is carbonate. The Bobbejaan and Main fissures are
micaceous, while the Water fissure is basaltic. The single rock from
Mullersvlei is a micaceous kimberlite; The Koffyfontein-Ebenhaezer'group of
kimberlites is basaltic and they are characterised by considerable quanti-
ties of Karroo shale as crustal contamiﬁant. The rocks from Benfontein are
very unusual and only two can be aécepted as examples of kimberlite, S8 and

S407/3. S8 is a 'normal' kimberlite according to Dawson and Hawthorne
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(1973), while S407/3 is a finé;grained contact kimberlite with a lower pro-
portion of olivine megacrysts. It is not certain whether the contact rock
for this sample was shale or dolerite. The single sample of kimberlite
from Matsoku, described earlier, has been included here for completeness.

Ga data from Table 66A-E have been plotted against Al in Fig. 119,
and the Koffyfontein, Premier and Bellsbank kimberlifes form distinct groups
which lie on a trend line thaﬁ is not of constant Ga/Al ratio, but which
intercepts the Ga axis at about 1 ppm Ga.- The two Benfontein kimberlites
are distinctly different from all the other samples, while the Monastery
kimberlite is enriched in Ga and the Mullersvlei kimberlite is very similar
to samples from Ebenhaezer West.

The Premier samples form a very tight group. The Type 3 (black)
samplesAhave a distinétlyllower Ga content than the other two groups but a
significantly higher Ga/Al ratio. The Type 3 kimberlite also has the
highest alkali (K, Rb, Cs) and Ba contents, which, together with the higher
Ca/Al ratio, may indicate a later stage differentiate than the other two
groups in accordénce with the youngest age for this group. There is little
difference in éither the Ga contents or the Ga/Al ratios.of.the other two
types in spite of the considerable difference not only in the degree of
crustal contamination but also in the type of contaminant. Fesq gg;gl.
(1975) reported loss of volatiles in the relative orderA Cs >DRb> K for
samples JJG 412-414 (Table 66A) near wall-rock contacts and also for JJG 404
near a cross-cutting dyke. No significant loss of Ga or change in Ga/Al
ratio is observed in these samples, confirming the results found for dceanic
pillow 1ava§, i.e. that Ga is relatively immobile during thermal alteration,
and also that Ga is not lost througﬁ association with volatile phases on

emplacement of kimberlites.

The Koffyfontein-Ebenhaezer group of kimberlites is characterised

by having the highest Ga contents, except for Mullersvlei, and the lowest
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Ga/Al ratios of 2.7-3.1.. The Ebenhaezer West group has the highest Ga con-
tents of the three, with the exception of sample JJG 454 which Bas 8.1 ppm
Ga, ;eemiﬁgly placing it Qith the Ebenhaezer East and Koffyfontein samples.
However, JJG 454 has 15% more CaCO3 than the other four samples whigﬁ .
accounts for the lower Ga and Al contents. _Corfecting for dilution would
give a Ga value of 9.5 ppm placing it with the remaining four western
samples.

The efféctsvof crustal contamination on the Ga coﬁtent‘and Ga/Al
ratio of kimberlite should perhaps be cénsidered at this stage.

Dawson selected a number of kimberlites as being relatively free
from crustal contamination, but it is obvious (Table 66F,G and Fig. 120)
that there is still considerable variatién in both Ga contént and Ga/Al
ratio. However, mean valueé are 6.8 ppm Ga and 4.0 for the Ga/Al ratio.
Considering the mode of formation éf kimberlite, this variation is not sur-
' prising. For purpose§ of examining the‘effects of crustal contamination,
the mean values will be used as a starting point. In the f&llowing table

data for the Ga and Al contents of various rock types are taken from Horn

 and Adams (1966) and are usedvto calculate the resultant values of Ga and

Ga/Al for mixtures of 25% crustal rock and 75% kimberlite. Data in

brackets are from Mason (1966).

Element or Ratio Kimberlite Shale Carbonate Igneous rock Sandstone

Ga (ppm) o 6.8 23(19)‘ 2.7(4) 18.5(15) 6(12)
AL (%) | 1.7 8.0(8.0) 0.9(0.4)  8.0(8.1)" 3.2(2.5)
ca/Al (x 10%) 4.0 2.9(2.4) 3.0(10)  2.3(1.9) 1.9(4.8)

Kimberlite with 25% crustal contamination:

Ga (ppm) 10.9(9.9) 5.8(6.1) = 9.7(8.9) 6.6(8.1)
Al (%) - 3.3(3.3) 1.5(1.4) 3.3(3.3) 2.1(1.9)
Ga/Al (x 100) 3.3(3.0) 3.9(4.4)  3.0(2.7) 3.2(4.3)

The data from Mason (1966) give anomalous Ga/Al ratios for both the carbon-
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ates and sandstones, and the data from Horn and Adams (1966) are preferred.

The calculated values for contaminated kimberlite are interesting.
Contamination by carbonate results in a lower Ga content with essentially
no change in Ga/Al, i.e. a simple dilution of kimberlite. Inclusion of
shale in kimberlite results in a higher Ga content Eut lower Ga/Al ratio, as
dQes the inclusion of igneous rock. Inclusion of sandstong would have the
effect of maintaining Ga const&nt but decreasing the Ga/Al ratio. It is
alsovinteresting to note that contaminétion by 25% of either shale or
igneous rock or sandstone all result in similar Ca/Al ratios (3.0-3.3).

Fesq et al. (1975) considered that Si/Mg ratios in kimberlites
géeater than 1.2 indicated excessive crustal contamination, and with the
exception of éamples from the Main fissure at Bellsbank, all have ratios in
excess ofll.l with those from Ebenhaezer West having the highest ratio of 3
2.49. The.Ebenhaezer West samplesvére known to be céntaminated chiefly by
Karrooshale, although the exact proportiéns are not known; These samples
do, however, have the highest Ga contenﬁs (~9.5 ppﬁ) and the lowest Ga/Al
ratios (~ 2.7), similar in magnitude'tﬁ the values calculated for shale-
contaminated kimberlite in the tablF above. The Ebenhaezer East samples,
being less contaminated than the Ebenhaezer West samples, have lower Ga con-
tents but higher Ga/Al ratios, in accordance with the calculations made
above;

When similar considerations are applied to the Pfemier samplés, and
if all 40% crustal material is assuméd to be sandstone, then the Type 1
kimberlite should have é Ga content of 6.5 ppm Ga and a Ga/Al ratio of 2.8,
very close to observed values. For.Type 3, which has only 20% contamination,
the Ga content should be 6.6 ppm Ga with a Ga/Al ratio of 3.3, compared with
measure@ means of 5.1 ppm and 3.3. These samples are rich in olivine which
would reduce the Ga content but not affect the Ga/Al rgtio.

It is obvious that the calculation cannot be carried too far
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because of the presence of many variables, not only within the kimberlite
itself, but also within the contaminating material. However, the calcula-

. tions reported above:do indicate.that, in general, contamination will result
in a decrease in the Ga/Al iatio with either an increase or a decrease in Ga
content.

The Bellsbank kimberlites show the greatest range in Ga and Ga/Al
ratio of all the groups analysed here, Ga ranging from 2.4 to 6.9 and- the
Ga/Al ratio ranging from 2.4 to 4.7, with the Main Fissure group being the
most variable. Fesq et al. (1975) state that the Bellsbank Main Fissure
kihberlites are the rocks least affected by crustal contamination in terms
of Si/Mg ratio (0.89), although they do contain up to 60% phlogopite
(average 40%). These rocks are intruded into the Campbell Rand dolomitic
limestones, whichlwould tend to lower the Si/Mg ratio, but, apart from
acting as a diluent, would have little effect on the Ga content or Ga/Al
ratio. If the samples are recalculated on a carbonate—frée basis, assuming
for simplicity that all CO2 is present as CaCOB, then the.mean value for Ga
in the Bobbejaan fissure becomes 4.6 ppm (uncorrected 3.3 ppm), for the Main.
| Fissure 5.2 ppm (4.2), and for the Water Fissure 6.2 ppm (3.4). The pattern
of distribution remains similar to that described above, namely that maximum
dispersion éccurs_in the Main Fissure kimberlites, and the minimum disper-
sion in the Water Fissure.. The fecalculated values would place the Bells-
bank group of kimberlites within the range shown by the Premier samples.

The greater range in Ga values found for the Bellsbank kimberlites
relative to others is probably due to the high and vafiable phlogopite con-
~tents of this group, but no detailed petrographic descriptions are available
-for these rocks;

The Benfontein rocks (Table 66E) are most unusual. Dawson and
Hawthorne (1973) interpret these kimberlites as being of the hypabyssal -

type, which, because they consolidated at depth, retained the intercumulus
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transporting calcium carbonate. 3 is a magnesian calcite (MgO + Ca0 + CO2
= 94%, $i0, = 0.52%) and it is important to note that Ga was not detectable
"in this sample (<0.4 ppm) and was also not detected in two carbonatites
from Oldoipyo Lengai volcano (Chapter 20). Therefore, although calcite
represents a potentially volatile fraction of kimbeflite, Ga is excluded
from it.. Samples S5 and S403/2 represent two examples of another extreme
reached by pre-injection differéntiétion in kimberlites, spinel-perovskite
cumulates with high Ti, Al and Fe contents and an Fe203/FeO ratio of 1.6-1.7.
The presence of primary magnetite is'reflécted in the exceptionally high Ga
contents of these two samples together with the equally high Ga/Al ratios.
The other two rocks, S8 and S407/3, alsb have anomalous Ga/Al ratios (Fig.
119). The low Ga content of S8 is due to dilution by olivine, but the very
-Lovea/Al'ratio is surprising. Equally.unusual ig the high Ga content
(12.9 ppm) of the fine-grained kimberlite 5407/3, a contact rock. The high
Ga content is péssibly due to the presence of magnetite, which would also
account for its unusually high Ga/Al ratio. The Monastery kimberlite, 1870,
has a high Ti content, suggesting enrichment in ilmenite which would increase
the Ga content and the Ga/Al ratio.

The specially selected kimberlites in Table 66F,¢ are from a number
of different localities. The.Ga-Al data are plotted in Fig. 120A. The
three carbonatitic kimberlites arelall from the Premier ﬂine and represent
the last carbonate-rich dykes, having 42-52% CaCO3. Of the three non-
micacebus kimberlites S277 is also a last liquid serpentinised plug which is
weli oxidised with a high proportion of Fe203. S30B is another last liquid
‘plug. In both instances Ga has concentrated strongly into thé last liquid

giving high Ga values and Ga/Al ratios.
Similarly, the three Premier last liquid carbonate-rich dykes have
high Ga/Al ratios, although the Ga itself is not as strongly enriched as in

the plug kimberlites, even allowing for dilution by CaC03. The remaining
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rocks form two groups, those from Star Mine and others. The kimberlites
from Star Mine have distinctly lower éa/Al ratios than the other selected
kimberlites and cluster about the trend line found for contaminated kimber-
lites in Fig. 119, shown as a dotted line in Fig. 120. The remaining
selected kimberlites cluster fairly closely about a trend line with a
different slope (higher Ga/Al_ratio) to'that in Fig. 119 buf with a similér
intercept on the Ga axis of about 1 épm. This confirms.the resultsland
calculations discussed earlier, namely that contamination by crustal
materials will tend to lower the Ga/Al ratio of kimberlite; Whether the
samples from Star Mine have been contaminated or not is unéertain as only
powdered samples were available'wigh no petrographic descriptions.

‘Fesq et_al. (1975) reported that kimberlife KN 275/75 from Lemphane.
in Lesothé was a good example of ﬁncontaminated kimberlite.. This and ten
other Lesotho kimbeflites have been analysed for Ga (Table 66H) and the data
plotted in Fig. 1203. The'Si/Mg ratios for all except LLTl.and KN278 are
<0.95. Sample KN228 has a high K content, suggesting.the presencé of
phlogopite wﬁich would cause an enrichment in Ga; The remaining samples
confirm the trend line of Ga/Al 2.4’0 found fof Dawson's samples, and |

confirm also that Lesotho kimberlites are generally uncontaminated by

crustal material.

14.4‘ CONCLUSION

Ga is depleted in garnet lherzolites (CP), but has been intfoduced
into veined or banaed garnet lherzolites‘by a metasomatic liquid, together
with Ti, Fe, K and 2r. The Ga content of eclbgitps is very variable indeea
and is probably related to the proportion of garnet, which is alsé very
variable, in these nodule;. In kimberlite the enrichment of Ga relativé to
Al is confirmed, and the Ga/Al ratio is dependent on the degree and type of

crustal contamination. Uncontaminated kimberlites have a higher Ga/Al ratio



160

(~ 4.0) than cohtaminated material.‘ As in other ignéou§ rocks, Gé is
strongly enriched in the last stages of fractional crystallization resulting
in very high Ga and Ga/Al ratios in last liquids, especially high for an
ultrabasic rock type. Both ilmenite and magnetite in the upper mantle con-
tain Ga, its presenée in ilmepite possibly being due to the very high
pressure regime. A slight possibility existed that Ga might have been
'presént in volcanic carbonates, but its exclusion from igneous as well as

sedimentary carbonates is confirmed.

The source of Ga in metasomatic liquids in the mantle is obscure.
It is possible that there may originally have been Ga in the earth's core,

as in iron meteorites, which could have migrated into the mantle, or which

could have remained in the mantle during separation of the core.
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CHAPTER 15

GALLIUM 1IN ROCKS FROM THE BARBERTON MOUNTAIN LAND

Ga has been determined in 139 samples from the Onverﬁacht Group of
the Swaziland Sequence andiin 15 intrusive 'granitic' rocks from the Barber-
ton Mountain Land area. The majority of the volcanic samples are from the
Lower Ultramafic Unit (Viljoen and Viljoen, 1969). Details of the strati-
graphy ;nd distribution of the Swaziland Sequence are given in Fig. 121,
locations of granitic samples in Fig. 122, and the data from the analysed
rocks in Table 67. Anhaeusser (1973) may ?e'consulted for further references
to previous studies of this area, one of the best docu@ented greenstone belts
in southern Africa due to its extreme age and exceptionél preservation, and
one which has been the focus of a number of specialised studies, many of
them still in progress. Major and trace element data for most of the
.samples analysed here may be found in Viljoen and Viljoen (1969) and Smith
(1978); who may also be consulted for sample localities. |

The Lower Uitramafic Unit is thought to represent a primordial
oceanic-type cruét (Anhaeusser, 1973) and the agé is considered to be well
in excess of 3400 Ma old. These represent the oldest rocks in which Ga has
been analysed in this work. A comparison between-the Ga contents and Ga/Al
ratios of these primitive rocks and more recent continental and oceanic
basaltic rocks will be made in Chapter 16.

Rocks from Archaean gréenstone belts have usually been subjected to
a number of alteration processes which may have contributed to changes in
the original mineralogy and chemistry of the rocks. This must be Borne in
mind when comparing data from ancient rocks with modern equivalents. Smith

et al, (1978) have discussed in detail the effects of alteration on the
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geochemistry of some of the pillow lavas analysed here. Ga data were inclu-
ded in their discussion.

Smith (1978) is engaged in a detailed geochemical study of rocks.
from the Barberton Mountain Land, including many of thevsamples analysed in
this work, and the classification of the various roéks, which in some cases
differs from that of Viljoen and Vil joen (1969), is taken from his work.

The Ga and Al data are plotted in Fig. 123. The three types of
basaltic komatiite (Barberton, Badplaas and Geluk), together with the perido-
titic komatiites, cluster round a trepd line that approximates a Ga/Al ratio
of 2.2. There is a degree of overlap between tge peridotitic kométiités and
both the Geluk and Badplaas basaltic komatiites, considerable o;erlap
between ;he Geluk and Badplaas basaltic komatiites, and-again some overlap )
betweeﬁ fﬁe Badpléas and massive Barberton basaltic komatiites. The
_pillowed Barberton basaltic komatiites form a field of their own due to their
higher Al content compared to the massi&e flow equivalents. The Ga concen-
trations are similar for the massive and pillow lavas. The difference
between the marginsvand interiors of the pillows should be emphasised,' the
margins being lower in Ga, except where epidotisation has taken place, and
Ga is enriched. 1If the pillow cores alone are considered, then the pillow
lavas have distinctly higher Ga contents than the massive flows, with only

one sample in each group overlépping. The effects of alteration on the Ga

content will be discussed later.

