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A B S TRAC T 

The techniques of instrumental thermal and epithermal neutron 
activation analysis and radiochemical activation analysis as previously 
used at the University of London Reactor Centre, have been refined and 
applied to the determination of selected trace elements in samples from 
kimberlites and similar localities. This thesis describes the techniques 
as used in geochemical analysis and illustrates their precision and 
accuracy with determinations of nine rare earth elements (La,Ce,Nd,Sm, 
Eu,Tb,Ho,Yb and Lu) and six other trace elements (Th,U,Cs,Sc,Co and Cr) 
in the U.S.G.S. standard rocks BCR.l, AGV.1 and G.2 and in the I.A.E.A. 
inter-laboratory comparison sample, SL.l (Lake sediment). 

Subsequent analysis of kimberlites and similar volcanic rocks 
(alnoites and lamprophyres) revealed that, although their trace element 
abundances showed superficial similarities, those in the kimberlites 
were systematically different, suggesting differences in kimberlite 
petrogenesis. The alnoites and lamprophyres were related to a garnet 
lherzolite source that showed light rare earth element enrichment, ten-
tatively ascribed to a metasomatic event. 

In order to compare the trace element composition of the model 
mantle with that of possible real mantle material, a suite of fertile 
and sterile garnet lherzolite and harzburgite xenoliths from South 
African kimberlites were analysed for 13 trace elements. The fertile 
mantle samples were shown to possess flat rare earth element patterns, 
with abundances ranging from ti  1-3x chondrite. No evidence for meta-
somaticd activity was discerned. The analysis of the sterile samples, 
however, revealed a strong enrichment of the light rare earth elements. 
This is the opposite of the light rare earth element depletion expected, 
if the two groups of xenoliths are related by a simple partial melting 
episode. Trace element abundances were subsequently interpreted in 
relation to a two component mantle model. This model postulates initial 
depletion of the mantle in incompatible elements by partial fusion, 
accompanied, or followed, by metasomatic enrichment of the residue by 
a fluid with kimberlitic trace element abundances, prior to inclusion 
of the mantle fragments in the host kimberlite. 

Evidence for the higher level effects of any metasomatic activity 
was sought by the analysis of a suite of lower crustal garnet granulite 
xenoliths. Once again, different varieties were recognised from whole 
rock trace element abundances. In this case, however, the abundances 
were best explained using a conventional model of igneous crystal fraction-
ation. 

It was concluded that metasomatic alteration by incompatible 
element rich fluids is an important process in the sub-continental 
mantle and plays a significant role in the petrogenesis of some 
continental magmas. Kimberlites are interpreted as an infrequent 
surface expression of this widespread mantle phenomenon. 
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CHAPTER 	1 

INTRODUCTION 

1.1 	The Use of Trace Elements in Geochemistry  

Of the ninety naturally occurring chemical elements, eight 

constitute 98% by weight of the continental crust. These are oxygen, 

silicon, aluminium, iron, magnesium, calcium, sodium and potassium 

and are conventionally described as the major elements. The next 

three, in order of abundance (the minor elements) are titanium, phos-

phorus and manganese, while the remaining 79 are known collectively 

as the trace elements. These definitions also hold for the composition 

of the mantle except that K, Ti and P are usually regarded as trace 

elements and Cr and possibly Ni as minors. 

During any magmatic or metmorphic process, the mineralogy of 

the resultant rock is governed by its major element composition and 

by the externally applied physico-chemical conditions (i.e. pressure, 

temperature, partial pressure of volatiles etc.). In any such process, 

however, the trace elements have no controlling effect on the mineralogy, 

rather the mineralogy controls the distribution of the trace elements. 

By observing trace element distributions in rocks, it is therefore 

possible to determine the mineral phases that have played a significant 

part in the evolution of various igneous and metamorphic suites. 
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The way in which a trace element is distributed among the 

various phases in a geological system depends largely upon its crystallo- 

chemical properties. The work of Coldschmidt (1937, 1954) demonstrated 

that, for the most part, the main determining properties are ionic 

charge and radius. These he incorporated into his three empirical 

rules of trace element substitution. Since his work, however, as 

more data have become available, a greater number of exceptions to 

these rules have been discovered. This has led to the consideration 

of_additional properties such as bond strength and electro-negativity 

(Ringwood, 1955) and crystal field stabilisation (Burns 1970) to 

explain various phenomena in trace element geochemistry. These properties, 

however, are only applicable to elements that tend to occur as ionic 

species in magmatic and metamorphic processes. Consequently, the 

distributions of elements such as Ge Ga Sn Mo and As that tend to 

bond co-valently with oxygen are less well understood, their dis- 

tributions being governed by their ability to substitute for tetra- 

hedrally co-ordinated silicon in liquid as well as in solid phases. 

More recently, two more factors affecting trace element distributions 

have been investigated. The first of these involves the rate of 

diffusion of a trace element through silicate liquids and crystals, 

a property that, although difficult to measure, is critical in 

determining the time taken for equilibrium to be attained. Secondly, 

the presence of a volatile phase can have a marked effect on trace 

element mobility, probably due to the formation of gaseous complexes 

(see, e.g. Mysen 1979 and Flynn and Burnham 1978). 



From the above brief description, it is clear that the dis-

tribution of trace elements in geological systems is a complex process 

and, as yet, poorly understood from a theoretical stand-point. It 

has been found useful, however, to express observed distributions in 

terms of partition coefficients, denoted Kd  and defined:- 

X  
K

i - A 
d  

where XA and XB are the concentrations of element i in phases A and 

B respectively. In the special case where B is a silicate liquid and 

A is a co-existing crystalline phase, the Kd.value can be used to 

predict the behaviour of a trace element in such processes as partial 

melting and fractional crystallisation. 

During partial melting, two extreme cases may be considered 

viz.equilibrium (or batch) melting and ideal fractional melting. In 

batch melting, in which the whole body of partial melt equilibrates 

with the residue before extraction, the relative concentration of a 

trace element in the liquid is given:- 

CL 	 1 
Co 	K+F(1 -K) 

3 

1.1 

1.2 



where CL  = concentration of the trace element in the melt 

C0  = concentration of the trace element in the original solid 

K 	= partition coefficient 

F 	= degree of partial melt (D<F<1). 

During ideal fractional melting, the liquid fraction is formed by the 

accumulation of successive small fractions of partial melt in isolation 

from the solid residue. In this case the equation becomes:- 

CL  
= 

C0 	F 

1 

1 - (1 - F)K  

 

1.3 

  

where CL  is the aggregate concentration of the trace element after 

a fraction, F, of partial melting. 

Equations 1.2 and 1.3 refer to the melting of a single phase. 