The Ga-Al plot suggests that fractional crystallization could
relate the four types of rock discusﬁed so far, namely the peridotitic
komatiites and the three types of basaltic kohatiite. Mean values for Ga
and Al for the‘four groups have been plotted in Fig. 124. Smith (1978) has
suggested that olivine fractiona;ion can be invoked to account for the for-
mation of the sequence peridotitic komatiite - Geluk - Badplaas basaltic

komatiite, followed later by clinopyroxene fractionation to form the Barber-
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ton typé basaltic komatiites. The Ga data can be used to substantiate these
ideas fo a certain extent. In Fig. 124 a line with a slope equivalent to a Ga/Al
ratio of 2.19 has been plotted through the points representing average‘peri-
-dotitic, Geluk and Badplaas komatiites, together with dotted lines represen-
ting - three standard deviations (sc) about the line.' Olivine fractionation
would cause an increase in Ga and Ai, while the ratio Qould reméin constaﬁt,
and indeed all three points of the peridotitic, Geluk and Badplaas komati -
ites do lie, within the statistical error limits of the analytical data, on
the line of constanf Ga/Al ratié. The massive Barberton type basaltic
komatiites also fall within the error limits, but the pillows fall outside
these limits in the direction of lower Ga/Al ratio. Clinopyroxenes
generally have a Ga/Al ratio of about 4-6 (Burton and Culkin, 1972, and
Table 37); and c11nopyroxene fractionation from a 11qu1d (DZPX/I’V 0;4)'
would therefore result in the generation of liquids of higher Ga but lower
Ga/Al ratio, as is the case for the pillow lavas. On the other hand, it is

an excellent

possible to draw, with [ degree of fit, a correlation line of varylng Ga/Al
ratio between all the points of the rocks discussed, indicating only clino-
.pyroxene fractionation. However, the other major element data pfeclude the
possibility of all the rocks being'derived by fractionation of clinopyroxene.
In what may Be a coincidence, the line representing clinobyroxene fractioﬁa-
tion intercepts . the Ga axis at almost thé exact value (1 ppm) obtained for
kimberlites in the preﬁious chapter. Smith (pers. comm.) has calculated,
using major element data, that it is necessary to fractionate 26% clino-
pyroxene from a liquid of massive flow composition to derive pillowed
basaltic komatiites. On this basis calculated Ga would be 11.2 (measured
11.4) ppm and the Ga/Al ratio 1.88 (measured 1.85). Other incompatible
elements (Nb, Zr; Y, Co, V and Sc) agree equally well, but Ni and especially
Cr are in poor agreement, confirming the findings of Herrman et al. (1976),

who prefer to derive the basaltic komatiites by a partial melting process.
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The decrease in Ga/Al ratio with increase in D.I. is slight, from
2.4 for the peridotitic komati?tes (D.I. = 1.5) to 2.0 for'ghe'Barberton
type pillow basaltic komatiites (D.I. =~27) (see Fig. 124), and although
the Ga data do not confirm the concept of olivine fractionation followed by
clinopyroxene fractionation with certainty, they do suggest that it is a
possible mechanism for the formation of these rocks. A detailed plot of the
Ga/Al ratio versus D.I. is given in Fig. 125. Two points are worth consider-
ation. Firstly, although the Ga/Al ratio decreases slightly with increasing
D.I. whgn considering mean values for each group of rocks, inspection of
Fig. 125 shows that when intermediate and acidic rocks are also taken into
account, the.Ga/Al ratio femains fairly constant throughout the sequen;e,‘
which does not mean that the acid and basic lavas are genetically
related. The second point to note is the very considerable variation in the

)

Ga/Al ratio at constant D.I;, frequently by a factor of two, and especially
for the peridotitic komatiites. The reason for thié considerable variation
{which for the ultramafic rocks~remains;unanwn at this stage)'is-to-be :
found possibly in a consideration of the alteration of the rocks.-

Condie et al. (1977) and Smith et al. (1978) have discussed the
effects of alteration on ma jor and trace element geochemigtry of tholeiitic
flows and basaltic komatiites and have pointed out that one of the major

problems associated with the interpretation of results from Archaean green-

stone volcanics is what effect alteration has had on the composition of the

bfiginal rocks.

Condie et al. (1977)'determined Ga, amongst many other trace
elements, in three massive lava flows, one which they considered to be unal-
tered, one which had been carbonated, and another which had been epidotised.
Their data are plotted in Fig. 126, together with data from this work for

three flows, SD 82-85, SC 6 and HSS 531-536 (Table 67B,C and G). Condie

et al. (1977) state that the errors in their trace element data are £10%,
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but do not mention precision. Howéver, on three aliquots of the same rock
powder they measured a variation in Ga of 25% at the 12 ppm level. The
intraflow variétiOn measured for the unaltered massive flow (see Fig. 126)
was 547, measured in six samples collected over a distance of about 1 kilo-
meter. For the pillowed flow SD 82-85, four samples collected over a dis-
tance of about half a kilometer, the variation was 7% compared with a 3sé
confidence‘limit of 3-4% calculated from counting statié;ics. The absolute-
variation in the Ga data of Condie et al. (1977) was 6 ppm (mean = 11.3 ppm)
' compared with a range of 0.9 ppm and a mean of 12.2 ppm found in this work.
It seems likely that much of the variation reported by Condie et al. (1977)
was due to analytical imprecisioh. The range of concentrations found by
them for Ga inbthe carbonated flow was 5 ppm and in the epidotised flow
6 ppm, which, aé they pointed out, were similar to that fouﬁd in the
unaltered flow. They therefore‘céncluded that Ga was one of the elements
which appeared to ha&e been relatively unaffected by the alteration pro-
cesses and which should be given weight in characte;ising original magmas
and studying their origin. This conclusion seems extraordinary when it is
considered that in the epidotised flow the Ga content increased by 55% (see
Fig. 126) as the modal epidote content increased from 7% to 59%, and that |
.they stated elsewhere in their paper that increases in Ga appeared to be
associated with epidotisation. For Condie's rocks there was, however, no
corrélation between the increase in Ga content and increase in carbonate
content (0-9%). A lack of association of Ga with carbonate has been noted

l

earlier in this work.

When considering variatioﬁ within massive flows, it'is important to
remember that variation across flows can be considerable,.due either to
crystal settling within a flow or fractionation of the lava entering the
flow. Ga has been determined in cross-sections of two massive flows, SC 6

and HSS 531-536‘(Fig. 124 and Table 67B,C and G). In both instances Ga is
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lowest at the base of the flow, increases in the middle and decreases again
at the top. The variations, expressed as (range/mean) x 100%, are 15% and
29% respectively, greatly in excess of the 7% variation measured along the °
pillowed flow SD82-85. When considering absolute values of Ga, the effects
of variation in H20 and CO2 in the rocks must be taken into account. For
the rocks mentioned above, recalculation of the analyses on a water and
COz-frge basis makes very little difference, only slightly reducing the
variation in Ga. It is better to use Ga/Al ratios;rather than absolute Ga
values, and when the ratios aré considered, the intraflow variation for
SD 82-85 is within statistical error (i”BSC). The across-flow variation for
HSS 531-536 is also within statistical error. That of SC 6 is within 4sC,
and Smith (1978) reports that olivine and clinopyroxene are important frac-
tionating phases when modelling changes observed in the SC 6 flow. The
involvement of clinopyroxene may account for the larger variations in Ga/Al
ratio for this flow compared to the HSS 531-536 flow. When considering the
variation along flows, it is obviously vitalvthat all the samples are
collected from the samé level within the flbw, as was done in the stu&y
carried out by Condie et al. (1977), sémething that may be difficult to
achieve in practice.

Having established that the variation in Ga can be very small along
a flow, whereas it may be quite considerablé across a flow; and also that
the Ga/Al ratio is less sensitive than Ga to changes in compositioh, tﬁe
possible effects of alteration, as measured in fi@e pillows in which both

margins and cores were analysed, will now be considered. The data are repor-

ted in Table 67A,B and plotted in Fig. 126.

For the four pillows SC 3, 5, 8 and 11 the Ga content of the glassy
margins is always less than that of the cores, although in the case of SC 8
the difference is not significant. The change in Ga/Al ratio, usually lower

in the margins than the cores, is significant only for sample SC 11, but
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does suggest that Ga has been removed from the margins, or possibly added
to the cores, to a relatively greater extent  than has'Al, Isotopic data
suggest that the margins are less altered than the cores (Smith, pers.
comm. ). : o _ | .

The changes in Ga are sufficiently small té make it difficult to
decidevwhether Ga has been removed during alteration and metamorphism or
not. As has been pointed out earlier inla similar discuésion on recent sub-
marine pillows, there was no evidence that Ga had been affected by sea water
alteration during or after extrusion of lavas on the sea floor. However,
Frey et al. (1974) have shown that basaltic glasses are subject to larger
chemical changes than crystalline basalt during alteration.

Sample SC 2, in contrast to the other four pillows just discussed,
shows a véry marked increase in both Ga and Ga/Al ratio from core to (glassy)
margin. Thé margin also contains a considerable quantity Qf epidote com-
péred to the margins of the other pillows (Smith, 1978)." Smith et al. (1978)
have suggested that epidotisation has occurred as a result of the addition
of Ca and Fe to the pillow during metamorphism, forming epidote with the Si
and Al already present in the rock. In agreement with the data of Condie
gs_gl. (1977), Ga has also been added to the pillows during epidotisation.
From the datq presented here and in the literature for Ga in epidote, it is
obvious that this mineral generally contains considerably more Ga than most
other common rock-forming silicate minerals (see Introduction and Table 37),
and its presence in a rock will lead to an increased Ga content. The Ga con-
tent and Ga/Al ratio of rocks may be used to differentiate between epidote
formed by isochemical alteration of a rock (no change in Ga and Ga/Al) and
epidofe formed by the metasomatic introduction of elements into a rock
(increase in Ga and Ga/Al).

Vallance (1969, 1974) reported Ga determinations in cores and rims

of spilitic pillows from various locations, and Naqvi and Hussain (1973)
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reported Ga in cores and rims of pillows from the Chitaldrug metabasalts in

India. Their data are given below.

ppm_Ga Ga /Al ppm Ga Ga/Al
Vallance (1969) Naqvi' and Hussain (1973)
Core 10 1.32 ~ Core 13 1.34
Rim 10 1.16 Rim 5 0.69
Core 22 2.82 ~ Core 5 . 0.72
Rim 10 1.28 Rim 10 1.03
Core 22 2.33 Core 10 1.24
Core 15 1.70 Core _ 7 0.93
Rim 45 4.85 Rim 15 1.89
Core 22 2.21 Core 15 1.69
Rim. 22 3.25 Rim 22 2.21

Vallance (1974)

Core 18 2.44
Rim 18 2.19

There is some doubt about the quality of the Ga data reported by
these authors. Naqvi and Hussain (1972) reported a value for W-1 of 12 ppm
Ga with a standard deviation of 2.7 ppm. As the maximum difference 5etween
Ga in cores and rims for their pillows was 8 ppm Ga, which is equal to tﬁree
standard deviations, any variation is within statistical error and cannot be
considered significant. In addition, the Ga/Al ratios reported for their
pillows are exceptionally low for basaltic rocks, which probably reflects a
systematic error in‘their Ga data, as suggested by their value for W-1 which
is low‘by about 40%.

Vallance did not report details of his analytical method, but the
determinations weré carried out in collaboration with R. Allen, and presu-
mably the quality of the data was similar to that of Nockolds and Alien

(1953, 1954, 1956), i.e. a c.o.v. of about 30%. The six samples analyéed
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by Vallance were each taken from areas as far apart as England, India and
Australia, and the difference between pillows is therefore not surprising.
Considerable variation probébly exists in the mineralogy of some of the
core/rim éamples analysed by Vallance (1969) in order to account for differ-
ences in the reported major element compositions. The sample with 45 ppn Ga
has a high Ca0 and low 002 content, possibly indicating a high epidote con-
tent, as reflected in the Ga concentration and Ga/Al ratio.

" The quality‘of the data presented above is unfortunately not good
enough to allow meaningful comparison between the data reported here and
that from other areas in the world.

Aliquots of two samples, SC 2 and SC 5, were leached in cold 3M HCl
for three hours, washed and dried, with the object of removing calcite and |
iﬁcorporaﬁed trace elements (Smith, 1978). The data in Table 67A,B indicate no ~
significant change in the Ga andvAl contents for SC 2 but a significant
decrease in Ga for SC 5.. The changes in the Ga/Al ratio are not significant.
Smith et al. (1978) noted unexpecped changes in the concentrations of other
trace elements besides Ga, and although unable to offer any acceptable expla-
nation, they considered it possible that some clay minerals dissolved in
addition to the calcite. As has.beenrmentioned earlier, it is most unlikely
that significant aﬁounts of Ga would be present in the calcite.

A number of samples in Table 67 and Fig. 123 fall outside thé
regions indicated for the various rock types, e.g. SC 2A and 14J for
basaltic komatiites Barberton type, and 87J and 88J for peridotitic
komatiites. 14J is known to be epidote-rich (Smith, 1978). 87J énd 88J are
highly altered and consist of chlorite, serpentine, amphibole and magnetite

with ~5 volume % epidote, which is exceptionally high compared to the other

peridotitic rocks.

Of the remaining rocks that appear to have anomalously high Ga con-

tents relative to Al, HSS 32 contains abundant huge plagioclase crystals but
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‘otherwise appears a normal Badplaas basaltic komatiite, while HSS 27 is excep-
tionally rich in orthopyroxene phenocrysts. Viljoen and Viljoen (19695
classified sample TS 1 as a metatholeiite, but the Ga content of 9.9 ppm and
Al of 6.26% place it in the Barberton type basaltic komatiite.field.
According to Smith (1978) other trace elements also indicate this sample to
be a basaltic komatiite and it has been classified as such in this work.
The single basaltic komatiite from the Kromberg formation, M 57, has a high
Ga/Al ratio of 2.88 aﬁd has been reclassified from a high-Mg basalt (Viljoen
and Viljoen, 1969) to a komatiite (Smith, 1978). The high Ga content and
Ga/Al ratio may possibly be ascribed to epidotisation.

Smith et al. (1978) consider that, among a number of other elements,
Ga is susceptible to aiteration and is of limited use for interpreting
primary characteristics of lavas from greenschist facies térrains. They also
' state that excessive development of epidote may be difficult to detect in
the altered rocks. The slightly different interpretation presented here
indicates that provided the Ga/Al ratio is used ‘in conjunction with the Ga N
content, then Ga can be useful in those cases where no epidotisation has
occurred. Changes in the Ga content and Ga/Al ratio can be used in a'posi—
tive manner to monitor bossible epidotisation, i.e. an increase in both Ga
and the Ga/Al ratio would suggest that epidotisation héd taken place.

A number of metabasalts and metatholeiites from.the Komati,
Hoogenoeg and Kromberg formations have begn analysed for Ga, and the data
plotted in Figs 123, 124 and 125. The Ga values range ffom 10 to 18 ppm,
but the majority of values fall in a more restricted range of 10;13 ppm.
Metatholeiites from the Komati formation show the most extreme range in both
Ga and Al, sample HSS 34, which contains -abundant clinopyroxene phenocrysts,
actually piotting within the field of massive Barberton type basaltic
komatiites. The carbonated pillow V 13 from the Hoogenoeg formation has a

higher Ga content and Ga/Al ratio than all other metatholeiites. As the
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increased Ga content is unlikely to be associated with the carbonate, epido-
tisation may also have occurred. In general, as a group, the Barberten
metatholeiites have amongst the lowest Ga/Al ratios for any tholeiites
analysed iﬁ this work (see Fig. 73).

For the metabasalts, as fof the metatholeiites, there are two groups,
one with a Ga/Al ratio of about 1.6 and another wieﬁ a ratio of 2.3,-simi1ar
to that of the ultramafic rocks. The single sample falling outside these two
groups, LV 6, is a pecuiiar rock (Smith, 1978) in terms of the concentration
of many trace elements besides Ga. It is noticeable that all samples of
metabasalt from the Hoogenoeg and Komati formations fall in the group of
lower Ga/Al ratio, while all the Kromberg formation rocks have a higher Ga
content and Ga/Al ratio, as did the single basaltic komatiite from this for-
mation. Rocks from the Kromberg formation are the youngest in the Onver-
wacht group analysed in this work and are possibly more differentiated then‘
those of the other-formations, which ceuld result in a higher Ga/Al ratio.
Smith (1978) reports that all those metatholeiites and metabasalts with a Ga
content greater than 14 ppm are also eharacterised by having high Ti and Zr
v contents;- The significance:of this correlation is not presently understood.
However, the fact that the same three elemente are enriched in the metasoma-
tised veined nodules from Matsoku Pipe, suggests that the basaltic rocks
enriched in these elements may have been derived from mantle containing
material similar to that found in the veined nodules.

In spite of variations due fo varying degrees and types of altera-
.tion, Smith (pers. comm.) has indicated that Ga is among the few frace'
‘elements, namely Zr, Y, Sc, Co, Cr, V, Ni and Ga, that have proved to be
useful in his study of. the Barberton Mountain Land rocks.

In e study of gabbro/amphibole transitions in South Norway, Field
and Elliott (1974) reported that Ga seemed to remain immobile during meta-

morphism, although their data indicated a slight decrease in Ga in the
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amphibolite.
| Herrmann et al. (1976) determined ma jor elements and a number of
trace elements, including Ga, in nine ultramafic rocks from the Barberton
greenstone belt. Their data were determined by INAA with a 3% counting
error (1sc) for Ga and are in excellent agreement with those presented here.
They eonsidered, on the basis of very few samples, that a fractional crystal-
lization relationship between the basaltic and peridotitic komatiies was
unlikely on the basis of high Ni concentrations in the rocks and variations
in the patterns of light and heavy REE, and preferred pa?tial melting of an
upper ﬁantle source. Although tﬁis is in conflict with the cencept of
fractional crystallization discussed earlier, the remarkable constancy in
the Ga/Al ratio seems to favour the concept of ffactional crystallization.

Smith 95;31.1(1978) on the basis of the Zr/Nb ratios found for the
Komati formation pillows, suggest that these lavas were defived from a
depletedvsource area with respect to ﬁodern oceanic island basalts, but
similar to average mid-ocean ridge tholeiites. The low Ga/Al ratio of meta-
tholeiites with respect to most oceanic tholeiites has already been pointed
lout, and the Ga/Al ratio of thelmefabasalts is significantly lower than
oceanic island basalts, 1.6 as egainst 2.5, which adds support.to the
suggestion that these lavas have been derived‘from a source area depleted in
Ga as well as other elements. Alternatively, the focks may have beeﬁ
derived from a primitive mantle that had a different composition with respect
to certain elements than present mantle material.

. Ga has been determined in a number of the ancient acid intrusive
rocks (2.2-3.3 Ma) from the Barberton Mountain Land. The data are presented
in Table 67L,K and Figs 123 and 124. Condie and Hunter (1976) and Glikson
(1976) reported major and trace eleﬁent studies on similar rocks, but did
not determine Ga. vCe is fairly uniform in the older roeks (3.0-3.3 Ma),

between 14.6 and 17 ppm Ga, with the Ga/Al ratio remaining constant; within
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experimental error, at 2;05. In one sample from the Mpageni pluton, AA 3,
Ga 1is lower (12.5_ppm); Unfortunately no Al data are available for this
sample. Although the granitic rocks can be divided into sevefal'geoéhemical

groups on the basis of other trace element data, the variation in the Ga

data is sor slight that the differences are not significant.
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CHAPTER 16

GALLIUM 1IN CONTINENTAL BASALTIC ROCKS, MOSTLY MES0ZOIC THOLEIITES

Ga has been determined in a number of continental basaltic rocks
. (mostly Mesozoic tholeiites), and a few associated acidic rocks, from Antarc-
tica, Tasmania, Greenland, Brazil and southern Africa. The data are given in
Tables 68-74 and summarised for dolerites and tholeiite basalts in Table 75.
Sample locations for southern African rocks are plotted in Fig. 127 and Ga
versus Al in Figs 128-130. Sample locations of the Brazilian rocks are
Plotted in Fig. 131 and Ga versus Al in Fig. 132.

No Al data or other details are available for the four Greenland
and two Californian basalts listed in Table 68, and the data have been used
only té widen the spread of 16ca1ities from which basaltic rocks have been
taken. Similar comments apply to the Tasmanian dolerites and granophyres in
Table 69, and the Borg dolerites and baSaltic dykes from Quéen Maud Land,
Antarctica, in Table 70. The Queen Maud Land tholeiites (Borg dolerites)
and the dolerite dyke cutting the Premier kimberlite pipe are of interest
because they are Precambrian rocks'which allow a comparison between these
ancientvrocks and thevyounger Mesozoic rocks from southern Africa and Brazil.
Unfortunately no Al data are available for the Precambrian rocks; .A number

(Table 72) v ’

of Umkondo doleritesﬁfrom the eastern part of Rhodesia, also of Precambrian
age, have been analysed for Ga as well as Al and are therefofe of more use
for comparative purposes. ‘The Umkondo dolerites are remarkably uniform in
Ga content, both Ga and Ga/Al having a c.o.v. of 7-8%. The dolerite dyke
J.DY 4A, which Erlank (pers. comm.) considers a possible feeder to the
lavas, has a high TiO2 and total Fe (expressed as Fe203) content relative to

the other rocks, which suggests'the probable presence of titanomagnetitej
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5% of titanomagnetite could introduce ~4 ppm Ga into the rock, which is
sufficient to account for the high Ga and Ga/Al ratio of this sample. Ga is
plotted against Al for the Umkoﬁdo rocks in Fig. 130. There is a very slight
increase in both Ga and Ga/Al ratio with increasing D.I..

A number of workers have studied the Mesozoic Karroo rocks of
southern Africa in considerable detail (Cox and Hornung, 1966; Cox-gg;gl.,
1967; - Erlank, 1971; Cox, 1971, 1972; Cox and Jamieson, 1974; Erlank }
et al., 1977, 1978; and Walker and Poldervaart, 1949) amongst many others.
Ga data on rocks from this area have beén_reporfed by Nockolds and Allen
.(1956), Cox and Hornung (1966) and Cox et al. (1967) for Karroo dolerites
from the Central area, Lesotho,‘Swaéiland and Nuanetsi (Fig. 127). The
coverage has been extended in this‘work to include samples from the Rhodesian
area (Tuli, Featherstone, Nyamandhlovﬁ and Wankie), Botswané, aﬁd northern
. and southerﬁ South West ‘Africa. Unfortunately in some instan;es, é.g.
Botswana, only one or th samples were available.

-_.Cox and co-workers divided Karroo basic rqcks into two provinces,
one in the north (Rhodesia and northern Lebombo) and the other in the
“south (Swaziland, Le;otho and Karroo dolerites of South Africa). Erlank and
co-workers extended. this concept of geochemical provinces gy including vol-
canics from Botswana with the northern group.- Vqlcanics'from the northern
Transvaai and southern S.W.A. showéd cldse mineralogical and geochemical
affinitiés with.basalts and dolerites from the central Karroo area and were
included with them, while lavas from northern S.W.A. formed a third distinc-
tive geochemical'province. Tke Ga datarlend strong support for the division
into three provinces. N

Data for rocks from the central area are présented in Tables 73A,B
(area 1 in Fig. 127) and in'Tabie 73C for the southern Lebombo-Swaziland
area (area 2 in Fig. 127). Ga is plotted against Al,and Ga and Ga/Al.

against D.I.,in Fig. 128. There is considerable variation in both Ga and
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Ga/Al ratio for these rocks, although the data cluster about aICa valué of

16 ppm and Ga/Al ratio of 2.0. Four samples at 60m intervals from the base

to the top of the main dyke in the Spitskopvlei area (Table 73A) show no
variation in either Ga or Ga/Al ratio outside analytical error limits and

all results are within ZSC. Similarly, the feeder aolerite dyke KL37 and
basalt KL38 have almost identical values for Ga and Ga/Al ratio. There is

" no systematic variation in Ga/Al ratio with D.I. for these rocks, nor for Ga
if the single sample of picrite is excluded. It should be noted that the
highest Ga/Al ratio for»a basic rock from the Central area is 2.63. The two
acid volcanic rocks from the Swaziland area for which Al data are available
show a strong enrichment in Ga and Ga/Al ratio; and all four acid lava rocks
from the séuﬁhern Lebombo areé.have similar Ga contents (Table 73C). The Ga
data differ from the results for other trace elements reported by Erlank
(1969) who found similar inter-element ratios (K/Rb, Th/U, U/K, Th/K) on the same
samples.for both the acid and basic rocks from this area. A feature of some |
Karroo tholeiitic igneous récks is ﬁhe tendency for thé Ga/Al ratio to
increase with increasing differenﬁiation, according to Nockolds and Allen
(1956), in contrast to alkali series rocks in which rhyolites tend tb have a
lower-Ga/Al ratio than more basic rocks. For many cher tholeiitic séquences
the Ga/Al ratio remains constant or decreases slightly with increasing differ-
entiation (e.g. Okonjeje), which suggests that the acid rocks in the southern
Lebombo-Swaziland region are not difectly related to the basic roéks. Rocks
from the alkali suite (Okonjeje)\also.differ'from other alkali rocks, as both
Ga and the Ga/Al ratio increase strongly in late stage rocks. In Figf 128-v
the area occupied by Umkondo dolerites has been'outlined, and it is interes-
ting to note that the Umkondo dolerites, although Precambrian in age com-
pafed with the age of 150-190 m.y. of the Central Karroo rocks, have very

similar Ga and Al’contents;.

Data for rocks from the northern province are given in Tables 73D-F
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and are plotted in Figs 129 and 130. The localities otﬁer than Nuanetsi
will be considered first. Ga.in the Wangie basaltsvincreases strangly fromr
19 to 28 ppm with increasing D.i. in a very uniform manner (Fig. 129), as
does the Ga/Al ratio, the ratio showing a marked increase from 2.6 to 4.2.
The trends are very similar to those found for the Bouvetoya and Easter
Island focks (Figs 87 and 88).. The basalts from Nyamandhlovu, the single
sample from Tuli and the basalt and dolerite from Botswana all plot on the
'same trend lines as the Wankie rocks. Of the three rocks from the Feather-

. stone area, KLR 11 plots with those from other areas, while the remaining
two indicate possible accumulation of pyroxene which would hardly alter the
Ga/Al ratio but would lower the Ga content. The trend line of the Nuanetsi

~ rocks is shown for comparison and falls very close to the trend line
followed by the Featherstone rocks.

Data for thé Nuanetsi rocks are plotted in Fig; 130 together with
those for the Umkondo and other northern province rocks. Sample N 340, an
interbedded baéalt in rhyolites, is a 'peculiar"rock being deficient in
. many other trace elements besides Ga (Erlank, pers. comm.). The anomalous
nature of this sample is obvious both in Table 73F and Fig. 130 and it is
excluded from the following discussion. The remaining basic rocké from
Nuanetsi fall on a well defined trend line on the Ga-Al plot. There,is,
however, no trend of increasing Ga or Ga/Al ratio with increasing D.I. as
| was found for the other areas. Cox and Jamieson (1974) have sﬁggested that
the probable process of formation of the Nuanetsi rocks is one of equilibra-

j :

tion of liquids with excess harzburgite wall-rock over a pressure range of
6-12 kbaf. -An alternative process is one of polybaric crystal fractionation
of olivine and orthopyroxene. The Cé data do not make it possible to differ-

entiate between these two processes.

The difference between the Precambrian Umkondo dolerites and the

Mesozoic basic rocks of the northern province is clearly evident in Fig. 130.
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It should be noted that none of the northern province rocks has a Ga /Al
ratio less than 2.60. |

The position of thé Nuanetsi rhyolites in Fig; 130 is interesting
when compaxed with thé acidic rocks from the southern Lebombo. It was noted
when discussing the latter samples that Gavwas enriched in the acidic rocks
resulting in an increased Ga/Al ratio, contrary to the usual trend followed
by tholeiitic sequences. In the Nuanetsi rocks the trend is normal, i.e.
the rhyolitic rocks do nof increase in Ga content and the Ga/Al ratio remains
constant or decreases slightly. |

The data for rocks from S.W.A. are given in Table 73G and plotted
in Fig. 128. There is a marked difference between the rocks from the
northern and southern parts of S.W.A., with those from southern S.W.A. having
a Ga/Al ratio of abéut 1.9, while thosevfrom.northerﬁ S.W.A. have a ratio of
about 2.5.

The rocks from the northern part all come from the Etendeka Plateau
(Fig.127). Samplés KLS 22 and 24 were collected from the northern édge of the
platéau from the first and third flows above the Damara sédimenté. The
remaining samples were collected at various heights beiow Tafelberg Peak,
between 3750' (KLS 16) and 5075' (KLS 20). Of the two rhyolites, KL 13 was
collected between KLS 16 and KLS 19 at 4280', while KL 20 was the highest
flow just below Tafelberg Peak at a height of 5575*. There is no signifi-
cant difference in either the Ga content or Ga/Al.ratio of the basalts and
dolerites and the corresponding values for the rhyolites are also very
similar. Following the trend of the Nuanetsi rocks, the rhyolites have
slightly lower Ga contents and Ga/Al ratios than the mean values for thé

basic rocks.
Data for rocks from the Parana volcanics in Brazil are reported in
Table 74 and are plotted in Fig. 132. Sample locations are given in Fig.

131. Sample BRA 10 was not analysed. .These rocks also group into northern
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and southern groups,on the'basisvof their GafAl ratios, with the exception
of the northern dolerite BRA 9 which.has a ratio similar to those of the
dolerites of the southern group. It is noteworthy that although the doler-
ites from both groups are similar in both Ga and Ga/Al ratio, the Ga contehts
and Ga/Al ratios of the two groups of basalts are quite different. As was
the case for the rhyolites in northern S.W.A. and Nuanetsi, the Ga contents
~and Ga/Al ratios in the acidicvrocké are slightly lower than in the basic
rocks. Very few sampleé from this area have been analySed fo? Ga, and the
'analysis of further samﬁles is necessary to confirm the comments.and rather
arbitrary division into northern and southern groups made above.

For ease of comparison, the data for both dolerites and basalts
from various areas have been averaged and the mean values for Ga and the
Ga/Al ratio are listed in Table 75. Before discuséing these data in detail,
it should be pointed out that the early data reported on the Karroo rocks |
(Central area) by Nockolds and Allen (1956) are higher than those reported
| here by approximately 50%, which resulted in a change of similar magnitude
in the éa/Al ratio from 2.0 to 3.0. Cox et al. (1967) and Cox and Hornung
(1966) reported Ga data for the Lesotho, Swaziland and Nuanepgi rocks which
are in‘good agreeﬁent with those given here. They reported no significanf
differences between tﬁe provinces for a number of elements, inéluding Ga,
but omitted consideration of the Ga/Al ratio. They were pfobably mislead to
some extent regarding Ga because the& included the Nockolds and Allen
data which cause the Karroo Central area dolerites to appear very‘similar
to those of the northern province. .

In Table 75 it is clear that, except for the nortﬁern'part of the
Parana province and the Botswana samples, for which only one sample each of
dolerite and basalt are available, there is no marked difference in either
Ga content or Ga/Al ratio for average dolerite and basalt within any one

area, and therefore dolerite and basalt can be considered together. The
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data for Ga and Al from the northern and southern provinces,as postulated by
Cox and co-workers, have been plotted in Fig. 133. There is almost no over-
lap between rocks from eacﬁ province and a Ga/Al ratio of 2.63 serves as a
usefﬁl dividing line between the two provinces. Samples from southern S.W.A.
piot squ;rely in the field of the southern province, while rocks from
northern S.W.A. straddle between the northern and southern provinces.
HoWéver, in Table 75, northern S.W.A. forms a definite group of its own.

| As reported by Erlank and Duncan (1977) for other elements, the Ga
daga indicate close similarities between the northern S.W.A. province and
. the southern Parana Basin in Brazil. xThe dolerites from the northern Parana
Basip abpear similar to those from ;he,two.areas just described, but.the
basalts -appear more closely related to;those of the northern province.
There is ﬁo apparent correlation of Ga or Ga/Al ratio with the age of the
rocks for any group. In facﬁ the constancy of the Ga content of"ddlerites
from Precambrian age to those of 120 m.y. age is remarkable.

Although the acidic rocks are not included in Table 75, when they
are considered in a similar wéy, the rocks from the southern Parana Basin
are very close in both Ga and Ga/Al ratio to those fromvnorthern S.W.A., but
are very different from thése of the southern Lebombo (Fig.’

-133). The rhyolites from Nuanetsi are intermediate between the two previous
groups in terms of Ga/Al ratio, but plot in the Ga/Al field of the northern
provinde,_i.g. the ratios are greatef than 2.63.

Since this work was_completed Bristow (1978) has determined Ga in a
number of samples from the Central area; southern and northern Lebombo, and
the northern province. frequénc& distribution diagrams of the Ga/Al ratios
for Bristow's samples ahd tﬁose from Tables 73 and 74 are plotted in Fig.
134.  The éxtra'data confirm the earlier conclusions, namely that rocks from
the southern Lebombd héve Ga/Al ratios similar to those of the rocks from

the Central area, while the ratios for rocks from the northern Lebombo are
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similar to those of the northern province. Rocks from the '"heel' of the
southern Lebombo are intermediate between those of the northern and southern
pafts in terms of their Ga/Al ratios. The rhyolites from the southexrn
Lebombo have distinctly higher Ga/Al ratios thén the basic rocks, and the Ga
data confirm the conclusions of Erlank and co-workers thaf the rhyolites
cannot be derived from the basic rocks.

Erlank (1971), in investigéting the geochemistry of Karroo-type
basic rocks, péinted out, on the basis of variations in K/Rb, Th/K and

Sr87/Sr86

ratios, the importance of the role of crustal contamination in
affecting the chemical composition of these rocks. He pointed out the.-
similarities between the basic lavas from the northern S.W.A. province and
those from the southern Parana Basin and concluded that, if they had all
been defi&ed from mantle material having the same inter-element and
Sr87/Sr86 ratios, then the degree of contémination must also have been simi-
lar, a remarkable coincidence in terms of the volumes of lava and large
areas involved. However, further work by Erlank and co-workers has led them
basic '
to conclude that the KarrooArocks have been derjved from inhomogeneous upper
mantle and lower crustal sources, and the acid focks from a relatively homo-
geneous crustal source region. If the lavas from the Central area are taken
as a point of reference (mean D.I. = 27), then it is interesting to note
that the lavas from the southern S.W.A. area have a similar mean D.I. (24),
while thoée'of the northern S.W.A. area have a mean D.I. of 36 and are more
differentiated. The lavas from the Paréna Basin have variable D.1I's, the
numbers of samples are small, and no significant pattern is apparent. - The
mean D.I. for the northern province is'31, although again there is a wide
spread of values. It is possible that the slightly higher Ga content and
Ga/Al ratio of the northern S.W.A. lavas, as compared with those from

southern S.W.A., simply reflect the more differentiated nature of the

northern rocks. This argument cannot be applied to the Brazilian rocks, nor
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to those of the northern province, and the Ga data presented here emphasise
the fact that the rocks from the northern province are enriched in many of
the incompatible elements;as reported by Cox and co-workers and Erlank aﬁd
co-workers. The Ga data also confirm that it is impossible to relate the
increased Ga content of these rocks to crustal contamination, as there are
no rocks of sufficiently high Ga content that could have caused the measured
degree of contamination, i.e. about 6 ppm Ga relative to rocks from the
Central area.

Ga and Al data for all contiﬁental basalts analysed in this work
have been plottéd in Fig. 135. The remarkable range of the Ga data is
obvious, from about 11 ppm for the Barbefton metabasalts of the Lower Ultra-
mafic Unit to 29 ppm for the chilled Botswana basalt. With the exception of‘
three Rhoaesian rocks, the spread in Al is relatively small. . The 'peculiar!
nature of sample LV6 was discussed in Chapter 15.

The depleted nature, in terms of Ga content, éf the rocks of the
Lower Ultramafic Unit in the Ba;bertdn Mountain Land ig obvious, as is the
relatively low Ga/Ai ratio of the rocks from the Centrai area and southern
S.W.A., It is worth notingvthat Patterson and Swaine (1957) reported aArange
of Ga for Tertiary dolerite plugs of north-east Ireland of 15-25 ppm with a
~mean Ga/Al ratio of 2.1,‘similar to that found for the Central area. The
Kromberg metabasalfs are similar to those of northern S.W.A., and it is
interesting to speculate whether the differences between the two Barberton
groups are-due to differentiation, leaching of Ga from the Lower Ultramafic
Unit rocks, or epidotisation of the Kromberg rocks, or whether the incréase
in Ga in the Kromberg rocks is the result of these rocks tapping a different
source area in the mantle, as has bgen suggested for the different provinces
in the Mesozoic rocks. On the basis of data from a single element, Ga, it

is not possible to answer these questions.
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CHAPTER 17

GALLIUM DISTRIBUTION DURING THE WEATHERING PROCESS

17.1 GALLIUM IN WEATHERED GRANITES AND MINERALS FROM THE CAPE PENINSULA

Gallium has been determined in the rocks, biptites and feldspars of
fresh, partly weathered and weathered granites from three localities‘in the |
Cape Peninsula. Sample localities are given in Fig. 136 and the data are
reported in Table 76. The Sandy Cove site is about 50m from thevsea, whilé
the Kloof Nek site is 300m above sea level.