If a polyphase aggregate (such as a rack) is melted, a bulk distribution 

coefficient, D is defined:- 

D =XaKa+X1KS+... XnKn 

Equations 1.2 and 1.3 become:- 

CL  	1  
Co 	D+F(1 -D) 

1.4 
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1 
1 - (1 - F)D  

 

and eL __ 
CO 	F 

 

1.5 

   

   

Furthermore, if the phases are eliminated in non-modal proportions, 

and the fraction of phase i in the melt is defined pi, then an 

additional factor, P is calculated:- 

P = pa  Ka  + p6  K6  + ... pn Kn  

and the equations become:- 

and 

CL _ 	1 1.6 

1.7 

C 
0 

L 
C0  

D 

__ 	1 
F 

+F(1 -P) 

1 

1 - (1 - PF 13  

For a more complete derivation of these equations see Gast (1968) and 

Shaw (1970). 

Equations can also be used to describe the behaviour of a trace 

element during fractional crystallisation:- 

CL  = F
K-1 

CO  
1.8 



C0 
 = concentration of the element in the original liquid 

CL  = concentration of the element in the remaining liquid 

F = relative volume of remaining liquid 

K 	- partition coefficient. 

Henderson (1975) has incorporated an efficiency factor, E, 

into equation 1.8, to account for the effects of trapping a fraction 

of melt. E is defined:- 

E = (VR  - VM)/VR 

where VR  is the total volume of the rock and VM  the volume of mesostasis. 

Incorporating this into equation 1.8 gives:- 

Co  
CL = F(E(K - D) 

1.9 

From the above equation, it is clear that if K(or D) is less 

than 1 for a given element, then that element will tend to be concentrated 

in the liquid during both melting and crystallisation processes. 

Alternatively, if K is greater than 1 then the element will be retained 

in the solid during partial melting, and will be incorporated in the 

earliest formed cumulates during crystallisation. Such behaviour has 

led to the development of the terms compatible and incompatible element. 

6 



An incompatible element, as defined by Ringwood, is a trace element 

that is not readily accommodated by a rock forming mineral phase. 

This is often confused with the term dispersed element (Gast 1968) 

defined as an element that does not exist as a major (stoichiometric) 

component of any mineral phase in a given system. As an illustration, 

the element zirconium, often considered to be an incompatible element, 

is a stoichiometric componenet of the mineral zircon. It cannot, 

therefore, be considered as either a dispersed or incompatible element 

if zircon is present in the magmatic system under study. The rare 

earth elements, however, are readily but not stoichiometrically 

accommodated by zircon. In this case, as the Kd  values for these 

elements between liquid and zircon are all greater than one, they 

cannot be regarded as incompatible in the presence of zircon although 

they are still dispersed elements. Clearly the terms compatible, in-

compatible and dispersed elements should be used with care and always 

with reference to the mineralogy of the magmatic system under consider-

ation. 

1.2 	The Geochemistry of the Rare Earth Elements  

Possibly the most informative data to have been derived from 

trace element geochemistry are related to the abundances of the rare 

earth elements, or lanthanides, in various rocks and minerals. The 

rare earth elements (usually abbreviated to REE) are the fourteen 

naturally occurring elements of atomic numbers between 57 (La) and 
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71 (Lu); the fifteenth element (Pm, No. 61), being radioactive, does 

not occur naturally. As a direct result of their electronic structure, 

these elements display a remarkable similarity in chemical properties. 

The electronic structure of La comprises completely filled 

orbitals up to 4d, 5s and 5p, (i.e. comparable with the noble gas Xe) 

with two electrons in the 6s and one in the 5d shells. This is 

usually denoted 1Xe15d16s2, and is similar to the other group IIIB 

elements Sc1Ar13d14s2  and YlKr14d15s2. Energy released during chemical 

reactions is sufficient to ionise the s and d shell electrons resulting 

in the very stable noble gas configuration and a common valency of +3 

for these elements. In the periodic table, Sc and Y are followed by 

the first and second row transition elements in which the 3d and 4d 

orbitals are gradually filled. However, for the elements following 

La, it becomes energetically favourable to progressively fill the 4f 

orbital. Hence La is followed by a group of elements with a generalised 

electronic configuration of either IXe14fn5d16s2  or IXe14fn+15d06s2  

where n ranges from 1(Ce) to 14(Lu). As with La, energy released 

during chemical reactions is sufficient to ionise s and d electrons 

and one f electron, which results in a common valency of +3 for the 

whole REE series. Anomalous valencies can arise, however, under 

certain conditions. For example the electronic structure of Ce can 

be oxidised to the very stable Xe structure by the loss of the 4f 5d 

and 6s2  electrons, giving a valency of +4. Similarly, as half filled 
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and completely filled electron orbitals are energetically favourable, 

there is a tendency for Eu to ionise to Eu2+(IXel4f75dO6s°) and Yb 

to Yb2+(IXeI4f145d06s0). Under most geological conditions, however, 

only the Eu anomaly is of particular importance although anomalous 

Ce abundances can arise under strongly oxidising conditions (e.g. 

during late stage hydrothermal and other rock-water interactions). 

The second, and probably most important consequence of this 

electronic configuration is a phenomenon known as the lanthanide 

contraction. The highly directional nature of the individual com-

ponents of the 4f orbitals in space, leads to the imperfect shielding 

of 5p and 4f electron by other 4f electrons. Thus, as the atomic 

number (i.e. nuclear charge) increases so does the effective electro-

static attraction of the nucleus on each of the 4f and 5p electrons. 

As the 4f .orbitals lie within the space occupied by 5d, 5p and 6s 

shells, this results in a gradual decrease in size of both atomic 

and ionic radii as the atomic number increases (e.g. the ionic radius 
0 	 0 

of the +3 oxidation state decreases from 1.13A(La) to 0.95A(Lu)). 

Furthermore, as the 5p and 6s shells are spherically symmetrical, 

the ter-positive lanthanide ion is not subject to crystal field 

stabilisation effects. (It is the spherical asymmetry of the outer 

d orbitals that leads to crystal field stabilisation effects in the 

geochemical properties of the transition metals (Burns 1970)). As 

a result, the geochemical properties of the REE are very similar, the 

distribution of these elements being controlled by the common +3 

oxidation state and the systematic change in ionic radius. 
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The effects of the lanthanide contraction are particularly 

well illustrated by the Kd  values for the REE between various minerals 

and basaltic liquids (see fig. 1.1). As the ionic radii decrease, 

there is a tendency for the heavier REE to become more compatible. 

This is particularly so for garnet, for which Kd  values rise as high 

as 5(Lu). Also shown in fig. 1.1 are Kd  values for plagioclase 

which illustrate the effects of the divalency of Eu. As Eu2+  possesses 

an ionic radius comparable with that of Ca2+  and Sr2+, it substitutes 

for Ca2+  in the plagioclase structure more easily than do the other 

REE, giving rise to Eu anomalies in rocks affected by plagioclase 

fractionation. 

The REE therefore provide us with useful indications of the 

possible mineral phases that have played an important role in the 

evolution of rock suites and, used in conjunction with the equations 

described in section 1.1, can form the basis of semi-quantitative 

petrogenetic models. It should be noted that petrogenic models 

based on Kd  values are, at best, only semi-quantitative in that 

they assume that the value of Kd  is a constant. Clearly, from the 

opening discussion of section 1.1 this is not so. However, until 

the variables controlling the values of Rd  are more clearly defined 

and quantified more precise models cannot be established. 