The Cape granite is a light grey porphyritic rock intrusive into
sediments of the Malmesbury Series and has been dated by the Rb/Sr method at
553 + 8 m.y. (Allsopp and Kolbe, 1965). Kolbe (1966) carried out the first
.systematic trace element study on the Cape granite plutons, and considered
‘that they formed from a typical high-level fractionated magma with further
strongly increasing degrees of differentiation outwards towards the finer
grained margins of the granite bodies. During intrusion the granite was
contaminated to variops degrees bf the pfedominantly argilla;éous Malmesbury
Series sediments. On the gasis of trace element data, Kolbe.cdnsidered it
unlikely that the K-feldspar phenoérysts in the Cape Peninsulé granite
formed by a general 1ate—stage-potash enrichment. He also.stated that it
appeared possible, but unproven, that the Cape granite was formed by
mobilisation of Malmésbury segiments at depth with subsequent differentiation
.~ and intrusion.

Brunke (1973) reported no petrographic difference between the Kloof
Nek and Sandy Cove granites, but the presence of trace quantities of small
.crystals of tourmaline in the Miller's Point granite. All three localities

were free from xenoliths and at all three sites the zones of fresh, partly
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weathered and weathered rock were separated by no more tﬁan 30,

Brunke (1973) reported that the biotite separates contained trace
amounts of muscovite and that the feldspar separates, which consisted of
both plagioclase and microcline perthite, contained sdme quartz grains
(<5%).. Brunke also reported that XRD analysis of the rock samples showed
the presence of kaolinite in the weathered samples and also in thevKldof'Nek
and Miller's Point fresh and partly weathered samples, and that the plagio-
clase was removed at a f#ster rate than the microcline perthite during the
weathering process. He reported that there were no kaolinite reflections in
the XRD traces of the feldspar fractions. Pronounced chlorite peaks were
present in the fresh biotites, but were absent in the weathered biotite
ffactions, and Brunke presumed that the 'weathered' chlorite was removed
during waéhing of the powders prior to magnetic separation of the biotite.
He also staped that thin section analysis indicated the presence of altered
biotite and chlorite in the fresh rocks.

Major element data from Bruhke (1973) have been used to calculate
Barth Mesonorms, and proportions 6f selected minerals from these calculations
are tabulated in Table 77. 1In the rock samples from all three sites the
plagioclase minerals are the first to weather, accompanied by an increase in
the amount of corundum, whiéh in this instance can be taken to represent
kablinite, from fresh to weathered granite. The orthoclase or potash feld-
spar (microcline'perthite) is less susceptible to weathering and actually
increages in the Kloof Nek granite, but decreases iﬁ the most weathered
material at the other two sites. The biotite rémains essentially constant,
increasing slightly with increasé in weathering in the Miller's Point
granite. The relatively greater stability of the perthife.relative to
plagioclase is shown by the initial increase in its concentration in the

partiy weathered samples from Kloof Nek and Sandy Cove.

‘The Ga data for bictites given in Table 76B are inconsistent for
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the three granites. For the Sandy Cove and Miller's Point biotites the Ga
content varies in a similar manner, i.e. a decrease of about 15% in the
weathered and partly weathered rocks, while the Kloof Nek biotite has a
slight increase in Ga. Since Al increases slightly with increasing degree
of weathering, the Ga/Al ratio decreases for Sandy Cove and Miller's Point
biotites and does not change between the fresh and weathered biotite from
Kloof Nek. Kolbe (1966) also analysed biotites from thé Cape granites and

.reported much lower Ga values (mean = 35 ppm). The reasons for the differ-
ences are unknown, but perhaps thé-OptiCal spectrographic method used by
Kolbe suffered from matrix effects when comparing biotite micas with the
rock standards used to calibrate his data. Kolbe (1966) gave an average

modal. analysis for 17 coarsely porphyritic granites.from the Cape as

Quartz 29%
Microcline perthite 28%
"Plagioclase 30%
Biotite | 9%
Muscovite 3%
Magnetite 1%

Using mean Ga contents of the fresh biotites and feldspars from
Tables 76 and 77 (63 and 15.5 ppm respe;tively), average Ga values for
muscovite and magnetite from Table 37, and combining pércentage perthite and
plagioclase, it is possible to calculate the expeCtéd Ga content of the
average coarsely porpﬁyritic Cape granite. The calculated value of 17.7 ppm
Ga is very close to the mean of the measured values for the fresh rocks of
17.9 ppm. If Kolbe's value of 35 ppm fbr the biotite is used in the calcula-
tion, the Ga content of thévrock works out to be 15.1vppm Ga. The results
indicate that a Ga content of about 60 pbm-fof the Cape granite biotites is
reasonable, although somewhat higher than average for granitic biotites

(Burton and Culkin, 1972).
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The Ga content of the separated feldspars (Tables 76B and 77)
behaves in a similar but opposite manner to that of the biotites, i.e. the
Sandy Cove and Miller's Point feldspars increase in Ga with increasiﬁg
weathering, while ﬁhose from Kloof Nek show a slight decreaée in the partly
weathered feldspar followed by an increase in the weathered material. The
| increase in the Ga content of the feldspar fraction with increasing degree
of weathering is at first thought somewﬁat surprising. Ga is reported to be
more mobile ghan Al during weathering and the Ga/Ai ratio tends to decrease
rather fhan increase as it does here. |
Mean Ga contents of microcline, microcline perthite and plagidclase
are respectively 31, 33 and Bi ppm_(Tabie.37), and corrésponding Ga/Al
ratios are 2.8, 3.4 and 2.0. 1If, aé Brunke (1973) reports, the plagioclase
weathers fi;st from the microclinelperthites, then it would be expected that
the Ga content of the feldspar should remain fairly constant but that the
Ga/Al ratio would‘inérease. The removal of anorthitic plagioclase early in
the weathering process would also increase the Ca/Al ratio as albite has a
much higher ratié than anorthitic plagioclase'(Table 37). 1In all samples
reported here the Ga/Al ratio does increase with weatheriﬁg, but only to a
limitéd degree.
There are almost no data on Ga in cléy minerals; Goldschmidt
(1954) repo}ted Ga in kaolinite to vary between 4 and 37 ppm, Wolfenden
(1965) reported a mean value of 23 ppm (20-25), Ga/Al = 1.4 (1.3-1.5), for
\
five samples from Malaysia, and McLaughlin (1955,.1959) reported Ga contents
for impure kaoiihites'of 7 pp; Ga and a Ga/Al ratio of 0;4 (0.3-0.5). The
Ga data for kaolinites repé;ted by -McLaughlin are very low, and a mean Qalue
of about 25 is more likely. The formation of some kaolinite, as indicated
“in the mesonorms, would increase the Ga content of the feldspar fractions
but have little effect on the Ga/Al ratios.

The results for the whole rock samples are given in Table 76A. Ga
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increases with increasing weathering by 15-35% relative to the fresh rocks.
There is no significant change in the Ga/Al ratio between fresh énd most
weathered samples for the Kloof Nek and Sandy Cove granites, but the Miller's
Point grani;e shows a significant increase in the ratio for the weathered
rock. There is no immediately apparent reason for ﬁhe difference in
behaviour except that the Miller's Point granite has a much greater initial
content of potash feldspar than the other two granites.

The data reported here emphasise the paucity of Ga data in minerals
altered during the weathering process, in direct contrast to the abundance
of.déta-aﬁailable for miﬁerals in fresh igneous rocks. The work of Butler
(1953)-has already been feferred to when discussing Ga in tourmaline. He
reported.that}weathering of adamellite resulted in a loss of Ga during
alteratioﬁ, although he compared rock and derived soil. It is possible that
further weathering of the Cape granite would result in a loss of Ga relative
to Al. Many authors (Burton and Culkin, 1972) report contrasting trends for
variation of the Ga/Al ratio duying tﬁe.wéathering process. . The trend is
obviously strongly dependent on the types of mineral present, differences in
rate éf breakdown in relation to rate of. formation of residual minerals, and
possibly also on Eh-pH conditions. Wi;hout good data on all minerals present -
in the rocks examined, it can be difficult to dfaw accurate conclusions aé to
the changes involved during the process of alteration. The coﬁsiderable
difficulties involved in mineral separation, far greater for weathered
material than for fresh, héve no doubt mitigated against work being carried

out in this field.

17.2 SEDIMENTARY ROCKS FROM THE MALMESBURY SERIES, CAPE PROVINCE

Ga has been determined in argillaceous and arenaceous sediments of
the Malmesbury Series which have undergone varying degrees of weathering or

alteration, and also in separated clay fractions (< 2pm) from the same
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samples. The data are reported in TaBle 78 and sample locations are given
in Fig. 137.

Walker aﬁd Mathias (1947) described the sediments of the Malmesbury

Series in the vicinity of Cape Town as consisting of two main types,
arenaceous greywackes and argillaceous shales, commbnly interleaved, and of
mixtures between the two main types. The apparent age of the Malmesbury
Series is given as 595 + 45 m.y. (Allsopp and Kolbe, 1965). ‘

| The fresh\argillaceous shales from two different locations réborted
in Table 78A cdntain similar concentrations of Ga, 23.4 and 25.4 ppm (Ga/Al
= 2.55. In Table 79A Ga data for seven further sampleé of afgillaceous
‘material from widely dispersed locations are reported, with a range of 21.3
to 27.2 ppm Ga (mean = 23.6 ppm) and a mean Ga/Al ratio of 2.5. The fresh
arenaceous greywackes contain considerably less Ga, as a result of dilution
by quartz, with values in Table 78A of 11.8 ana 12.6 ppm Ga and in Table 79A
from 11.5 to 13.5 with a mean value of 12.6 ppm Ga and a mean Ga/Al ratio of
2.0, significantly lower than that.for the argillaceous samples. The differ-
ence between the two types of sedimeﬁt is clearly defined both in Ga content
and the Ga/Al ratio. |

Ga and the Ga/Al ratio decrease steadily with increasing degree of )
Weafhering for the argillaceous_material from the Peninsula Quarry, while
there is no change in eitﬁer Ga copteqt_or Ga/Al ratio for the arenaceous

samples.

The three argillaceous samples from the Gran Sasso Quarry (ML10, 11
| and 13) have similar Ga/Al ratios, although ML13 has considerably higher Ga
and Al contents, due to a lower quartz content and the presence of a major
quantity of kaolinite (Topping, 1972) which is absent from the other two
samples. Altﬁough Topping (1972) descfibed ML11 as a fresh réck, the
weathering index (Parker, 1970), defined as 100 times the sum of the atomic

proportions divided by the respective bond strengths with oxygen of Na, Mg,
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K and Ca, indicates little difference between the three samples. TheAappli-
cation of Parker's weathering index to sediments may be questio;able, but it
is useful as a guide to the amounts of Na, K, Ca and Mg which remain in the
rock after wgathering. In this respect it is not possible to place both
argillaceous and arenaceous rocks on the same scale, as fresh argillaceous
rock will have a much greater weathering index than fresh arenaceous rock.

The Ga fesults for the separated clay fractions (Table 78B) are
interesting. Topping (1972) reported only .trace quantities 6f qﬁartz in a
few of the samples and minor feldspar in samples ML11 and 12. - As would be
expected, the Ga contents of the clay fractions are considérably higher than .
for the rocks as a result of the ¥em§val of QUarfz and:feldspar. Only in
the case of the two sampleslML4 and ML13 is there no._significant change
between the rock and clay fractions; ML4 was reported as a clay in Table
78A.

fhére is a very sharp décrease in Ga/Al ratio for the clay fractions
in géing from fresh to weathered rock, both for the argiilaceoﬁs and the.
arenaceous material. The Ga/Al ratios for three of the four clay fractions
from fresh rock are between 3.3 énd 3.7, greatly in excess of the average
value for the clay fractions from weathered rock of approximately 2.4.

In Fig. 138 Ga shows a very good linear relationship with Al for

’

the rocks, although the Ga/Al ratio is not constant. Sample ML4 is anomalous
and falls off the trend line, but should reglly be plotted as a clay sample.
The relationship between Ga.and Al for the clay fractipns is not so clearly.
defined, although the plot does suggest a slight négative correlation

bétween the two elements. The Ga/Al ?étio has been plotted against Al in
Fig. 138 and immediately the striking difference between the clay fractions
and the rocks Becomes obvious. While for.the rocks there is a Siight

increase in the Ga/Al ratio with increasing Al, in the case of the clay

fractions there is a well defined negative correlation between the Ga/Al
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ratio and Al. Topping (1972) reported that Al increased with increasing
degree cf weathering, although the relationshi; is not a strong one (Fig.
.138). Topping also reported that illite was the dominant clay mineral in
both the fresh argillaceous material and the fresh arenaceous greywacke,

- kaolinite being absent or present in only trace amounts, while kaolinite
became more prominent as the samples became more weathered. There is strong
evidence forvthe separation and rempval of Ga from the rocks, relative to
Al, during the weathering process, i.e. during the alteration of feldspathic
minerals to clay minerals, and during the alteration of illite to kaolinife.
Hirst (1962) repofted that iﬁ the Gulf of Paria the constancy of
. Ga/Al ratios in sediments from the river delta and from the.Gulf sﬁggestéd
thaf Ga entered the basin structurally combined within the laftiCes of the
degraded clay minerals, and that the similarity between the Ga/Al ratios for
igneous source rocks and the sediments indicated little separation of Ga from
Al during weatheriﬁg and traﬁsportati;n. Hirst also suggestéd that the
greater const@ncy.of the Ga/Al ratio compared with that of the Ga/(NatK)
ratio indicated that the ccherence of Ga was better with the total clay
content father than with the illite plus montmorillonite;:éssuming the bulk
of Na and K was sited in these two clay minerals. He therefore suggested
that a cqnsiderable proportion of the Ga replaced Al invkaolinite,zcontrhry
to the Qiew expressed by McLaughiin (1959).
| The data reported in Table 78B for the clay fractions provide

indirect support for Hirst's suggestion.

On the basis that ‘all the K-in the clgy fractions was present in
iliite, and that the illite contgined 8.5% K20, Topping (1972) calculqted
the percentage‘of illite in each sample. The illite content of the fresh
samples ranged from 98 to 73%, while for the very weathered samples the
illite content dropped to between 25 and 40%. In samples ML4, 9, 15 and 17

the proportion of kaolinite exceeds that of illite. Although ML4 and ML15
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have the lowest Ga contents and Ga/Al ratios amongst the clay fractions, the
Ga concentration is still fairly high at 26-28 ppm, indicating that Ga must
be present to a considerable extent in kaolinite. Calculations involving
Topping's estimates of illite content, and assuming the balance of the clay
fractions as kaolinite, indicate that the kaolinite‘has a Ga content of
about 20-25 ppm compared with that of about 35 ppm for illite. The Ga/Al
ratio for illite:is about 3.3, while that for kaolinite is about 1.4,.
although the ratios are expected to vary'considerably. Although the above
calculétions are not at all accurate, they dd give some indication of the
“Ga content aﬂd Ga/Al ratio of kaoliﬁite, and confirm tHat it has a very low
. Ga/Al ratio, although the Ga content is about average comparéd fo many rock-
“forming miﬁerals.

The.data for kaolinite is in good agreement with that reported by

Wolfenden (1965) on kaolinitic clays from Malaysia (Ga = 23, Ga/Al = 1.4).

However, the need for good Ga data for the clay minerals is obvious.
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- CHAPTER 18
GALLIUM 1IN ROCKS FROM THE SEA POINT GRANITE-SLATE

CONTACT ZONE AT CAPE TOWN

The granite-slate contact zone at Sea Point, Cape Town has been
wel& known to geologists since the early nineteenth century and was visited
" by bharlés Darwin. Few modern chemical analyses of these rocks have been
" published, the most recent being those of Walker and Mathias (1947), although
Kolbe (1966) analysed some of thg granites from the area. Erlank (unpubl.)
haé carried out an extensive geochemical study of these rocks, and Ga has
been determined in some of his samples. The general geoiogy and location of
the area are given in Fig. 139 and a more detailed map of the contact zone
at Sea Point is présented in Fig. 140 toéethef with éample locations in that
area. The Ga data ére reported in Table 79.

At SeavPéint the porphyritic biotite grénite of the Cape Peninsula
is intrusive into highly inclined, hornfelsed sediments beionging to the |
Malmesbury Sefies. The contact is a concordant one with much veining of the
sediments and the production‘of gpectacular migmatites in thCh large
borphyrobiasts.of potash feldspar are conspicuous: In and outside the
migmatite zone the contact aureole tontains abundant spotted hornfelseg and
is seaﬁed with veins of aplite, pegmatite and quartz. Xenoliths of Malmes-
bury seﬁiments afe common in‘the normal granite néar the contact, show.
evidence of plastic déformation, and consist mainly of compact hornfelses.’
Some of these xenoliths are 1arge; up ﬁo 60m long, but éméller rounded
xenoliths are more common. Further from the contact zone many of the smaller
xenoliths have undergone greater reaction with the magma and’have a granitoid

texture. They are generally slightly finer in grain size than the granite
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.and are nearly always gicher in biotite.

The Malmesbury sediments have already been described as being of"
two main types, argillaceoué and arenaceous. The Sea Point contact is some-
what unusual in that, apart from subordinate argillaceous bands,  the Malmes-
bury beds of the metamorphic aureole have a chemical composition similar to
that of the granite, although slightly deficient in alumina and alkalis.
Walker and Mathias (1947) pointed out that if the sediments recrystallized
without appreciable addition of magma, Fhey would form a similar phasal
asseﬁblage‘to that of the granite, and therefore gains and losses of
chemical elements between sediment and magma were difficult to trace.

In Table 79B some samples‘afe labellgd WC, and theée samples were
 ground in tungsten carbide vesseis. It was pointed out in the chapters on
.,analyticai technique aﬁd sample preparation that the presence of tungsten in
the sample could 1éad to a systematic érror in the Ga determination due to-
interferénce by a W line on Zn and one qf the béckground positions. For
some of thé xenolith samples onlf material ground in WC vessels was available,
while for others ma;erial groﬁnd in both WC and agate vessels was available,
which allowed for an estimate of tﬁé’dégree of-error that might'be intro-
duced by W contaﬁination.v In all cases the difference between contaminated
and uncontaminated material is less than 35C (counting error) and there is
no systematic bias. Therefore the data for those samples.which were only
available with W contamination may be used with confidence.

Erlank (ﬁnpubl.) determined‘Ga in some of the samples analysed here
by optical emission spectrography éndvthe two sets of Ga data are compared
in Fig. 141. Although there is a tendency for the optical emission results
to be slightly lower than those reported here by XRF, the agreement is very
good, especially for the hornfelses, xenoliths and granites. The 0S data
for the sediments.in particular seem to be on the high sidef Thg one sample

from the Clifton xenolith, M22, is a dark band, consists mainly of biotite,
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and gives a very low OS result relative to that by XRF. ' The data for Ga in
biotites reported by Kolbé (1966)-have been shown to be low, and were also
determined by 0S. |

The Ga data reported in Chapter 17.1 for the fresh Kloof Nek and
Sandy Cove granites, which are from the same granite body that forms thé
contact (see Fig. 139), have been included in the Ga-Al diagrams with those
for the coarse-grained granites reported in this chapter. The Ga data for
“the fresh argillaceous and arenaceous Malmesbury sediments in Chapter 17.2
"have also been included with those reported.in this ch;pter. Ga is plotted
against Al in Fig. 141 and the majority of samples cluster a;ound a mixing |
line between the argillaceous and arenaceous Malmesbury sediments.. Excep-
_ tions are the hornfels xenolith M24, sampies from the granitised xeﬁolith
from Saunders Rocks{ and Fhe Clifton‘xenolithi Mean values for each group
of rocks are él;p plotted in Fig. 141 and fall verylclose to a mixing'line
between the two types of sediment. | |

It.is~noteworthyvthat both the fine-grained aplitic granite aﬁd the
coarse-grained grénite fallron the same mixing line. This may be fortuitous
as a result of the similar chemistry of the granites and sediﬁents, or may
reflect the fagt that the granite, as suggested by Kolbe (1966), was
possibly formed by mobilization.of thé.Malmesbury sediments at depth with
subsequent differentiation and intrusion. In either case, the plot in Fig.
141 indicate; tﬁat the arenaceous hornfelses, on the basis of Ga and Al
data, can be considered a mixture of arenaceous sedimenﬁ and coarse-grained
granite;‘while,the argiLiaceon hornfels and hornfels xenoliths together with
the granitised xenolgth from Bantry'Bay can be.cohsidereq a mixture of
argillaceous sediment and either of the granites. The Saunders Rocks xeno-
lith ié enriched in Ga relative to Al, but has almost identical Ga contents
to the Bantry Bay xenolith samples. Kolbe (1966) reported that the biotite-

rich xenoliths from the Peninsula granite, although presumably of sedimen-



195 :
tary origin, were slightly enriched in alkali elements. The Ga data would
suggest that these two xenoliths, from Clifton and Saunders Rocks, are not
relics of Malmesbury sediment but are perhaps relics of an earlie; granite
not exposed at the present time._ It might be expected that other elpments,
e.g. alkalis; would be'enriched together with Ga, bﬁt unpublished data (Erlank
(ﬁ;s.axmh)indicate that this is not the case. Sample M24, which is also
enriched in Ga, is strongly depleted in K, Rb, Cs and Ba, but is enriched in
Fe compared with the other hornfels xenoliths. The enrichment of Fe aﬁd Ga
suggests the preseﬂce of magnetite in this sample. It should be borne in
mind that there are considerable difficulties in sampling the xenoliths so
as to obtain representative samples, and any sample with foo high a propor-
tion of biotite will have a high Ga content relative to other samples and a
high Ga/Al ratio, together with high K and Rb.

Walker and Mathias (1947) suggested that feldspathization of the
granite and migmatite zone by late potassic solutions éa?e rise to potash
pegmatites and large crystals of perthitic microcline. Kolbg (1966) ;onsi-
dered_it unlikely that the K-feldspar phenocrysts were formed by a general
late-stage potash enrichment. It seems likely that K eﬁriéhmeﬁt would be
accompanied by Ga enrichment and, except for two of the xenoliths and one
hornfels,‘there is no evidence of Ga enrichment in the migmatites or
granites. The Ga data presented here therefore confipm{the conclusion

arrived at by Kolbe on the basis of other trace element distributions.
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CHAPTER 19

GALLIUM IN ROCKS FROM THE KUNENE BASIC COMPLEX, KAOKOVELD, S.W.A.

The Kunene Basic Complex; situated in northern Kaokoveld, S.W.A.,
‘was firsﬁ mapped in detail by K8stlin (1967) and it forms that part of the
Angola anorthosite mass which lies south of the Kunene River in S.W.A. The
Complex forms only a very small portion of the anorthosite mass as a whole
(Fig. 142). KSstlin (1967) considered the troctolite anorthosite which com-
prises the bulk of the Complex to hav? been intruded into older massive
anorthosite (Adirondack type), as é result of the formation of ring fraétures
and subsequent large-scale faulting, which enabled the magma to be intruded
“in the form>§f a.succession of'concentrié sheets (see Fig. 142). The trocto-
litic anorthosite (Bushveld type) is Précambrian in age. Various late- to
- postkinematic basic and ulfrabasic intrusives, consisting of dunite and
peridotite and tﬁeir serpentinised equivalents, norite, troctolite and
anorthositic gabbro, also form part of the Complex and are considered to be
products of femobilisation of a deep-seated differentiate of the Complex.
Ga has been determined in a number of K&stlin's samples. The data

are reported in Table 80 and plotted in Fig. 143.

| Kbstlinlpointed out the homogeneity of the troctolitic anorthosite
and the difficulty of establishing differentiation trends due to the lack of
variation in the rocks. Althpugh Késtlin reported significant differences
in the major element chemistry of the massive and trocpqlitic anorthosites,
he found their linés of descent on a triangular M-F-A diagram to be the
same, which suggested a common line of descent for all the anorthosites.

Nevertheless, he concluded on other evidence that they were unlikely to be

descendants of the same parent magma.



197

The Ga data show little difference between all three types of
anorthosite, namely the troctolitic, noritic and massive anorthosites. The
mean Ga contents and Ca/Al ratios are, respectively, 16.7 ppm and 1.24, 19.2 and
1.27, and 17.9 and 1.25. The Ga/Al ratio for all types varies within experi-
mental error, while Ga is slightly enriched in the noritic anérthosite. Only
in sample F20 is Ga stroﬁgly enriched, aﬁd Késtlin considered this sample to
be extensively altered. CIPW norm éalculations indicate that this sample
contains about 8% normative nepheline-cémpared with 2-4% for the other
. massive anorthosites, and also contains about 4% magﬁetite (normative),
double that of the other samples. Both nepheline and magnetite are minerals
strongiy enriched in Ga (Table 37), which would increase both the Ga content
.of the rock and the Gé/Al ratio.

kastlin reported a slight inpreése in differentiation of the trﬁcto-
litic anorthosite from the edge of the Complex to the centre, as indicated
by the D.I's in Table 80A. The Ga data show a corresponding increase from
about 14 ppm at the edge to 18 ppm at the centre, but no change in Ca/Al
ratio (Fig. 143).

There are too few samples of the ultrabasic and basic rocks,
periaétite and troctolite, to.draw-any definite cOnclusion;(on‘the basis of
their Ga contents concerning their relationship with_thé anorthosiﬁes.
However, they plot to closevto a Ga-Al trend line through the anorthosites
which would indicate pyroxene fractionation.

The basic dyke, sample F22, is younger than the Complex and the high
Ga/Al ratio confirms that it is not genetically related to the rocks of the
Complex. The ratio is similar to that found for the dolerites and basalts of
the Etendeka plateau in northern S.W.A., namely 2.5.

The importance of the Ga data_reported in this chapter lies mainly
in the fact that, apart from three Ga values reported for anorthosites from

the U.S.A. by Sandell in 1949 (Burton and Culkin, 1972) and a single value
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by Bell (1953), these are the only data for Ga in anorthosites reported to
‘date. The agreem§nt between the three sets of data is remarkable. Sandell
‘reported a range from 19-21 with ; meén value of 20 ppm Ga, Bell reported
20 ppm, and the mean of ;11 determinations in this work is 18 ppm Ga. San-
dell's reported Ga/Al ratio wés 1.3 and that for this work is also 1.3.
Considering the rather restricted mineralogical composition of anorthosites
and the very small fange found for Ga, the agreement between rocks from the
U.S.A. and southern Africa is perhaps not so surprising.

In contrast, three metamafic anorthosites from Namaqualand have a
.much higher Gavcontent of 28-29 ppm (Table 81). Unfortunately no major
element data are available for these rocks. The single biotite anorthosite

~has an even higher Ga content, due to the presence of the mica.
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CHAPTER _ 20
GALLIUM 1IN ROCKS FROM THE ACTIVE CARBONATITE VOLCANO

OLDOINYO LENGAI, TANZANIA

The active carbonatite volcano Oldoinyo Lengai, which lies séuth of
Lake Natron in the Eastern Rift Valley of East Africa, is the youngest
volcano in the Neogene volcanic province of northern Tanzania (see Fig. 144).
It consists of a steep cone composed mainly of ijolitic or nephelinitic
pyfoclastics containing ejectamenta that indicate the presence of a carbona-
tite complex at depth. Interbedded with the‘pyroclastics are minor flows of
nephelinite, phonolitic nephelinite and phonolite (Dawson, 1962b, 1966).
The extrusive sequence of the volcano has been established as (Dawson, 1962b,
1966):

7. Carbonatite ashes of the 1966-67 éruptioﬁ (Dawson et al., 1968)

6. Sodium carbonatite flows 1958-66

5. Variegated carbonate ashes‘of the active érater

4. Minor flows of nephelinite and melanephelinite

3. Black nephelinitic pyroclastics |

2. Mica and pyroxene tuffs from parasitic cones

1. Yellow ijolitic pyroclastic rocks with interbedded phonolitic

nephelinite and phonolite.

The extrudedbsilicate lavas show a decrease in silica content_with decreas-
ing-age, the lavas changing from phénolitic nephelinite and phonolite. in the
earlier stages to nephelinite and melanephelinite in the later extrusions.
The trend in silica depletion reached a climax during the period 1958-1966
when sodium carbonate lava containing no‘silica was extruded. Dawson pro-

posed the name "lengaite'" for this lava, but this name has not yet been
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formally accepted.

Two hypotheses for the formation of the carbonate magma have been
proposed: Koster van Groos and Wyllie (1966) suggested that lengaite may be
the high-pressure immiscible fraction of a nephelinite, while Milton (1968)
proposed that the carbonatite lavas Were.originaily lake trona deposits, and
ﬁe suggested that the trona was incorporated into an ascending nephelinite
melt, with which it was immiscible, and e#truded from the volcanic vent in a
molten state.

Gallium has been determined in a number of rocks from Oldoinyo
Lengai which were supplied by J.B. Dawson. Tﬁe data are reported in Table
82 and Ga and Al data plotted.in Fig. 145. The lavas are listed in their
extrusion seqﬁénce, ;tarting witﬁ the oldest. Plutonic rocks embedded

within the yellow and black pyroclastics are included at the end of Table

. 82B.

~Ga has beenldetermined in three rocks from Oldoinyo Lengai by
Bowden (Dawson, 1966) who found 50 ppm Ga in each of two phonolites and 30
ppm in a phonolitic nephelinige. The data for the phonolites are very high
compared Qith those reborted here.

Characteristic of the Ga>conteﬁts of the lavas‘ére their relatively

high values, 23-35 ppm Ca, and high Ga/Al ratios from 2.5 to 4.6.
The phonolites have a lower average Ga value of 27.4 ppm (Ga/Al ratio = 2.7)
compared with those from the Nejoio Ring Complex in Angola (Chapter 21)
which have a mean Ga content of 39.8 ppm Ga and Gé/Al ratio of 3.8. Qn the
basis of their Ga contents and Ga/Al ratios, the lavas can be divided into
three groups: the early phonolites and phonolitic nephelinites, which have
a fairly constant Ga content of about 27 ppm increasing suddenly in the last
of the phonolitic nephelinites to 34 ppm Ga; the last silicate flows |
(nephelinite) which have a constant Ga content of 31¥35 ppm; and the .

carbonatite flows in which Ga was not detectable (<0.4 ppm). The Ga/Al
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rétios follow the same trends: in the early lavas it averages 2.7, increas-
ing to 4.3 in thg nephelinites and is not determinable in the carbonatites.
Although there is a good positive linear correlation between Al and 3102 in
the lavas, the correlation between Ga and SiO2 is negative but poorly
defined.

Thé plutonic rocks show a considerable range in Ga from 11.6 ppm in
the ultramafic jacupirangite to 33.8 in the nepheliﬁe syenite, but all have
a constant Ga/Al ratio between 3.4 and 3.6, which would suégest a common
 parent. In contrast, the data for the silicate lavas confirm._ the conclu-
sion reported by Dawson and Gale (1970) on the basis of Th and U contents of
these rocks, namely that the ,1éyas are not a straightforward differentia-
tion sequence. The silicate lavés show a hegative corfelétion between Ga/Al
and Al and it is possible, as suggested by Dawsoﬂ and Gale, that they repre-
sent a mixture between nephelinite magma and crustal ro;ks,vwhich would have
to have a Ga/Al ratio of less than 2.5 and an Al content greater ;han 10%.

The Ga data for the carbénatite lavas confirm that Ga is present in
igneous carbonates only in minute quantities ( <1 ppm), although these

carbonates may have been derived from lake trona deposits.
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CHAPTER 21

GALLIUM IN ROCKS FROM THE NEJOIO AREA, ANGOLA

21.1 INTRODUCTION

In the Nejoio area, southern Angolav(Fig. 146), the Precambrian
granitic shield has been intruded by undersaturated alkaline rocks in the
form of a ring cqmple#. The intrusion caused fenitisation of the country
rocks (Fig. 147). The country rocks are alkaline and subalkaline granites.
Tension caused the formation of a ring fault, and the subsidence of the
central block into a magma chamber resulted in the’injection of the core
feldspathoidal syenites. These syenités consist of amphibole-syenites,
nepheline-amphibole-pyroxene syenites and’nepheline—cancfinite-pyroxene
syenites (Rddrigues, 1973). ContinuedAtension-resulted in further subsidence
and the injéction of a second pulse of magma consisting of nepheline
syenites, nephe1ine-cancrinite-hackmgnite syenites and-cancrinite-hackmanite
syenites. Following formation oflthe coarse-grained rocks of the ring com-
plex, tension chanéed to compression causing another ring'fault and injection
of a tinguaitic magma, which carried with it xenoliths of fenitised granites
and of the feldspathoidal syeniteé, and ﬁhe formation of a coné-sheet
breccia. A number of dykes in the area cbnsist of dolerite, phonolite,
tinguaite and alkali trachyte. The dolerites are the oldest and predate the
ring complex, while the phono}ites and tinguaites are ﬁhought to be part of
the third intrusion. The trachytes are the youngest. |

The fenites in the region are of two types, metasomatic and
rheomorphic. The metasomatic fenites were classified into three groups by

Rodrigues (1973), on the basis of a modal fenitisation index defined as



Biotite + amphibole -+ pyroxene + ore + apatite
F.I. = : . 10
' Quartz

"using modal percentages of minerals.

21.2 .THE RING COMPLEX

Ga has been determined in rocks from the ring complex and the data
are presented in Table 83A-D. The D.I. of Thornton and Tuttle (1960) as
used throgghout this study did.not,-for these rocks, act as an efficient
index for separating rocks of the &hree intrusions. ﬁodrigues (1973) showéd
that it was possible to correlate the effects of magmatic differentiation
with those of endofenitisation, and by means of selected indices he was able
to determine the crystallisation sequence of the rocks. The index he used _
was

§i0, + K,0

E.I. = (weight percentages)
FeO + MnO + MgO + CaO

‘and this index has been used in place of the usual D.I. in Table 83A-D. The

Ga, Ga/Al and Al data are plotted in Figs 148-150.

Thére are a number of interesting points to note in Table 83 and
the corresponding figufes.

The Ga contents of the rocks are extremely variable, not only
between the three intrusions, but within each intrusion, and even within
specific rock typés. Al on the other hand is relatively constant, with the
‘result that the Ga/Al ratio varies considerably from a minimum of 1.9 to a

;

maximum of 7.0.

The rocks of the first intrﬁsion have very high Ga/Al ratios,
4.0-5.8, higher than most nepheline syenites from the literature (Table 394).
In this intruéion the Ga contents and Ga/Al ratios within eéch rock type are
fairly constant although only a few.samples of each rock type were analysed.

The second stage of the first intrusion resulted in a sharply increased Ga
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content which decreased slightly in the third stagé rocks (Figs 148-150).
The Ga/Al ratios follow a similar pattern, but the decréase in the ratio in
the third stage rélative to the second is more marked than that of Ga.

Most of the rocks of the second intrusion have much lower Ga con-
tents and very much lower Ga/Al ratios than those of the first intrusion,
the ratios being about half those of the firét intrusion. Both the Ga con-
tents and the Ga/Al ratios of the ﬁepheline syenites are constant.. However,
those of the nephgline-cancrinite-hackﬁanite syenites and the cancrinite-
hackmanite syenites are very Qariable,_although the mean values for both
groups of rocks are similar. It is'not possible in terms of Qa to distin-
guish between these tﬁo rock types. It should perhaps be pointed out that
those samples enriched in Ga, e.g. 10-39 and 13-30, are élso enriched in
other trace elements such as Zr and Zn. |

Rodrigues (1973) did nbt distinguish between individual samples of
phonolite and tinguaite, but considered them as a group. These rocks are
the most differentiated of the complex'and have very variable Ga contents
and Ga/Al ratios; Thercement of the eruptive breccias was considered by
Rodrigues to be tinguaitic magma; 'The Ga data indicate thag this could be
the case as all the eruptive breccias have Ga contents and‘Ga/Al ratios
between those of the phonélites and tinguaites and the rocks of the first
two intrusions and the fenites (Fig. 148, Table 83).