10 
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Fig. 1.1 	Variation of Kd  with REE Atomic No. 

Garnet, Opx. (Orthopyvoxene),.Cpx. (Clinopyroxene) and 

Olivine data from Frey et. al. (1978). Phlog. (Phlogopite) 

and Plag. (Plagioclase) data from Arth and Hanson (1975). 
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1.3 	Rare Earth Element Analysis  

The similarity in the properties of the REE renders their 

analysis, by conventional means, a difficult process. The separation 

of the REE as a group, however, is relatively simple and was first 

accomplished, as early as 1794, by Gadolin. However, it was not 

until the early twentieth century that all of the naturally occurring 

lanthanides had been individually isolated, illustrating the magnitude 

of the problem when employing classical chemical techniques. Today, 

the REE are usually separated by ion exchange chromatography after 

a simple group separation (see Hooker and O'Nions 1975, Brunfelt et 

al. 1974). 

Post separation analysis can be effected using a variety of 

spectrometric techniques, although only two techniques are of sufficient 

precision and have low enough detection limits to be of great use in 

geochemistry. These are isotope dilution mass spectrometry (IDMS) 

and neutron activation analysis (NAA). Of the two, IDMS is capable 

of giving the most precise analyses (i.e. better than ±3% at the 95% 

confidence level) but can only be used for elements with two or more 

stable isotopes (i.e. La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb and Lu). 

NAA, by comparison, can be used, in conjunction with radiochemical 

separation procedures, to much lower detection limits, and, in theory, 

for all fourteen elements. As NAA depends upon the nuclear as opposed 

to electronic, properties of an element, the problem of mutual inter- 



ferences during analysis, although important, is not as prohibitive 

as in other spectrometric techniques. Thus it is usually possible 

to analyse a rock for some of the REE using purely instrumental NAA 

(INAA), without having to resort to even a group separation. Chemical 

separations for the individual elements, or, at least, separate groups 

of the REE by ion exchange chromatography are always required in IDMS. 

Furthermore, during INAA information on other elements can be obtained 

whereas different chemical separations would be required to gain similar 

information from IDMS. 

Although activation analysis had been used for many years in 

conjunction with radiochemical separations and NaI(T1) scintillation 

detectors, it was only with the development of high resolution semi-

conductor Ge(Li) detectors during the 1960's that instrumental activation 

analysis of silicate rocks became possible. (See e.g. Cobb 1967, 

Gordon et al. 1968 and Denechand et al. 1970.) Further advances 

occurred with the development of ultra-high resolution low energy 

photon detectors using small crystals of very pure Ge, allowing more 

precise analysis of y-rays in the 60-150 keV energy range (Hertogen 

and Gijbels 1971). This led, particularly, to an improvement in REE 

analysis, ten of these elements emitting relatively intense low energy 

y-rays after neutron irradiation. The state of the technique is now 

such that radiochemical separation procedures are only required if the 

REE are present at levels below about 3 x chondritic meteorites. 

13 
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The chondrite standard has proven to be particularly useful 

for graphically displaying geological REE abundances. If an anlysis 

is plotted on a graph of concentration (ppm) against atomic number, 

then a characteristic zig-zag abundance pattern is defined, the even 

atomic number elements being significantly more abundant than their 

neighborouring odd number elements. This is a result of the Oddo- 

Harkins rule, reflecting the enhanced nuclear stabilities of the 

even numbered elements. The zig-zag can be eliminated, however, if 

the rock abundances are divided by the REE abundances in chondritic 

meteorites and this normalised value plotted against atomic number. 

The chondrite values used in this work are from Haskin et al. (1968). 

Originally the chondrite standard was used in an attempt to relate 

magma compositions to a possible primitive Earth composition. While 

the chondritic Earth hypothesis is now subject to considerable debate, 

this does not invalidate the use of the chondrite standard for the 

REE for purely comparative purposes, the usefulness of which is manifest. 

1.4 	The Application of Trace Element Analysis to Kimberlite Geology  

The rare volcanic rock, kimberlite, has recently attained a 

significance to the modern Earth Sciences that is out of all proportion 

to its limited occurrence at the surface of the Earth. It is the 

primary surface source of all natural diamonds, thereby suggesting 

derivation from very great depths within the mantle. In fact it is 

probable that kimberlites are derived from depths greater than for 



any other rock type known to outcrop at the surface. The deep mantle 

origin is further reflected by the presence of included ultrabasic 

xenoliths, which result from the violent, gas fluidised mode of 

eruption. Accidental xenoliths are also derived from the deeper 

layers of the continental crust. It is these samples from the 

otherwise inaccessible layers of the Earth that have triggered the 

recent interest in kimberlite geology. 

Kimberlite can be defined as a serpentenised, porphyritic, 

micaceous peridotite, generally occurring in the form of a pipe 

(diatreme) or dyke. Although, as suggested above, they are 

volumetrically insignificant, a single kimberlite province may 

comprise hundreds of individual pipes, extending over a very large 

area. They tend to be confined to continental regimes, kimberlites 

described from oceanic or orogenic environments (e.g. Borneo), being 

of dubious petrologic affinity. In many respects, kimberlites are 

compositionally similar to other ultrabasic rocks, possessing low 

Si02 and Na20 abundances and high Mg0 and FeO. Other elements, 

however, are anomalously abundant, e.g. Ti02, A1203 and CaO, and 

K20 is especially so. This unusual chemical character is further 

reflected in the abundances of the trace elements. As with all 

ultrabasic rocks, the abundances of the compatible trace elements, 

(e.g. Co, Ni, Cr, etc.), are high, but so too are those of the 

incompatible and volatile elements. In this respect, kimberlites 

are similar to ultra-potassic volcanic rocks, carbonatites, lampro-

phyres, nephelinites and other silica undersaturated magmas, character- 

15 



istic of continental geological environments. One of the aims of this 

work has been to discover if these similarities are reflected in the 

REE and other trace element abundances of these rocks and to elucidate 

any petrogenetic connections that may exist between them. 

Recent research into the petrology and geochemistry of xenoliths 

from kimberlites has greatly increased our knowledge of the constitution, 

composition and evolution of the upper mantle. These xenoliths are 

generally ultrabasic or basic in composition and include such rock types 

as lherzolites and harzburgites (both often garnet bearing) with sub-

ordinate dunites. These rocks are considered to be representative of 

the greater part of the upper mantle. The less abundant, but still 

widespread xenoliths of eclogite and pyroxenite are of less certain 

significance but may have been derived from isolated bodies within 

the mantle, formed by the solidification and re-equilibration of basic 

melts trapped at depth. Of increasing significance are xenoliths 

rich in mica (Dawson and Smith 1977) which demonstrate the importance 

of volatile elements in mantle processes. 

The analyses of ultrabasic xenoliths reported in this work 

are mainly restricted to garnet lherzolite and harzburgites. These 

have been shown (e.g. Nixon and Boyd 1973) to possess a variable 

composition, consistent with their having been depleted, to varying 

extents, by partial melting. It should be possible, with the semi-

quantitative models outlined in section 1.1, to use the trace element 

abundances to test this hypothesis. 
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The third group of rocks analysed are a suite of high pressure 

garnet granulite xenoliths thought to be derived from the lower continental 

crust. These samples possess a mineralogy of garnet, pyroxene and 

plagioclase and a basaltic major element composition. Also included 

in this suite are garnet pyroxenites which are in mineralogical con-

tinuity with the granulites. The major element composition of the 

granulites is again consistent with a depletion hypothesis (Griffin 

et al. 1979) although it is uncertain whether the depletion is a 

result of partial melting or crystal cumulate processes. Once again, 

it is hoped that the application of trace element models will help 

in defining the probable evolution of these samples and their proto-

liths. 
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CHAPTER 	2 

NEUTRON ACTIVATION ANALYSIS 

2.1 	Theory  

Neutron activation analysis (NAA) involves the irradiation 

of samples with neutrons followed by the measurement of the radio-

activity induced in the sample. During irradiation, a neutron can 

interact with a target atomic nucleus in any of the following ways:- 

1. Excitation. 	The target nucleus is excited to a higher 

energy level, from which it decays to the ground state by emitting 

a y-ray:- 

M+n1 -'M +n2  

followed by 

M ->M+y• 

2. Neutron Capture. 	The incident neutron is captured by the 

target nucleus and a new nucleus of til atomic mass unit greater is 

formed. As the total mass of the free neutron plus the target nucleus 

is greater than the mass of the new nucleus, the excess energy is 

liberated as prompt y-rays within 10-12  sec of the capture occurring. 

This phenomenon is known as radiative capture and is represented by 

the (n,y) symbol. 



3. (n,x) reactions. 	The capture of a neutron by the target 

nucleus may induce the emission of a second particle, e.g. a proton 

as in (n,p) reactions, an alpha particle (n,a) etc. These reactions, 

however, tend to be of importance only in epithermal or fast neutron 

irradiation, due to the extra energy required to overcome the strong 

nuclear force before the second particle can be liberated. 

4. At very high neutron energies fragmentation of the target 

nucleus may occur. . 

5. In a few cases e.g. 235U, thermal neutron irradiation may 

induce nuclear fission in the target nucleus. Generally, only neutron 

capture reactions, of either the (n,y) or (n,x) type are of importance 

in neutron activation analysis. 

During neutron irradiation, the reaction rate is given by the 

following equation:- 

R _ mfNc)6  s-1 
A 

where m = target mass (g) 

f = fractional abundance of the target isotope 

N = Avogadro's number 

= irradiating thermal neutron flux (n cm-2s-1) 

a = cross section to thermal neutron capture (cm2) 

A = Atomic weight of target element. 
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If the product nuclide is radioactive with a decay constant 

A(s 1) then the amount produced after time ti (Xi) is given:- 

	

m f N 	a t. 	-At. 
Xi = 	

A 	
1 (1 	e 	

1) 	 (2-2) 

where 	t. is the duration of the irradiation. 
1 

As the activity is measured a time tw after irradiation the 

actual amount of the product isotope, Xt is:- 

-At w 
Xt = Xie 

where tw is the delay between the end of irradiation and the start 

of the observation. Furthermore, the activity is decaying while the 

sample is being counted. Therefore the total number of decays integrated 

over a count time t 
c 

is given:-  

t 
c 	X 	-At 

D = 	Xte-Atdt = - (1 - e c) 

0 

(2-3) 

If the relative intensity of the y-ray of interest is given by 

I and the efficiency of the detector at that energy by E the observed 

integrated count is defined as:- 

-t, 	-At. 	-At. 
C = DIE = E 

I ~Af 

T 	
o e 	(1 -e 	1) (1 - e 	1) (2-4) 
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If the only unknown in 2-4 is m, then it should be possible 

to calculate absolutely, the amount of the element from a knowledge 

of C. However, in practice, difficulties in measuring some of the 

parameters, particularly 4, o and c, lead to considerable errors. 

Until these parameters are more accurately defined, the most precise 

method of NAA is to use elemental standards irradiated at the same 

time as the samples; the technique employed in all the analyses 

reported here. 

For a given element, assuming that sample and standard are 

irradiated simultaneously and the same detector is used for each 

analysis, the parameters c, I, f, N, 	A, a, A, ti  and tc  are the 

same and tw  for both sample and standard are known, then it follows 

that:- 

-At 
CSAM mSAM e 	ti`' 1 

CSTD mSTD -At W2 

where t and t refer to sample and standard respectively. There- 
wi 	w2 

fore mS 1  can be easily calculated. 

2.2 	Modes of Radioactive Decay of use in NAA  

Radioactive nuclides produced by (n,i) and (n,x) reactions 

decay to stable nuclei usually by 
S+ 

or 13 emission, with or without 
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accompanying y-rays. The use of pure S+  or S emitters in NAA is 

limited by the low penetrating power of the particles. In the case 

of S particles (electrons), this results in much self absorption 

within the sample and considerable external and internal scattering. 

Furthermore, the particles are emitted over a band of energies rather 

than at a discrete energy. Thus energy dispersive spectrometry 

detects events from all the S emitters within a sample. Information 

regarding a specific isotope can only be obtained by chemically 

separating it from the sample after irradiation or by analysing the 

decay of radioactivity within the sample with time, with a knowledge 

of the half lives of the isotopes involved. 

Similarly S+ particles (positrons) are scattered and come to 

rest quickly in solid material when they rapidly annihilate with an 

electron, their anti-particle. They can, therefore be detected indirectly 

by the 511 keV y-rays that result from annihilation. However, as all 

positrons annihilate in the same way, it is again impossible to dis-

tinguish two positron emitters without the use of chemical separation 

or decay analysis. 

In many cases, the S particle does not carry the total decay 

energy and the remainder is liberated in the form of y-rays. As y-rays 

are the result of transitions within the nucleus, they are emitted with 
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discrete energies, generally within the range from 60 to 4000 keV. 

Furthermore, y-rays have great penetrating power and consequently 

suffer little scattering or absorption. It is through energy dis-

persive y-ray spectrometry that much NAA is carried out. 

2.3 	The Detection of y-rays  

Electro-magnetic radiation can interact with matter in three 

ways:- 

1. The photo-electric effect. All the energy of the incident - 

photon is used to ionise detector atoms. 

2. The Compton Effect. This is the result of elastic scattering 

of photons by electrons in outer orbitals of the target atoms. During 

a collision part of the y-ray energy is lost to the electron and the 

y-ray is scattered through an angle e. The energy of the scattered 

photon is dependent on 0:- 
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E 
Y 

E 
0  (2-6) 

1 + (E0/moc 2) (1-toss) 

where Eo  is the initial y-ray energy and m0  c the rest mass of the 

electron (511 keV). 