The dolerites have normal Ga contents and Ga/Al ratios and the
ratios are similar to those of dolerites from northern S.W.A.‘ The trachytes
are the most differéntiatedbof the rocks reported here and have Ga. contents
and Ga/Al ratioé similar to those of the second intrusioﬁ.

"Fig. 149 indicates very weak correlations between Ga and Al for
both the first and second intrusions. Calculated correlation coefficients
(Pearson's r) for Ga-Al are 0.38 and 0.22 fér the first and second intrusions

respectively. Similar calculations for Ga and (A1+Fe3) give r values of
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0.67 and 0.18, and for Ga and (A1+Fe3+Na) r values of 0.79 and 0.04. There
is therefore a marked difference between the behaviour of Ga in the two
intrusions.

Rodrigues (1973) reported that one of the main differences between
the two intrusions was the order of crystallization of hackmanite and
pyroxene. In the firsg intrusion the pyroxenes crystallized first followed
by hackmanite, while the reverse occurred in the second intrusion. Hé also
suggested that the second intrusion was the main cause of fenitisation of
the country rocks. It would seem, therefore, that in the first intrusion
the increase in correlation coefficient between Ga-(A1+Fe3) ;nd Ga—(A1+Fe3+
Na) relative to that.for Ga-Al is a reflection of the early crystallization
of pyroxene and the substitution of Ga for Fe3 in the pyroxene. The increase
in correlation coefficient r when'Nalis included in the calcﬁlation probably
reflects the feldspathoid and plagioclase (in perthite) contents of the
rocks, thésé minerals probably containing a considerablévproportion of the
Ga.

The non—sigﬁificgnt,-or complete lack of, correlation between Ga
and any combinatibn of A1-with Fe3 or Na for the second intrusion is remark-
able. This fact, coupled with the low Ga content of this magma relative to
that of the first intrusion, and the coﬁclusion of Rodrigues (1973) that it
was the second intfusion which was mainly responsible for the fenitisation
process, maybbe the result of migration of Ga into the country rocks to
varying extents dpring the fenitisation process. This possibility will be

discussed in more detail in the next section.

21.3 FENITES
Rodrigueé (1973) recognised four groups of fenitic rocks, the
fenites 1-3 and the rheomorphic fenites. Data for Ga in these rocks are

reported in Table 83E-G and plotted in Figs 150-151. The D.I. in these
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tablés.is the modal fenitisation index defined earlier; A single sample of
the country rock, an alkaline granite, is included in Table 83E.

Rodrigues reported that the following elements increased throughout
the fenitisation process: Al, Fe, Fe’, Mg, Ca, Na, Ti, P, Mn, S, Sr, Cu,
Zn, and H20+ and C02. Si, K, Rb and Pb decreased throughout the fenitisa-.
tion process, while Cl, Ba, Zr,-Y, Nb, Th, Ni and Mo showed irregular
changes in concentration. Quartz, orthoclase and perthite decreased with.

. increasing fenitisation, while plagioclase, biotite, hornblende, eckermanite,
augite, aegirine-augite, aegiriné, apatite and ores showed an increase. The
pyroxepeé showed a particularly marked increase in the fenites 3.

The Ga content of the feldspathoidal rocks is much greater than that
of the grénitic country rock (Tabie 83 and Fig. 150) and the resulting
chemical potential or gradient.wogld have resulted in Ga migrating into the
country rocks during fenitisation. Figs 150 and 151 indicate on average a
steady increase in Ga with increasing degree of fenitisation, although‘there
is some degree of overlap between individual rocks from different groups..
This is in agreement with the conclusions of Rodrigues that the metasomatism
of the country rocks was not homogeneous. The Ga/Al ratio also increases
steadily with incréasing fenitisation but with more scatter in the individual.
rocks.

Rodrigues reported that fenitisation was caused mainly by theifirst

two intrusions, with the third intrusion causing only local effects in the

country rock.

In Fig. 150 it is ob;ious that the rocks of the second intrusion
are very depleted in Ga, not only relative to Al but also relative to the
rocks of theﬂother‘two intrusions and to the average values reported for
nepheline syenites in Table 39A. It is also clear from Fig. 150 that there
is a greater degree of enrichment in boﬁh Ga and Al bctweén fenites 2 and

fenites 1, 30% and 17% respectively, than betwecen either fenites 1 and
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granite (15% and 14%) or between fenites 3 and fenites 2 (8% and 5%). The
rocks of the second intrusion were richer in volatiles (H20+ and C02) (3.9%)
than those of the first intrusion (2.6%), and during the second intrusion
the country rocks were hotter than‘during the first (Rodrigues, 1973).
Assuming the magma of the second intrusion originally had a similar Ga con-
‘tent to that of the first and third intrusions, i.e. ~ 40 ppm Ga, it is
interesting to speculate whether, with the higher temperatures and greater
volatile content, Ga did not migrate from the second magma.into‘the country
rock to a greater extent than during the earlier intrusion, thus causing
depletion of Ga in the second magma and a sharp increase of Ga in the fenites
2 and 3. Unfortunately no information is available to allow.mass balance
calculations tq test the hypothesis. |

The rheomorphic fenites-(Téble 83G) have similar Ga contents and
Ca/Al ratio§ to the fenites 3. Rodrigues (1973) considered the rheomorphic
fenites to have been formed from the fenites 3 during the second intrusion,
although there was no certainty about the.composition of the rocks which, by
partial fusién, gave rise to the rheomorphic fenites. The Ga data indicate
that the fenites 3 could have been those rocks.

Although Ga shows a marked increase as a fesult of fenitisation.of
the country rock, this increase (69%) is far smaller than those shown by
some other trace elements, e.g. Zﬁl(ASO%), Cu (200%), Sr (300%). McKie
(1966) repor;ed Ga data for fenites from Oldoinyo Dili, Tanzania, resulting
from fenitisation of a granitic gneiés. With increasing fenitisation the Ga
contents varied slightly but ;emained e;sentially constant. The Ga content
of the gneiss wa§ 25 ppm, while that éf the four most strongly fenitised
rocks was 22 ppm Ga. The Ga/Al ratio was very variable, 1.7-5.3, showing no
systematic variation.

The data for the Nejoio_fénites and those of McKie indicate that,

although Ga can be mobile during the fenitisation process, it is less mobile
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than certain other trace elements.
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SYNOPSIS

An analytical technique for the determiﬁation of Ga in silicate
rocks and stony meteorites using XRF spectrometry has been deve10pea. The
‘method is applicable on a routine basis and has proved capable of producing
data that are both preciée and accurate, but the need for 2-4g material may
Be a disadvantage. 'However, for rock.énalysis lack of material is seldom a
probiem. The relatively large quantity of material used does eliminate the
v.problems that may arise due to sampling error when aliquots such as 50mg are
used, for example; in spectrochemical analyéis.

Data are presented for a-:large numbef of stony meteorites and some
separated fractions. It is possible Qsing Ga, Al and Fe data to separate
the meteo;ites chemically into the same classes or groups as proposed by
various workers on the basis of other criteria. This can be useful when
attempting to classify meteorites that are on the borderline between classes
‘using textural, mineralogical and pe;rologiéal_data, The bulk mesosiderites
and their separated silicate and non-magnetic fractions, on the basis of
their Ga contents, are.distinct from alllother types of meteorites; The sub-
.division of the C3 carbonaceous.choﬂdrites inéo C3-V and C3-0 classes is con-
firmed, and the Ga data suggest that the C&4 chondrites might be chemically
different in terms of Ga and other elements from the C3 chondrites. Evidence
has been presented to sﬁggest that a considerabie proportion of the Ga in the
carbonaceous chondrites.is present in the carbonaceous and sulphide fractions.

Ga has been»defermined in approximately 1500 rocks, and the mean
Qalues‘and ranges for both Ga and the Ga/Al ratio have been summafised by
rock type and.compared with data from the literaﬁure. It was demonstrated

that in only a few instances is the correlation between Ga and (A1+Fe )
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better than that between Ga and Al,band that the general use of the
Ga/(AliFe3) ratio in preference to the Ga/Al ratio is usually not warranted.
The Ga/(A1+Fe3) ratio can, however, be useful in certain instances. In a
number of modern instrumental analytical techniques only total Fe, expressed
as Fe203, is determined and the Fe3 content of rocké is not reported, which
makes the use of the Ca/(A1+Fe3) ratio impossible.

A number of different minerals were analysed for Gé. Unusually
high Ga values (18-58 ppm) were measured for chromites from the B.I.C.

These concentrations are two to three times higher'than'breviously repofted
values. vUpper mantle ilmenites contain 16-21 ppm Ga compared with very low
(~1 ppm) levels in crustal ilmenitesf However, upper mantle garnets have
similar Ga contents and Ga/Al ratios to crustal garnets. The Ga content and
Ga/Al ratio of upper mantle clinopyroxenes may be dependent on the tempera-
ture at which the ﬁineral crystallized.

The variaﬁion in the Ga éontent and the Ga/Al ratio of abyssal
tholeiites is.generally‘much less than.had been previously indicated. The
mean value for Ga is 16 ppﬁ and for the Ga/Al ratio 1.9. The variation of
both Ga and the Ga/Al.ratio between tholeiites from three oceans is né
greater thaﬁ that found within a single ocean.

In rocks from oceanic islands four different trends of Ga and Ga/Al
ratio against differentiation index were found. It proved possible to model
these trends using crystal fractionation and known partition coefficients
for plagioclase, pyroxene, olivine, amphibole, magnetite and ilmenite.
Exceptionally low Ga concentrations, similar to those of abyssal tholeiites,
have been reported for Jan Mayen Island, Amsterdam Island and.Rodriquez
Islénd. |

The behaviour of Ga in a number of igneous complexes was examined,
and it was shown for the Skaergaard,and possibly for rocks from Gough

Island, that in the very last stages of extreme fractionation the Ga content
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of the rocks can decrease markedly, in a fashion similar to trends sometimes
found for Ba and Sr. The very high Ga content (200 ppm) in a late-stage
Skaergaard plagioclase, so often quoted in the literature as being indicative
of enrichment of Ga in plagioclase with increasing differentiation,-was
shown to be incorre¢£ aﬁd probably due to -analytical error. Calculations
based on the Ga content of the ro;k and:the percentage normative plagioclase
indicated a normal Ga content in the plagioclase and that no enrichment
had taken place. The results obtained‘for-rocks from various igneous com-
plexes stressed the important effect that changing mineralogy has on the Ga

)
content and the Ga/Al ratio of the rocks. Conversely, changes in the Ga
content and Ga/Al ratio can alert the geochemist ﬁo possible mineralogical
cﬁanges that may have taken place. |

éranités from five different bodies in'S.W,A. were analysed for Ga,
and on the basis of their Ga content and Ga/Al ratios, itlwas possible tévv
distinguish clearly between each body. The data also suggest ﬁhat the Salem
granite has been derived by transformation from sediments rather than by
igneous diffgrentiation.

The determination of Ga in a number of upper mantle xenblithé and
minerals and kimberlites constitutes an important contribution to our kﬁow-
ledge of the Ga distribution in the earth. The data confirm the depleted
nature of common peridotites (CP's), and the presence of considerable
quantities of Ga in upper méntle-iimenites. The enrichment of Ga in metaso-~
matised nodules indicates its association with the metasoﬁatic processes and
suggests that Ga may have been fairly mobile in the upper mantle. If MORB
tholeiites with a mean Ga content of 16.5 ppm Ga have been derived from a
20% partial melt of the upper mantle, then the parent rocks must have con-
tained about 3-5 bpm Ga. The only rocks examined, which had ﬁhe corréct

major element composition and which contained this concentration of Ga, were

the clinopyroxene-rich bands and the metasomatised CP's found in veined
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nodules from the Matséku Pipe.

The Ga daté are consistent with a number of ideas which relate to
the formation and subsequent history of upper mantle nodules, and which were
derived from a study of the nodule mineralogy and major element chemistry.
In future, therefore, Ga data could be a help in arriving at similaf theories
for other materials.

The Ga contents and Ga/Al ratios of eclogités are very low and very
variable and afe probably related to the varying proportion of garnet in
these rocks.

| The enrichment of Ga err Al in kimberlites is éonfirmed, and thé
Ga/Al ratio is sho&n to be dependént on the degree and type of crustal con-
tamihation.l Uncontaminated kimberlites_have a high Ga/Al ratio of 4.0.

in rocks from the Barberton Mbuntain Land, the Ga contents and Ga/Al
ratios offer oniy limited support for a fractional crystallization hypothesis
for the origin of basaltic and peridotitic komatiites. As a group, the
Barberton metatholeiites have amongst the lowest Ga/Al ratios of any tholei-
i;es analysed in this work, which suggests they were derived from a primi—‘
tive mantle that was depleted in Ga rela;ive to source areas for modern
abyssal basalts. The enrichment of Ga, Ti and Zr in certain of the basaltic
rocks indiéateé that they may have been derived from mantle enrichéd in the
vein material found in veined nodules from Matsoku Pipe, and suggest an
inhomogeneous mantle at the time of the formation of the Onverwacht group of
rocks.

The Ga content of Karroo dolerites as determined by Nockolds and
Allen (1956) has been shown to be about 50% too high. The new mean value
reported here is 16.3 ppm Ga with a mean Ga/Al ratio of 2.0, compared with
Nockolds and Allen's values of 25 ppm and 3.2. On the basis of ma jor and
trace element geochemistry, rocks 6f Karroo age in southern Africa have pre-

Qiously been divided into three main groups, and the_distribution of Ga/Al
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ratios for these rocks confirms these divisions. The data also suggest that
roéks from the Parana volcanics in Brazil may be divided into northern and
southern groups in a similar fashion, and that the rocks from the southern

‘part of Brazil closely match tﬁose from northern S.W.A. (Etendeka Plateau).
The Ga/Al ratio data indicate that rocks from the séﬁthern part of the
Lebombo monocline are similar to those from the Central areé of the Karroo
(southern province), while those-ffom the northern Lebombo are close in com-
position to those from the northernlprovince in Rhodesia. The ratios show
further that the rhyolitic rocks of the Lebombo have not been derived from
the basaltic rocks by fractional crystallization. Rocks from the
"heel" of the Lebbmbo monocline are‘shown to be intermediate in composition
between the northern and southern groups.

The behaviour of Ga during the weathering process was examined- in
granites and shales from the western Cape Province, and there was strong
evidence for the separation and removal df Ga relative to Al during the
alteration of feldspars to clay minerals énd during fhe alteraﬁion of illite
to kaolinite, with a consequent reduction in the Ga/Al ratio. By inference
it was possible to show that kaolinite from this area contained aBout 20-25
ppm Ga with a Ga/Al ratio of about 1.4, much lower than thg ratio for illite
(3.3) which contained 35 ppm Ga.

Ga in fenites from the Néjoio area of Angola increased with
increasing degree of fenitisation. The Ga/Al ratio also increased, but with
less uniformity. Na and Ca increased with increasing fenitisation, and the
behaviour of Ga in these rocks is similar to that reported during albitisa-
tion. In the Nejoio rocks the increase iﬁ Ga content (69%) was much less
than ﬁhat reported for elements such as Zn, Cu and Sr. In the other meta-
morphic rocks which were examined, from the granite-slate contact at Sea
Point, thevGa and Al data indicated that the hornfelses could be considered

a simple mix of the intrusive granite and the sedimentary country rock. The
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Ga data also suggest that the feldspathization of the gfanite and migmatite
zone is unlikely té be the result of late-stage potash enrichment.

A number of recent papers have suggested that Ga, because of its
"immobility" during alteration processes, be used together with other
elements. to discriminate between different volcanic magma series and their
metamorphosed equivalents. Important evidence on the behaviour of Ga during
weathgring of modern abyssal pillow iavas and of ancient pillows of the Bar-
berton.Mountain Land rocks was presented.

Six inside/outside pairs of lava pillows from modefn abyssal
tholeiites were examined, and in only one case was Ga slightly depleted in
the altered sample, while the Ga/Al ratio remained constant for all pairs.
In rocks from the Barberton Mountain Land there is littlé evidence to
suggest that Ga and the Ga/Al ratio were affected by alteration of the lavas
during or after extrusion on the sea floor. However, the Ga cqhtent of the
rocks and the Ga/Al ratiovwere shown to be sensitive to thg degree of epido-
tisation that had taken place, both Ga and the Ga/Al ratio increasing with
incteasing epidotisation. Ga and the Ga/Al ratio may Ee used to distinguish
between epidote formed by isochemical alteration of the rock (no change in
Ga or Ga/Al ratio)”and epidote formed by the metasomatic introduction of
elements into the rock. ({ncrease in Ga_aﬁd the Ga/Al ratio). Ga in kimber-
lite was not affected by thermal metamorphism, nor was it lost to the wall-
rock during intrusion of kimberlite magma.

Therefore, while Ga may correctly be considered to be an immobile

|
element where limited weéthering or alteration of basaltic rocks is con-
cerned, where epidotisétion has taken place Ga data should be used with care,
and the Ga/Al ratio used to monitor any changes that may have taken place in
the Ga content. Ga cogld also prdve useful if it is necessary to decide
whether magnetite in altered olivine-bearing rocks is of primary or secondary

origin. Pfimary magnetite is rich in Ga. Secondary magnetite derived from
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the formation of serpentine from olivine should be low in Ga. The Ga/Al
ratio should be greater.when primary magnetite is present cdmpared with that
whenvmagnetite formed by the alteration of olivine.