3. 	Pair production. If a y-ray is of an energy above 1.022 MeV, 

it can interact with the electromagnetic field of an atomic nucleus to 

produce an electron-positron pair. 



An efficient y-ray detector is so designed that as many of the 

incident photons as possible give rise to the photo-electric effect, 

and of those that undergo either of the remaining processes, any 

scattered or secondary y-rays are absorbed within the detector. An 

event corresponding to the total energy of the incident photon is 

recorded if all of its energy is deposited in the detector by any 

combination of the above three processes. These events correspond 

to a photopeak in Y-ray spectrometry. However, if after Compton 

scattering, the scattered photon escapes, only the energy of the 

scattered electron will be deposited. Since Eo  = Ee  + E and E is 

a function of cos e, this produces a broad spectrum of recorded 

energies with a maximum energy defined:- 

E 	- 
MAX 

E 0  (2-7) 
1 + moc2/2Eo  

The sharp drop in the continuum at EM  caused by this process 

is known as a Compton edge. 

In the case of pair production, should a positron annilate with 

an electron and one or both of the resulting y-rays escape, then events 

at Eo 
- 511 keV and E

o 
- 1022 keV are recorded. These are respectively 

known as single and double escape peaks. All of these features are 

illustrated in fig. 2.1. 
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The two most widely used types of y-ray detectors today are 

scintillation and semi-conductor detectors. The scintillation detectors 

are usually Thallium-activated Sodium Iodide crystals (NaI(T1)) which 

employ, directly, the photoelectric effect. Absorption of a y-photon 

excites K-electrons in the crystal, resulting in the production of 

secondary photons. These are, in turn, detected by the photo-sensitive 

cathode of a photo-multiplier tube. As the number of secondary photons 

produced is dependent upon the energy of the initial y-photon, the 

amplitude of the pulse from the photo-multiplier tube is proportional 

to the energy of the y-ray, thus allowing energy dispersive spectrometry 

through pulse height analysis. 

Semi-conductor y-ray detectors employ the unusual electrical 

properties of germanium. When a y-photon is absorbed by germanium, 

electrons are excited from the valence band to the conduction band by 

the photoelectric effect. This produces electron-hole pairs within 

the detector crystal, the number of electron-hole pairs being proportional 

to the energy of the incident y-ray. If an electric field is applied 

across the detector and the electron-hole pairs collected then the 

charge pulse so produced is also proportional to the incident y-ray 

energy. Defects and impurities within the crystal can slow down the 

collection process by trapping the charge carriers. In order to optimise 

the collection process, an electron donor, usually lithium is diffused 
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into part of the detector and then drifted towards the centre under 

a strong electric field producing n, i and p layers as shown in fig. 

2.2. This configuration is known as a p-i-n junction, only the i 

(intrinsic) layer acting as the detector, as both p and n layers are 

conductors. As lithium atoms readily diffuse through germanium at 

room temperature, lithium drifted germanium detectors (Ge(Li)) must 

be operated at liquid nitrogen temperatures in order to maintain the 

p-i-n junction. If, however, the germanium can be made pure enough 

and a crystal grown such that imperfections and dislocations are kept 

to a minimum, lithium drifting becomes unnecessary. Thus, hyper-pure 

germanium detectors, as they are known, can be warmed up to room 

temperature without permanent damage being done. They are, however, 

operated at low temperatures to reduce thermal excitation of electrons 

to the conduction band, which, at room temperature, would result in 

considerable background noise. Unfortunately, only small crystals of 

suitably pure germanium can be produced economically (up to ti3 cm3  volume) 

so that their use tends to be limited to low energy photon spectrometry 

in the energy range up to 400 keV, hence their alternative description 

as low energy photon detectors (LEPD). 

Ge and Ge(Li) detectors are now used for y-ray spectrometry 

almost to the exclusion of their NaI(T1) counterparts as they possess 

a much higher resolution and improved peak to Compton ratios. The im-

proved resolution is a result of the low energy required to excite one 
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Fig. 2.2 A cut-away diagram of a typical co-axial Ge(Li) y-ray detector. 



electron in Ge 0,2.9 eV) compared with that required to produce one 

photo electron in NaI ('300 eV). The improved peak to Compton ratio 

is achieved by controlling the geometry of the detector, thereby 

minimising the Compton effect and allowing the absorption of as many 

scattered electrons and photons as possible, in the intrinsic region 

of the detector. 

As both types of detector produce output signals proportional 

to the energy of the incident photon, pulse height analysis of the 

signals allows energy dispersive spectrometry. This is of limited use 

for NaI(T1) detectors because their poor resolution and low peak to 

Compton ratio result in a complex spectrum of overlapping peaks and 

high continuum counts which is difficult to analyse. This disadvantage 

is, however, compensated for slightly by their relatively high efficiency, 

especially in those cases where it is necessary to detect low levels 

of y-activity (as in counting natural radioactivity in rocks). In 

analytical geochemical applications, such situations are rare; therefore 

the remainder of this chapter specifically refers to the use of Ge and 

Ge(Li) detectors in NAA. 

2.4 	Gamma Ray Spectrometry  

A block diagram of a typical y-spectrometer is shown in fig. 

2.3 and is briefly described for a Ge or Ge(Li) detector. 
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The H.T. unit supplies the high voltage bias, as shown in 

fig. 2.2., allowing for the rapid sweeping of charge carriers from 

the intrinsic region. For a typical detector the applied field is 

approximately 1 kV per cm. The pre-amplifier (or head amplifier) 

is located physically close to the detector in order to reduce noise 

which can result from long connecting cables. It is a charge sensitive 

device with an output voltage proportional to the charge produced 

by the detector. The main amplifier, as well as providing considerable 

signal gain, shapes the pulse with respect to time so as to optimise 

the detector resolution. The signal then passes to the multi-channel 

analyser which comprises two main parts:- (a) The analog-to-digital 

converter (A.D.C.) which converts the input pulse height to a digital 

number. (b) The memory stores the pulse as one event in a channel 

according to the digital number produced by the A.D.C. The high 

resolution of semi-conductor detectors necessitates the use of memories 

with at least 1024 channels and preferably more. Output options from 

the M.C.A. usually include a visual display unit (such as a CRT or TV 

screen) as well as the usual computer compatible facilities (e.g. paper 

tape, magnetic tape, etc.) 

The spectrometer used in the work presented here, produced by 

Link Systems Limited, is based on an 8K Nova mini computer, interfaced, 

via the necessary electronics, to either a 42 cm3  Ge(Li) detector or a 

5 mm thick planar Ge detector with an active area of 100 mm2. 5K of 
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the computer memory is dedicated to recording events in 4096 channels 

(up to 220  - 1 counts per channel) while the other 3K is programmed 

for simple data analysis, and the control of sample changers, data 

output and sample counting times. 

2.5 	The Analysis of y-Ray Spectra  

The raw data from neutron activation analysis consists of a 

digital spectrum of counts per channel vs channel number, the latter 

being linearly related to the energy of the incident photon. From 

equation 2-5 it is known that for an element x, assuming all counts 

are corrected for half life decay:- 

mSAM C AM 
 

x 	x  (2-8) 
mSTD C  STD 
x 	x  

Thus C x  values must be determined. For samples with only one 

radioactive species, C x  may represent the total activity of the sample 

or standard. In the more usual case, however, the total activity is 

due to a number of isotopes. Consequently, only those events directly 

associated with the isotope of interest may be included in equation 2-8. 

This is accomplished by interpolating the Compton continuum beneath a 

photopeak of the isotope of interest and calculating the area of the 

peak above the interpolated line. Such interpolation - correction 

procedures fall into three main categories of increasing sophistication:- 
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1. Simple arithmetic correction. A good example of this type 

of analysis is that described by Covell (1959). It involves the 

selection of two channels, one either side of the peak centroid (and 

not necessarily in the Compton continuum), calculating the area of 

the trapezium so defined and subtracting this area from the total 

counts in the defined channels. In activation analysis, this type 

of correction should only be applied when sample and standard peaks 

are of comparable sizes and is best suited to the determination of 

intense peaks. 

2. Continuum (or background) fitting. Where a computer is 

available and the spectrum data computer compatible, increased 

accuracy can be obtained by fitting the continuum on either side of 

the peak to a low order polynomial which is then interpolated beneath 

the peak. The peak area is then determined by subtracting the inter-

polated continuum in each channel from the observed channel counts 

within the peak region. The two major disadvantages with this method 

involve the definition of the peak-continuum boundary channels and 

the resolution of multiple peaks. If multiplets are to be determined 

mathematically then the third form of spectrum analysis is required. 

3. Complete Spectrum fitting. This can only be achieved, with 

care, using large computer programs based on iterative fitting pro-

cedures. As an example, SAMPO (Routti and Prussin 1965) fits each 

peak to a Gaussian function with exponential tails, superimposed on a 

linear or binomial continuum. As well as calculating various fitting 



parameters, calculating efficiency and energy calibrations and peak 

areas, it is also capable of resolving multiple peaks. Much of this 

data is, however, superfluous for routine activation analysis and 

the program itself uses a large amount of computer time and space. 

Also it is generally necessary to run each spectrum through the program 

a number of times, to give the best fit, thereby increasing the 

analysis time. 

As may be appreciated, each method has its own advantages and 

weaknesses and is suited to different applications. For routine 

activation analysis, a large number of peaks must be integrated, for 

which peak areas must be accurately defined and errors calculated. 

Thus speed and precision are of the utmost importance. It was there-

fore decided that an interactive graphics computer program should be 

developed that would allow both rapid inspection and integration of 

each peak using either a Covell-type or polynomial background fitting 

correction. As the program displays each peak on a graphics terminal 

screen, the continuum-peak boundary channels can be chosen individually 

for each peak encountered. This is a distinct advantage over the pre-

set boundary channels imposed by the calculation procedures on the Link 

Systems spectrometer and also provides a polynomial correction option 

which reduces errors due to counting statistics compared with the 

simple Covell technique. 
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2.6 	SPEC5 - An Interactive Graphics Computer Program for the  

Rapid Reduction of y-Ray Spectra  

The original aim of this program was to allow a more detailed 

analysis of y-ray data from the Link Systems spectrometer using the 

facilities readily available on a large computer. As the emphasis 

was on routine use, and so that information from twelve spectra could 

be stored on the computer, the region of interest output mode was 

adopted. For every sample, instead of printing out the whole 4096 

channel spectrum, which would be very time consuming, only those 

channels around the peak were recorded. Despite the disadvantage of 

losing possibly useful data in not printing the whole spectrum, by 

being selective, total print-out time is much reduced, thereby significantly 

increasing the available counting time. Furthermore, the amount of 

data to be sorted is much reduced and therefore more easily analysed. 

The program was written to be compatible with the Link System 

output format. Data is transferred to the computer coded on paper 

tape. Two simple editing programs need to be run before the data can 

be read by the program. Once displayed on the Tektronix terminal 

screen, up to five peaks within the region displayed can be integrated, 

either by a method similar to Covell's (1959) or by the total peak 

area (TPA) method using a polynomial fit to the Compton continuum. 



The Covell type correction is similar to that described above. 

The area of the background trapezoid, B, is calculated:- 
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B Y (N1) + Y (N2) 	(N2 - N1 + 1) (2-9) 

 

2 

  

where 	Y(i) refers to the count in channel i (see fig. 2-4). The 

corrected integral, I, is therefore given:- 

 

N2 
I = E (Y(i) - B 

i=N1 

 

(2.10) 

As the statistics of counting are governed by the Poisson dis-

tribution, the standard deviation of a count, N, is defined as its square 

root. In the case of background correction, only one count, corresponding 

to I + B, is recorded and to calculate I, B must be estimated as in 

equation 2-9. 

i.e. 	I = (I +B) - B 

be 	AI = t(I + B) + AB 

o(I) = /I+B + 0.2(3) 



• 

I 

• • 

• 

. 

• • 

• 
Y(N1)I 	B 	IY(N2) 

N1 	 N2 

Fig. 2.4 	Trapezoid or Covell-type background correction. 

Note that N
1 
 and N2  need not be channels from 

the continuum region of the spectrum. 
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Quittner (1972) has demonstrated that c(B) will depend upon the number 

of channels over which B is calculated. Taking this into account he 

suggested that o(I) can be approximated:- 

o(I) = ✓I + (1 + N2 - Ni - 3)B  

2 

(2-11) 

This is the algorithm used in SPEC5 to calculate errors on peak integrals 

determined by Covell's method. 

From a consideration of equation (2-11), it is clear that the 

wider the peak (i.e. the greater the value of N2 - N1), the greater 

the value of o(I). This is not too critical for spectra from Ge(Li) 

detectors where integrals are calculated over a maximum of til channels, 

resulting in o(I) <3I ++ B. However, the broader peaks from Ge LEP 
detectors, caused by the expanded energy calibration of 0.1 keV/channel, 

require a more precisely defined continuum in order to reduce the 

relative size of o(I). In SPEC5 this is achieved by approximating the 

continuum to a low order polynomial. 

When using the polynomial analysis, the channels representing 

the continuum on either side of the peak are chosen by eye. A pre-

written library subroutine then uses these channels and their contents 

to calculate the polynomial curve which is to be interpolated beneath 

the peak. The final power of the fitted polynomial is chosen according 

to the following criterion. If the goodness of fit parameters for the 
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equation of power n+l is not 60% better than that for the equation 

of power n, then the equation of power n is chosen. While the final 

power chosen depends upon the number of channels to be fitted and 

the number of peaks within the region of interest, for singlets with 

til5 channels on either side, n is generally 3 or less and only reaches 

3 for intense peaks. 