The work presented here has naturally suggested a number of fields
in which further work on the geochemistry of gallium is desirable and
necesséry. Probably the single most important fact to emerge from this work
is that, in a number of instances, the early data presénted in the litera-
ture for Ca are unreliable, and this is particularly important in the case
of minerals. |

The problem always associatea with trace element analysis in
ﬁinerals is that of obtaining adequate quantities of sufficiently pure
samplé. Unfortunately the analytical.tgchnique presented hefe is not really
suitable for the analysis of small quantities of minerals; The two most
promising alternative techniques are probably spark source masS spectrometry
or mass spectrometfic isotope dilution analysisQ Small sample capability is
essential, coupled'ﬁith precision and accuracy. Further work is required on
the distribution of Ga in minerals, particularly pyroxenes; and especially
'in minerals from the upper mantlé. An extremely interesting study would be
the distribution of Ga between minerals that crystallized at different
temperatures within the mantle. The relaﬁionship between Ga and Ti in the
mantle also requires further investigétion.- More work also needs to be done
on crustal ilmenites and chromites. There is still very little‘data on Ga

in sedimentary minerals, such as the-ciays, and more data are required.
v , _ ‘
However, perhaps the most important gap in our knowledge of the
geochemistry of Ga is the lack of dafa on partition coefficients for Ga both
under different temperature conditions and at.differenCIOXygen fugacities.
| Finally,;it can be stated that this work has presenﬁed an analytical

technique which may be used in a routine manner in any geochemical laboratory

-using XRF analysis. In order to esﬁablish whether Ga could be a useful
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element or not, it has been necessary to examine the beﬁaviouf of Ga in rock
suites whose geochemical history was already known. The results indicate
that Ga can.be a useful element in distinguishing between different rock
groups on a regional basis, and in tracing and interpreting the geochemical
history of a rock suite. One of the advantages of using Ga is its rélative
immobility compared with many other trace elements, and the fact that very
low concentrations of the element are present in intercumulus material. It
became quite obvious during this investigation that the inter-element ratio,
Ga/Al, is.usually of more use than the abundance data on Ga alone.

| Provided the data are of good quality, G; can take its place amongst

‘other trace elements that are useful to the geochemist studying igneous,

metamorphic and sedimentary processes and the geochemical history of rocks.
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Abstract

Between adjacent major element absorption edpes, back-
ground intcnsities at differing wavelength positions were found
to be related lincarly. Also, background intensity at any
position is lincarly related to the reciprocal of the mass absorp-
tion cocfficient for any wavelenpth between the absorption
edpes.

The method presented hiere allows for the determination of
background, as well as mass absorption coefficient, by a single
measurement at an interfcrence-free background position (which
can be the Compton scatter ‘peak’). If the mass absorption
cocfficient is already known, backgrounds may be calculated
directly.

Tests on geological materials show that, while not as
accurate as conventional methods of background determination,
telative accuracies of two to five percent are obtainable with a
very considerable saving in time, since intensity at only one
background position nced be measured. Use of low dispersion
high reflectivity analysing crystals, e.p. Lif*(200). is possible
because it is no longer necessary to attain interference-free
background positions between peaks.

Furthermore, the method is ideally suited to the determina-
tion of background intensities in energy dispersive systems
where spectral resolution is a problem and in multi-channel
units where only one channel need be used for the deterinination
of both mass absorption cocfficient and backgrounds for a group
of trace elements.

The method has been used-in the low cost determination of
trace clements in large numbers of geochemical prospecting
samples.

Introduction

The motivation behind this investigation was the need
to develop a method for trace clement analysis in
pressed powder briquettes or urcompacted powders
which was more rapid than methods in current use, even
if it resulted in slight losses in accuracy. It was desirable
that the method should be applicable to a large number
of trace elcments above atomic number 27 (Co) in a
wide range of geological materials and, thus, should
include an accepted procedure for correction for matrix
variation. '

Sample preparation

Tests were carricd out using pressed powder briquettes
of prepared pure (undiluted) pulverized samiple, milled
with 10% polyvinyl alcohol binder (e.g. Hoechst Moviol
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N20-98) and with 10% boric acid. The briquettes pre-
pared with boric acid were found to be the most rigid
and can be prepared rapidly by unskilled operators.
Tests were also carried out on sample powders poured
directly into sample holders with Mylar windows.

1t is essential to use sufficient sample to prepare an
‘infinitely thick’ sample layer for the shortest wavelength
under investigation. Tests carried out using pure quartz
indicated that for Mo Ka radiation (0.711 A) a minimum
of 8 g was required for a boric acid backed 40 mm
diameter briquette. However, at Ba Ka radiation (0.39 A),
more than 20 g of quartz were required for the same
diameter backed disc. The tests were carried out on
quartz (5i0,) since it has the lowest mass absorption
coefficient of the most common of the geological
materials investigated.

Instrumental settings

Instrumental settings were chosen to suit the wave-

-length regions under investigation. As an example, the

following settings were used for the analysis of the
commonly required elements which lie in the wave-
length region 0.7 to 1.7 A (MoKa to NiKa and ULa to
HfLa). - .

The instrument was a Philips PW 1220 sequential
X-ray spectrometer with X-ray tube, silver target,
1.6 kW; excitation, 70 kV; current, 20 mA; analysing
crystals, LiF(220) or LiF(200); detectors, flow plus
scintillation with pulse height discrimination; and
collimator, fine.

Conventional method

"Figure 1 illustrates a typical spectrum obtained using
a silver X-ray tube for excitation and a LiF(220) crystal.
The characteristic lines of trace elements are super-
imposed on a background which is most elevated at the
Compton peaks of scattered primary radiation. Despite
the use of a high dispersion crystal, there are few back-
ground positions which are completely interference-free.

In current practice, two or mere of the available

interference-free background positions are read and the
backgrounds beneath spectral peaks are interpolated
graphically or mathematically. The method gives reliable
results over a limited wavelength range, but tends to be
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FIG 1. Typical spectrum obtainable on a rock sample containing a few hundred p.p.m. each of Rb, Sr,

Y, Zr, Nb and Ba. In this example a silver target X-ray tube and LiF(220) 2nalysing crystal
- were used. Compton scattering pcaks occur on the longer wavelength sides (higher angles) of

the characteristic lines of the X-ray tabe.

time consuming. It does not account for irregularities in
the background caused by ‘spurious’ reflections of
primary and secondary radiation by the analysing crystal,
the so-called ghost peaks" ?(see Fig. 2). For example,
"both molybdenum and silver X-ray tubes with a LiF(220)
crystal yield ‘ghost peaks’ in the region between Zr Ka
and Pb L, causing considerable difficultics in direct

.. measurement of backgrounds by the current method.

It was necessary that a method be developed which
was less time consuming and, which, at the same time,
might eliminate some of the difficulties outlined above
in determining background.

Compton

AgK-a

.

o

b

>

[3

2

=

Compton -
Ag k- g
©

*

'Gf\ou' Peoty

Relationship of background and mass absorption
coefficient (1)
Background originates essentially from two sources:
scattering of primary radiation by the sample and general

instrument noise. The scattering is in two forms:
coherent or Rayleigh scattering and incoherent or
Compton scattering.? : _
Both coherent and incoherent scattering are matrix
dependent (c.g. Andermann and Kemp®) and
Reynolds®*® has shown that Compton peak intensity
and mass absorption cocfficient are inversely related
(Fig. 3). It is common practice to generate mass absorp-

<
49
-

Intensity counts/s

) 40 30
Degrees two-theta

20

10

0

FIG. 2. The spectrum illustrated in Fig. | stripped of the lines of the elements present in the sample.
Such a spectrum is obtainable using a pure reagent blank. Note the spurious ‘ghost peaks®
produced by the Lil'(220) crystal and the iodinc absorption edge duc to the thallium doped

sodium iodide scintillator in the detector.
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10 000

5 000

Mo X-ray tube Lit(220}

0.1 0.2
Reciprocal of mass absorption coefficient

Intensity of Mo—Ka Compton peak {counts/s)

FIG. 3. The rélationship of Compton pcak intensity and the
reciprocal of mass absorption coefficient, as first used
by Rcynolds.s"’ (Set of international standards,
calculated mass absorption coefficients.)

‘tion coefficients of samples of unknown major element
composition by this method. Willis? has shown that the
relationship is actually better than 1% relative when

Mo Ka Compton intensity and measured mass absorption
coefficients (transmission method) are used, provided
that a Y, 0, filter and LiFF(220) analysing crystal are
used with a Mo X-ray tube.

o1}

Reciprocat of mass absorption coefficient

NbXe -

300

P
400 800

o

MoKa Compton peak intensity {counts/s)

°o |;o ) z;.wo
M ” I Background {counts/s)

Residual Backgrounds .

FIG. 4. The relationship of any background wavelength (which
may be the Compton peak) and the reciprocal of the mass
absorption cocfficicnt is shown to be lincar. For cach
of the wavelengths indicated, the lines were determined
separately using blanks, then plotted collectively.

Nb Ka is close to the Mo Ka Compton peak (Mo X-ray
tube uscd) and the residual background is somewhat
higher than expected, possitly due ta excessive’
scattering within the instrument. Ga Ko radiation is
‘approximately at twice the Mo Ko Compton wavelength,
which has displaced the line slightly.
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Since not only are the characteristic lines of the X-ray
tube target scattered by the sample, but also the con-
tinuum, any chosen background may be shown to be
similarly inversely related to the mass absorption coeffi-
cient (Fig. 4), as demonstrated by Hahn-Weinheimer
er al.® Also, between adjacent major element absorption
cdges, mass absorption cocfficients at all wavelengths are
linearly related (Table 1 and Hower'®). It follows that
any two backgrounds in this region are also linearly
related. .

The 1elationship was investigated at various wave-
lengths using briquettes prepared with a number of pure
stable reagents, which served as *blanks’ for trace
clements under investigation. Lincar relationships were

- obtained (Figs § and 6), but in all cases the line did not
pass through zero. Particular care was taken to check
the blanks previously for contaminants, e.g. Srin
CaCO,, Rb in K salts, Zr in TiO4, etc.

The intercept which the line makes with the back-
ground intensity axis, for convenience, will be referred
to as residual background.

It is thouglt that this nonzero interception of the

- axes results from background contributed by the actual
instrument, e.g. electronic noise and scattering and
fluorescence from the analysing crystal, and from the
crystal and sample chambers. '

Such contributions to background are not matrix
dependent, but crystal fluorescence and internal
scattering is strongly influenced by the radiation energies
which the sample fluoresces. For example, in experiments

_carried out with the spectrometer sct to measure intensity
at a wavelength of 0.7 A, the contribution due to crystal
-scattering using a sample disc of RbCl (Rb Ka +Kg radia-
tion (0.93 and 0.87 A), absorption edge at 0.81 A),
ideally a very heavy absorber of 0.7 A radiation, was
many times in excess of the actual sample scattered
radiation diffracted by the crystal.

Ignoring crystal fluorescence and scattering, residual
background at a given wavelength is constant for all
samples in an analytical run and, if subtracted from the
background measured, the difference, here referred to

a. ’
;. Discs not K /
e e g ’enst K 7
RS S ‘infinitely’ thick / S
R ) . R
° Y v ’,l
G000 o L
. v "-.-—.- A|203

CaCOs
Ti0
— 2C'2°3 Ag X-ray tube  Lif(220)

A
o
[=]
(<]

TLL A TTEGO Fes0q ) )
100 ' 300 500
Background at 30°. 15° and 40°vcspcclivcly {counts/s)

FIG. 8. The linear relationship of two background positions;
in this case between Comnpton peak and background
read at 30, 35 and 40°, respectively, using a Lil'(220) crystal.
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TABLE 1. Between two major element absorption edges, mass absorption coefficients (u) are lincarly related, as tabulated below for
measured u's (transmission method). Sampie NIM-L shows deviations (underlined) due to high concentrations of Nb, Zr, Y and
S1 present (i.c. absorption edges lic within the wavclength range being examined)

_HRb By uzy MNb HSa HNblegn  ENbHSe  onblozs eNblasa EsdERe Bsednz,
PG-11 ° 10.04 8599 €335 5493 — 0.547 0.639 0.867 — 0.857 1357
G-l 10.10 8662 6373 5544 — 0.549 0.640 0.870 — 0.858 1.359
PCC-1 1128 9681  1.137 6194 — 0.549 0.640 0.868 — 0.868 1.356
DTS-1  11.62 9.995  7.368 6385 — 0.549 0.639 0.867 — 0.860 1387
OK-272 12.34 1061 7.828  6.7196 — 0.551 0.641 0.869 - 0.860 1.356
M-38 1245  10.76 7969 6940 — - 0.557 0.645 0.871 — 0.864 1.350
GSB 12.78 1097 8.062 6986 — '0.547 0.636 0.866 — 0.858 1.361
KL-11 1519 1311 9.704 8.464 2.560  0.557 0.646 0.872 3.306 0.863 1.351
Ww-1 1539 13.22 9.815 B8.548 2.564  0.555 0.647 0.871 3.334 0.859 1.347
MRG-1 19.67 17.05 1264 1101 3307 0.560 0.646 0.871 3.329 0.867 1.349
TiO, 3009 2600 19.24 1671 4989  0.555 0.643 0.868 3.349 0.864 1.351
NIM-L  14.76 1271 9.400 8611 3.002 0584 0678 0916 2.868 0.861 1.352

as ‘true’ background, is directly proportional to 1/u
and the line passes through zero (Fig. 7). '

1t follows that the ratio below permits correction for
matrix variations within samples:

Total spectral peak intensity — total background intensity

True background

. Net peak
ie, ——————
True background

Since the u's at all spectral positions between adjacent
major element absorption cdges are linearly related
(Table 1), the true background used for matrix correc-
tion need not necessarily be that of a spectral line under
investigation.

) Mg0
150

Background at 40° {counts/s)

1]
(=]

Ag X-say tube Lif(220)

4} 106 300
Background at 35° (counts/s)

FIG. 6 The lincar rclationship of two backgrounds; in this
case between the background at 35° and the background
at 40°, using the LiF(220) crystal.

Significance of the findings

Backgrounds beneath several spectral peaks may be
determined by measurement of only one interference-
free background position. Also, the true background at
this position may be divided into al net spectral peaks
under investigation to obtain matrix variation correc-

- tion. If mass absorption coefficicnts are known, back-
grounds may be calculated directly, obviating the need
even.to measure an inferference-free background

Reciprocal of mass absorption coefficient at SrKot

position. All calibrations may be set up at the beginning

of a run by using blanks, the mass absorption coefficients

of which may be calculated easily from tables published

in the literature or measured, preferably by a trans-

mission method® or by using an X-ray tube Compton -
peak.s"’ It is strongly advised that a number of different
blanks should be used, which have been checked

. previously for contaminants.

Correctly speaking, Compton ‘peaks’ are background
regions of elevated intensity and, especially for the
sitver and molybdenum target X-ray tubes, residual
background at these ‘peaks’ is insignificantly snia_ll in’
comparison with total intensity. Its effect may be
‘ignored when analysing ordinary silicate rocks and soils.

. However, the method has the advantage of making
it no longer necessary to measure Compton peaks where

*NoCl
V,O’. io.zxd
293 Mo X-roy Tube
fe202 tiF(220)
[} > "‘)0 1:’0 ;Jﬂ 4:}0 5;0

True' background at SrF.o< (counts/s)
i.e. Total backqround minus residual background

FIG. 7. After removing residual background from readings taken
on blanks, the tine relating background and reciprocal
of mass abtorption coefficient plots through zeio, us
may be expected.
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FIG. 8. The spectrumin the region of 1.2 to 2.0 K, using an Au X-ray tube and a rock sample containing

a few hundred p.p.m. each of Mn, Co, Ni,

Compton peak.

TABLE 2: Comparison of subidium data obtained using
different methods of background determination
(W X-ray tube, LiF(220), Rb Ka line measured)

Concentration of rubidium

_ Methodof background determination®
Recom-
" mended Methods

Sample valuesl0 Conventional a) )

p-p-m. p.p.m. ppm.  ppm.
G-19 210 210 . 210 210
w-1 21 214 2158 223
GSP-1 254 252 250 253
G2 168 166 . 166 - 169
BCR-1 46.6 . 46.7 47.0 47.1
AGV-1 67 66.0 67.9 68.2
Knippa’ _ 28.0 3.2 314

€ G-1=210p.p.m. Rb used as standard. o
b Methods used: Conventional using mathematically interpolated
backgrounds from two measured backgrounds on either side
of the peaksand mass absorption coefficients dctermined by
the transmission method at Rb Ka, SrKa, Nb Ka and Sn Ka

wavelengths. (1) Using calculated backgrounds and mass
absorption coefficients determined by the transmission
method. (2) Using calculated backgrounds and division by
‘true’ background for matrix correction.

.

there are numerous interferences (e.g. Ag Ka Compton
peak is subject to interference by U Ly and RuKg,
Mo Ka Compton peak by U LS, NbKa and Y K@, and
Au La Compton peak by WLfand Zn KB, see Figs |
and 8). .

Data processing

All the relationships described above may be handled
mathematically (see Appendix) and thus data processing
may be handled rapidly by a small computer.

Cu, Zn and W. Note the interferences with the AuLa

TABLE 3. Comparison of strontium data obtained using
different methods of background determination
(W X-ray tube, LiFF(220), St Ka line mecasured)

Concentration of strontium

Method of background determination?

o e

Sample values!0 Conventional 1) 2)

. p.p-m. p-p-m. p-p-m. p.p.m
G-19 249 © 249 249 249
W-1 190 188 186 190
.- GSP-1 233 235 236 233
G2 479 474 471 471
BCR-1 330 328 325 335
AGV-1 657 655 654 656
Knippa —_— 1010 1003 1017

@ G-1= 249 p.p.m. Sr used as standard.
b Methods used as in Table 2.

TABLE 4. Comparison of rubidium and strontium data
obtaincd using different methods of background
determination and a Mo X-ray tube, instead of
W X-ray tube, as in Tables 2 and 3 (Li¥(220),
Ka lines measured)

Rubidium Strontium
Method of background determination?
Conven- Mcthod Conven- Mecthod
Sample tional Q) tional @)
p.p-m. p.p-m. p.p-n. p-p-m.
G1° 210 210 249 249
W-1 20.7 218 . 186 186
GSP-1 252 250 233 236
G2 166 166 474 471
BCR-1 46.1 46.9 330 325

AGV-1  66.3 67.9 668 654

@ G-1 used as standard.
b Methods as in Table 2.
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TABLE 8. Comparison of thurium and lead datz obtained using different methods of backpround determination. A W X-ray tube was used

in the conventional method, as spurious ‘ghost peaks’ interfere with Th La and Pb L3 when a Mo X-1ay tube is used {LiF(220)}

Thorium Lead K
Mecthod of background determination® Method of background determination®

Recommended Conventional? Mecthod (1) Conventional? Mcthad (1)

Samplc . values'® W X-ray tube Mo X-ray tube Average values!® W X-ray tube - Mo X-ray tube
p.p.m. ) ppm. p.p-m. p.p.m. pp.m. - p.p.m.

G-1 S0 52 45 48 48 47

W-1 24 <3 <3 7.8 3 7

GSP-1 104 108 —_ 51.3 55 56

G-2 ’ 24.2 . 23 25 31.2 28 32

BCR-1 6.0 8 . 7 17.6 15 15

AGV-1 6.4 | ) 10 asa 36 37

9 Data from Cherry et al. 3}
® Mcthods as in Table 2.

In a particular application at Anglo American Research
Laboratories a Digital Equipment Corporation PDP 11/05
computer was used to process data produced on punched
tape from a Philips PW 1270 inulti-channe} X-ray spectro-
meter, which was equipped with a Philips P\ 1266

" automatic 160 sample changer. In 54 working days,

‘approximately 25 500 samples were analysed for
uranium, thorium and rubidium by this method with
. maximum economy.

-

Results and conclusions

This method has been widely tested by the authors
and Tables 2 to 6 summarize results obtained for a
number of elements. Of particular significance are the
good results obtained for gallium using a Mo target

“X-ray tube as the GaKa peak (1.342 A) is far removed

from the Mo Ka Compton peak (0.73 A) used for back-
ground determination and mass absorption correction.

TABLE 6. Comparison of gallium data obtained using different methods of background determination

(Mo X-ray tube, Lil(200), Ga Ko linc)

Concentration of gallium

. ' Recommended Values selected Method of background detcrmination®
Sample values!© from Lit.? Conventional Method (1)
) . pp-m. p.p-m. p-p-m. p.p-m.
Gl - 19.6 18.5 18.7 184
w-1 16.0 : 16.7 165 16.5
G2 on9 ’ 20.9 21.2 . 218
GSP-1 22¢ 19.1 21.0 21.6
AGV-] 20.5 19.3 19.4 199
BCR- 20° .21 - 20.9 : 20.9
PCC-1 - 0.4¢ . 0.6 0.6 <0.3
DTS-l 0.2¢ 0.4 04 . " <03
GA 16 : 14.6 14.0
GH 22 21.6 21.0
GR 20 193 19.2
BR 20° 16.1 17.8
1G1 2 154 15.1
IB-1 17¢ 16.6 17.0
NIM-D <39 03 1.3
NIMG 3129 26.6 26.0
NIM-L 589 52.0 55.3
NIM-N 194 " 16.2 16.1
NIM-P 134 6.5 6.9
NIM-S n4 10.8 10.8
MRG-1 — 16.7 17.4

@ [From Willis: '2 Data averaged from at least twenty-five analyses per standard taken from the
litesature. For PCC-1 and DTS-1 only limited data were available.

® Mcthods as in Table 2.
€ Magnitudes.
d Averape.

254



A simple method for background and matsix correction of spectral peaks in trace element determination 47

While not always as accurate as the conventional
method described, relative accuracies of 2 to 5% are
obtainable with a very considerable saving of time.
However, the accuracy of the final result is critically
dependent upon the accuracy of u, or the counting
statistics of the measurement of the reference back-
ground from which g and/or all spectral peak back-
grounds are being determined, because an error in y
Jeads to 2 combined error in background calculation and
matrix correction, which is additive.

The main advantage of the method is that for a group
of analytical elements only one background reading is
used for both background and matrix variation correc-
tion of all the spectral peaks being measured, provided
that no major or minor element absorption edges occur
between the background wavelength and the spectral
peaks. Apart from saving time and, in the case of multi-
channel units, actual spectrometer channels, the method
proved to take into account spurious analysing crystal
reflections and other irregularities in the background.

The method has the added advantage of once again
making possible the use of high reflectivity low dispersion
crystals such as the LiF(200), which have previously
fallen from favour because of the difficulty in obtaining
interference-free backpgrounds in the region of 0.5 to
1.5 A. It is also ideally suited for use with cnergy
dispersive X-ray spectrometry, where the accurate
determination of background is very difficult.
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Appendix: Example of analytical run and
calculations

(1) Sct up calibration using ‘blank’ samples relating
backgrounds beneath the spectral peaks to a nearby
interference-frec background (Fig. 9) or to 1/u, if pis
known (Fig. 10). .

(2) Using cither of the relationships, determine the
backgrounds beneath the spectral peaks in both standards
and unknowns, and calculate the nct spectral peak
intensities 2. )
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- (3) Divide the net peak intensities P by Compton
peak intensity (if read) or by ‘true background’

" (i.e. total background B minus residual background R)
(Fig. 9) or multiply by g, in order to correct for matrix
effects.

(4) Plot these matrix corrected ratios, or Px g, for
the standasds against concentration to obtain concentra-
tion calibrations (working curves, Fig. 11).

(5) Using the matrix corrected ratios, or P x p, obtained
for the unknowns, calculate or read off the working
curves the concentrations in the unknowns, ¢.g. the
calculations, if p is not known, may proceed as follows:

In Fig. 9, let m = slope,
R = intercept (i.e. residual background)

For the unknown, measure the intensity of the
interference-frce background (/g) and the mtensnty of
the spectral peak (lp)

1t follows that the background beneath the spectral
peak is

B=mlg+R
_and the net peak
P= IP—".B
Thus, the intensity ratio
P P
lR = —
(B-R) mIB

In Fig. 11, if C= concentration and S = slope, then
C =8x lR

Therefore, for an unknown sample for which only /g

“and /p need be measured, the concentration can be

calculated from:

Sx[Ip~(nig+R)}
mlg

where S, m and R are constants.

C=
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FORMULATION AND OPERATION OF A GBOCHEMICAL DATABASE

A.R. Duncan and J.P. Willis,
Geochemistry Department, University of Cape Town,
Rondebosch 7700, Cape, South Africa.

Many varieties and considerable volumes of gcochemical data are being
acquired during the search for economic mineralisation. It thercfore
seems most appropriate to discuss a tool for manipulating and storing such
data at a conference whose theme is "Mineralization in Metamorphic
Terranes", The primary purpose of the geochemical database that we have
established is to provide a tool by which scts and subsets of data may be
stored, selected, and manipulated. It has not been our purpose to provide
a data repository, although the database systcm may also be used to this

end,

The database (Fig. 1) consists of one record for each variable (e.g.
element abundance, age, isotopic ratio, etc.) mcasured in each sample,
thus providing a system which allows the addition of new data for any
variable in any sample at any time. Variables may include any paramecter
which can be represented as a scalar value (i.e. the structure of the
database does not restrict its usage to geochemical data). FEach databasec
record consists of a sample number (in which locality information is
coded), the phase analysed, the variable analysed and its value, the units
of measurement, a tag number (to allow association of multiple analyses of
single samples), the analytical method, a bibliographic reference, and a
rock type code. Supporting files contain additional information on
localities (Figs. 2,3), field numbers (Fig. 4), rcferences (Fig. 5) and
rock types (Fig. 6). _

Figure 2 illustrates the way in which locality information is built
into the sample number. Primary classification is by continent, then by
country, and locality within a country. For occanic samples primary
classification is by occan with additional information on the typec of
sample (e.g. dredge, core, island, grab), then by locality within an
occan. A support file (Fig. 3) lists the number of samples for cach
locality presently stored in the database.

It is esscntial to be able to relatc database information to sample
names or fieldnumbers. Figurc 4 illustrates part of the support file
matching database number to sample name.

A reference support file (Fig. 5) matches the database reference
number to a complete bibliographical reference. The first two digits
indicate the year of publication. The third digit is either a 'T' (thesis
or other unpublished reference), or a blank (published paper or book). The
last three digits allow storage of up to 999 refercnces for each year.

Plutonic hypabyssal rocks are classified according to the IUGS
recommendations (Streckeisen, 1973). As no IUGS classifications arc yct
available for other rock types, we have adopted a similar classification
for volcanic rocks, and used modifications of the IGS classification code
(Harrison and Sabine, 1970) for sediments, minerals and mcteorites. Ve
have adopted a hierarchical classification as illustrated in Fig. 6,
showing part of the plutonic rock classification codec.

Duncan and Willis
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A series of programs provides the means of selecting subsets of data
from the database using any combination of criteria selected by the user,
Manipulation programs for operation on selected data subsets provide the

- means of sorting database records on any set of criteria, and of
generating a variety of data matrices. Selected subsets may be used for
many different forms of data analysis including multivariate qtatlstlcs,
element abundance maps, trend surface analysis, etc, :

The database system is currcntly implemented on a UNIVAC 1106 at the
University of Cape Town. However, since all the programs for creating
and manipulating routines are written in FORTRAN with only a few machine
dependent routines, it should be possible to implement the database on
other computer systems with little difficulty.

Streckeisen,A.L. (1973) Plutonic rocks. Classification and nomenclature
recommended by the IUGS Subcommission on the Systematics of Igncous
Rocks, Geotimes, 18, 10, 26-30.

Harrison,R.K. and Sabine,P.A. (1970) A petrological-mineralogical code
" - for computer use, Inst. Geol, Sci. Report 70/6.

LISTING OF EARTH SCIENCES DATABASE

NUMBER PHASE  VARIABIE VALUE UNITS TAG  METHOD REF, ERRORS TYPE .

1101003063 ALL GA .2150+02 PPM 0 XRF 741001 ~ E . . 122000
1101003063 ALL GA/AL .2380+01 \ 741001 122000
1101003063 ALL AL .9050+01 PCT 0 . XRF 741001 122000
1101003064 ALL CA - ,1660+02 PPM 0 XRF 741001 E 122000
1101003064 ALL GA/AL .2060+01 0 747001 122000
1101003064 ALL AL .8060+01 PCT 0 XRF 741001 122000
1101003065  ALL GA .1805+02  PPM 0 XRF =~ 747001 E 122000
1101003065 ALL GA/AL .2220+01 0 741001 122000
1101003065 ALL AL .8140+01 PCT 0 XRF 741001 122000
1101003066 ALL GA +2240402 PPM 0 XRF 747001 E 122000
1101003066 ALL GA/AL .2660+01 - 0 741001 122000
1101003066 ALL AL .84104+01 PCT 0 XRF 741001 122000
1102004001  ALL GA .1710+02  PPM 0 XRF 741001  E 145100
1102004001 ALL GA/AL .1440+01 0 741001 145100
1102004001 ALL AL .1190+02 PCT 0 XRF 741001 145100
1102004001 ALL FE-i+ .9400+00 PCT 0 XRF 671001 145100
1102004002 ALL CA .1615+02 PPM 0 XRF 7471001 E 145100
11102004002  ALL  GA/AL  .12704+01 0 747001 H¥100
1102004002 ALL AL .1272402 PCT 0 XRF 747001 142100

0 XRF 671001 143100

1102004002 ALL FE+H+ « 7200400 PCT

Duncan and Willis



FiG, 2

BASIC LIST OF IOCALITY NUMBERS FOR EARTH SCIENCES DATABASE

Continental

Africa
Australasia
Antarctica

North and Central America
South America
Greenland

India

Europe

Asia

Country = X
locality = Y
Sample Number = Z

E.g.

1000000000 Oceanic
1100000000 Atlantic Ocean
1200000000 Indian Ocean
1300000000 Pacific Ocean
1400000000 Antarctic Occan
1500000000
1600000000 Type of Sample = X
1700000000 Island Sample
1800000000 Dredge Sample
1900000000 ‘Core Sample

Crab Sample
11XX000000 Water Sample
HXXYYYOO0O Locality = Y

Sample Number = Z

11XXYYY22Z

E.g.

South Africa = Country 01 in Africa
B.1.C. = Llocality O14 in South Africa

S.A., B.I.C., Sample 98

1101014098

Gough Island Sample }
Gough Island Sample 2
Marion Island Sample 63

Extra-terrestrial -3000000000
Meteorites 3100060000
Lunar Samples © 3200000000
1
}
FIC. 3
NUMBER YOCALITY
2230010 8 Lleg 25, Joides Program
1101011 6 Namaqualand
1101900 26 Premier Kimberlite Pipe
1107007 23 Umkondo Dolerites, Rhodesia
1600000 4  Greenland
1401001 2 - California, U.S.A.
1300001 10 Queen Maud Land, Antarctica
1202000 10 Tasmania
1501001 14 Parana Volcanics, Brazil
1101015 26 Karroo-Stormberg, Central Area, S.A.
1104002 10 Karroo-Stormberg, Southern Lebombo Area, Swaziland
1107003 5 Karroo-Stormberg, Wankie Areca, Rhodesia
1107005 Karroo-Stormberg, Nyamandhlovu Area, Rhodesia
1107004 3 Karroo-Stormberg, Featherstone Area, Rhodesia
1107002 1 Karroo-Stormberg, Tuli Area, Rhodesia
1106001 2 Karroo~-Stormberg, Botswana Area, Botswana
1107006 13 Karroo-Stormberg, Northern Lebombo Area, Rhodesia
1102006 4 Karroo-Stormberg, Southern South West Africa Area, S.W.A.
1102008 13 Karroo~Stormberg, Northern South West Africa Area, S.W.A.
1600001 9 Skacrgaard Intrusion, East Greenland
1101012 14 Komatipcort Intrusion, Lebembo Monocline
1101013 § Trompsburg Intrusion, S.A.
1101014 67 Bushveld Igneous Complex, S.A.
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250000

2150000000
211YYYO000
211YYYZZZZ

2110050001
2110050002
2210070063

IAT. IONG.
211500
300000
254020
190000
690000
370000

514100
180000
283100
300000
400000
1200000
420000
1460000
540000

420000
120000

nwnrzZznnunom

310000
15500
254700
293000

682000
252500
320200

nwunn=z
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FI1G. 4
NUMBER SAMPLE RAME

1102000001 GR 4 Salen
1102000002 GR 1 Salenm
1102000003 GR 2 Salen
1102000004 GR 3 Salem
1102000005 GR 5 Salem
1102000006  GR 7 Brandberg
1102000007 GR 8 Brandberg
1102000008 GR 9 Brandberg
11062000009 GR 6 Erongo
1102000010 OK 190 Okonjeje
1102000011 0K 191 Okonjeje
1102000012 0K 282 Okonjeje

FIG. S

671001
E.C. Kostlin,

1967, The geology of part of the Kunene Basic Complex, Kaokoveld, S.¥.A.,
M.Sc. Thesis, Department of Geology, University of Cape Town.

70 001 ’ ‘
R.V. Danchin and J. Ferguson, 1970, The geochemistry of the Losberg Intrusion,

Fochville, Transvaal, Geol. Soc. South Africa, Spec. Publ. 1, pp 689-714.
Symposium on the Bushveld Igneous Complex and other layered Intrusions.

727001 :
Geochenistry Department Honours Project, Student Report, 1972,

731001 .
B. Rodrigues, 1973, Processos de Fenitizacao Relacionados com a Estrutura Anelar de Nejoio,

Ph.D. Thgsis, Department of Geology, University of Luanda,

73 002

K.G. Cox, J.J. Gumey and B. Harte, 1973,
Kimberlites (ed: P.H. Nixon), pp 76-100,
Corporation.

Xenoliths from the Matsoku Pipe, in: Lesotho
publ. lesotho National Development

FIG. 6

s

100000 Plutonic and hypabyssal rocks
140000 A + P * Q rocks - Q = 0-5% of light coloured minerals

147000 Gabbroid rocks
147200 © Gabbroid rocks - plag. + pyx.

14721C  Leuco norite
147220 Norite

147230 Mela norite
147240 leuco gabbronorite
147250 Gabbronorite
147260 Mela gabbronorite
147270  Leuco gabbro
147280 Gabbro

147281 Ferrogabbro

147282 Orthopyroxcne ferrogabbro
147283 Biotite orthopyroxcne gabbro
147284 Olivine-bearing gabbro

147290 Mela gabbro
147200 Dolerite

147300 Gabbroid rocks - plag. + pyx. + amphibole
147310 leﬁco amphibole-bearing gabbronorite

147311  Leuco hornblende-bearing gabbronorite
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APPENDIX 2

SAMPLE DESCRIPTION AND SOURCES OF Al DATA

In a general work of this kind detailed descriptions of the rocks
analysed and of the precise localities from which they were taken are
neither feasible nor necessary. Information on rock type has been included
in ;he tables presenting the Ga data, together with information on the
‘general location from which samples were taken, e.g. oceanic island, abyssal
basalt, or igneous complex. Where‘it was deemed necessary, further infor-

a mation regarding localities has Eeen given in the texﬁ or invmaps and_dia-'
gréms, €ege kimberlités, abyssél\rocks, Barberton Mountain Lana, Sea Point
contact, B.I.C. and the Nejoio area in Angola.

Most of the Al data were taken from the references cited in the
text. 'Al was determiﬁed invsome of the mineral separates and in a few rocks
from Gough Island by the author.using XRF Spectrométry and the fusion
technique reported by Norrish and Chappell (1967). Unpublished data for Al
in rocks from the Komatipoort Intrusion, the Umkondo dolerites, -some Karrco .
rocks, and the Sea Point contact were kindly made available by A.J. Erlank.
E.J.D. Kable made available scme unpubliéhed Al daté on abyssal rocks and
oceanic-islands, and J.J. Gurney unpublished data on some of the upper
ﬁantle xenoliths. J.B. Dawson,supplied Al data for the specially selected

kimberlites.

Sources of Al data for abyssal rocks have been included in Tables

41-43, because of the many sources applicable to each table.
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