Calculation of the integral is illustrated in fig. 2-5. Using 

the same notation, the integral is given:- 

R1-1 
I = 	E 	(Y(i) - B(i)) 

i=L2+1 

(2-12) 

As before o(I) = ✓I + B + a2(B) 

However, as a larger number of channels have been used in estimating 

the continuum beneath the peak, a more complicated algorithm is required 

to account for o(B). In SPECS, one of the equations from Rogers (1970) 

has been adopted:- 

T 
o(I) = 	+ ō 1 (2 + Nm2) (N-2) (aL + aR) l (2-12) 
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Fig. 2.5 	Continuum or background fitting, using a least 

squares fit on channels L1- L2  and R1-R2  inclusive, 

and interpolating the function, B(x), beneath the 

peak. 



where N = R1  - L2 1, 

m = ((L2 - L1  +1) + (R2 - R1 + 1))/2  

and 	aL  and aR  are the values of B(x) in channels L2 and R1 res- 

pectively. 

If, again, B is the area subtracted, then in a typical example 

where m=10 and N=15, o(I) is given 

o(I) 2  VI + 1.43B 

compared with o(I) = VI + 7B for a simple Covell correction. 

Examples of both correction techniques are illustrated in 

figs. 2-6 and 2-7. 

While the program can integrate up to five peaks in any one 

region of interest, it is not capable of resolving multiplets. In 

such cases, either the whole area of the multiplet is calculated and 

then corrected by ratio (see below) or part of the peak relatively 

unaffected by the interference is calculated using the Covell method. 

This is illustrated in fig. 2-6. 

After the analysis is complete, the area and error are displayed 

on the screen and there is an option to save the relevant data on a 

local file for future reference. The program is listed in full in 

appendix 2-1. 
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Fig. 2.6 	An example of the Graphics terminal screen display of the Covell type correction 

option of SPEC5 on th 121.4kev photopeak of 152Eu. (taken from a spectrum of 

BCR-1 after a 35hr irradiation and 3 weeks decay). 
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Fig. 2.7 An example of the polynomial background fittingoption of SPEC5 on the 84.4kev 

peak from 
170Tm and the 86.6kev peak from 

160  Tb. Note that these peaks suffer 

Interferences from Ta and Th, respectively, although both appear as singlets. 

(Taken from a spectrum of multi-element standard solutions JMES3B and JMES5) 
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2.7 	Analytical Technique  

Having described the basis of NAA, it is now possible to 

synthesise the details into a viable analytical method. 

2.7.1 Irradiation  

Approximately 100 mg of sample are weighed into a small poly-

thene vial. Nine such vials and three standards are further encapsulated 

in a large polythene tube which is heat sealed. The standards and 

samples are stacked in the tube such that there is a standard 

vial at each end of the tube and one near the middle. This arrangement 

allows for the correction of systematic variations in the irradiating 

neutron flux. The tube is then irradiated in a core tube of the ULRC 

"Consort" Reactor for five working days 0,35 firs) in a neutron flux of 

n,1012n cm-2s-1. Samples are unloaded on the morning following the 

fifth day with the reactor shut down in order to minimise exposure 

of operating staff to radiation from short lived radionuclides such 

as 26A1 and 52Mn. 

2.7.2 Counting and Data Analysis  

After irradiation, samples are counted three or four times 

depending upon equipment availability and the elements to be determined. 

After 4-6 days, samples and standards are counted sequentially on 

the Ge and Ge(Li) detectors for '3000 secs each, allowing the deter-

mination of Ho, Sm, U, La and Lu. The counting procedure is repeated 
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Table 2.1 	Relevant data on the nuclides used for  

Activation Analysis in this work.  

Element 

La 

Ce 

Nd 

Sm 

Eu 

Tb 

Ho 

Yb 

Lu 

U 

Th 

Cs 

Sc 

Co 

Cr 

Nuclide 

140
La 

141
Ce 

147
NJ 

153
Sm 

152
Eu 

160
Tb 

166
Ho 

169Th  

177Lu 

239
Np 

233
Pa 

134Cs 

46
Sc 

60Co 

51
Cr 

Energy 

328.8 
487.1 
815.7 
1596.5 

145.4 

91.1 

103.2 

121.8 

86.8 

80.6 

63.1 

208.4 

106.1 
277.5 

94.7 
311.8 

795.8 

889.4 
1120.3 

1173.1 
1332.3 

320.0 

Half Life 

40.3hrs 

32.5days 

Il.1days 

46.7hrs 

12.2yrs 

- 	72.3days 

26.8hrs 

30.7days 

6.75days 

2.35days 

27.Odays 

2.07yrs 

83.9days 

5.23yrs 

27.8days 

Detector 
Used 
Ge(Li) 

Ge 

Ge 

Ge 

Ge 

Ge 

Ge 

Ge 

Ge(Li) 

Ge 
Ge(Li) 

Ge 
Ge(Li) 

Ge(Li) 

Ge(Li) 

Ge(Li) 

Ge(Li) 

Interferences 
and energies. 
None 

175Yb 144.7 

None 

239Np 103.7 
233

Pa 103.9 

154Eu 123.1 

233
Pa 86.6 

None 

Lu X-ray (Standard 
Only) 

239Np 209.8 

None 
None 

169Yb 93.6 
None 

None 

None 

None 

None 

For short irradiations and yield determinations the following nuclides were used: 

Eu 152m. u 121.8 
344.2 
963.5 

9.36hrs Ge or Ge(Li). 
Ge(Li) 	None 
Ge(Li) 

Dy 
165Dy 	94.7 

361.7 
633.4 

2.33hrs Ge 
Ge(Li) 
Ge(Li) 

None 



after a further 2-4 weeks decay for 15-20 000 secs on each detector. 

From this data the concentrations of Ce, Nd, Eu, Tb, Yb, Sc, Cr, Cs, 

Th and Co can be calculated. The isotopes used, their most intense 

'-photopeaks and other relevant data are listed in table 2-1. Photo-

peak areas are determined either automatically by the Link System 

Covell program (Ge(Li) spectra only) or by SPEC5 (data from the LEPD). 

The areas are then corrected for interferences, the ratios used being 

listed in table 2-3 together with the energy of a suitable singlet 

peak of the .interfering nuclide. Finally, concentrations are calculated 

using a second computer program, RIALTO (Carder and Bray 1974). 

2.8 	Sources of Error and their Evaluation  

2.8.1 	Sample Preparation  

As with all methods of trace element analysis, sample pre- 

paration for NAA is most critical especially as it is often necessary 

to irradiate only small specimens (up to 200 mg). Consequently the 

sample must be ground finely to ensure homogeneity but in such a way 

that contamination is kept to a minimum. An additional complication 

in the analysis of xenolith samples from kimberlites is that the 

original material may be very limited, most xenoliths being of cm 

dimensions only and the largest rarely exceeding a few kg in weight. 

Samples are first broken down into chips of 4.5 cm diameter before 

being crushed in an agate Tema. An agate barrel is used as this will 

only add Si02 to the sample. A tungsten carbide barrel can add significant 

amounts of first row transition elements, particularly Co. Unfortunately, 
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some specimens were supplied that had already been crushed in a tungsten 

carbide barrel. As well as giving rise to erroneous Co analyses, it 

was also discovered that X-rays from 187W (ti  24 hours) interfered with 

various low energy y-rays, notably 153Sm at 69.7 keV. This was over-

come by analysing Sm on the 103.2 keV peak. Other samples were pre-

pared by crushing in a cyanide hardened steel hand percussion mortar. 

No significant contamination of the elements of interest resulted from 

this method. 

2.8.2 	Sample Containers  

The samples were irradiated in polythene ampoules which were, 

in turn, sealed in a polythene tube. For instrumental NAA, samples 

were counted in the ampoules in which they were irradiated. The 

ampoules were therefore cleaned prior to irradiation by washing in 

dilute HNO3 for ti2hours and rinsed in demineralised water before 

drying at 110°C. This removes most of the impurities with the 

exception of Br, Sb and sometimes Au. The standards were prepared 

by evaporating aliquots of solutions on to filter papers which again 

contain significant and variable amounts of Br and Sb as well as Na. 

Consequently, signals from these elements were not used, and any 

required information on their abundances obtained by alternative means. 
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2.8.3 	Standard Preparation  

The multielement standard solutions used in this study were 

prepared from stock solutions supplied by Johnson Matthew Limited. 

certified at a concentration of 12/100m1. Aliquots of these solutions 

were then mixed in the appropriate proportions and diluted to 500m1 

with demineralised water. Grade A glassware was used throughout, 

the standard tolerances being used to calculate the maximum error of 

the final concentration. Interferences from impurities in the 

standard solutions were considered negligible from the data given on 

the certificate accompanying the solutions. The concentrations of 

the multielement standard solutions are given in table 2-2 a and b. 

2.8.4 Neutron Flux Variation  

Variations in the observed count rate from a sample due to 

neutron flux variations during irradiation are of two types:- macro-

scopic and microscopic. The microscopic variations result from the 

presence or absence of nuclides with high neutron capture cross sections 

in the sample, causing local perturbations in the neutron flux gradient 

and, possibly, self shielding. Fortunately, in most geological samples, 

these nuclides are present in only trace quantities, far below the 

minimum level required for self shielding to be of significance. 
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Table 2.2 	Concentrations of elements in artificial multi-element 

standard solutions used for activation analysis.  

1. 	JMES5 (REE) 

/100p1) 

Concentration % Error Element 

(ug 

La 3.0 + 	0.0105 0.35 

Ce 6.0 + 	0.0162 0.27 

Pr 1.00 + 	0.0037 0.37 

Nd 5.0 + 	0.0175 0.35 

Sm 0.60 + 	0.0024 0.40 

Eu 0.200 + 	0.0008 0.40 

Gd 6.0 +. 0.0162 0.27 

Tb,Dy,Ho 
• 1.0 + 	0.0037 0.37 

Er & Tm 

Yb 0.50 + 	0.0020 0.40 

Lu 1.00 + 	0.0037 0.37 

2. 	JMES3B 

Cr 	10.0 + 	0.025 0.25 

Co 5.0 + 	0.0175 0.35 

Cs 2.0 + 	0.0110 0.27 

Th 2.0 + 	0.0110 0.27 

Sc 1.00 + 	0.0037 0.37 

U 1.00 + 	0.0037 0.37 



Macroscopic variations are attributable to the geometry of 

the reactor core. In the case of the Consort reactor, the distribution 

of the neutron flux along the length of a core tube approximates to 

a cosine curve. This can result in a significant flux gradient between 

one end of an irradiating capsule and the other. To correct for this, 

three standards are included in each capsule, one at each end and the 

third in a central position. During the data analysis, all samples 

between two standards are normalised to a straight line defined by 

those two standards before any concentrations are calculated. 

2.8.5 	Counting Statistics  

As discussed in section 2.4, all counting data is subject to 

the statistics of the Poisson Distribution. Thus, each calculated 

peak integral is an estimate of the real peak area and can be assigned 

a standard deviation dependent upon the method of peak integration used. 

This error must, therefore, be taken into account when calculating the 

concentration of an element. From equations 2-11 and 2-12 it can be 

seen that the ratio a(I)/I is smallest when I is large and B is small. 

As a result, the multi-element standards have been prepared so that 

photopeak integrals are large (>104  counts), giving low relative standard 

deviations (i.e. <1%). This reduces the statistical error of the analysis 

to that observed in the gamma spectrum from the sample. 
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2.8.6 	Errors due to Interferences 

Sometimes, y-photopeaks from two different nuclides have 

energies so close that they cannot be resolved using normal solid 

state detectors. If this is the case with a peak from one of the 

isotopes of interest, then either the interference must be resolved 

using a mathematical fitting routine or a correction factor must be 

applied from a knowledge of the intensity ratios of the different 

photopeaks of the interfering isotope. For the reasons given above, 

the second alternative has been chosen for this work. As an example, 

in the case of 153Sm, the analysis is usually performed using the 

103.2 keV peak. Unfortunately, there are two significant inteferences 

on this peak, one at 103.7 from 239Np and the second of 103.9 keV 

from 233Pa. As the half life of 153Sm is 46.7 hrs and those of 239Np 

and 233Pa 2.35 days and 27 days respectively, it is impossible to 

allow the interferences to decay before attempting the analysis. From 

irradiated samples of pure U (238U(n,y)239U -} 239Np + S) it is known 

that, using the Link System detector, the area of the 103.7 keV peak 

is 82% of the area of the 106.1 keV peak which is interference free. 

Hence, after the area of the 103.2 keV peak has been calculated, 82% 

of the area of the 106.1 keV peak of 239Np must be subtracted before 

the final concentration is calculated. The 233Pa interference can be 

treated in the same way by irradiating a sample of pure Th ( 2 32Th (n,y) 2 33Th 

.} 233Pa + O. A list of the relevant correction factors is given in 
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Table 2.3 Ratio correction factors for photo-peak interferences. 

Nuclide Energy Interference 
(key) 

Energy 
(key) 

Ratio correction factor. 

144  Ce 145.4 175Yb 144.7 9.25% of 113.8kev peak 

153Sm 103.2 233Pa 103.9 8.40% of 	94.8Kev peak 
239Np 103.7 82.0% of 106.1kev peak 

152Eu 121.8 154Eu 123.1 Use Covell bg. correction only. 

160
Th 86.8 233

Pa 86.6 25.8% of 	94.8kev peak 

169
Yb 63.1 Lu x-ray 34.2% of 	56.lkev x-ray (std. only) 

177Lu 208.4 239Np 209.8 38.8% of 277.5kev peak 

233
Pa 94.8 169Yb 93.6 3.40% of 	63.lkev peak 

* This correction need only be applied to the standard JMES5, which 

possesses a relatively high concentration of Lu. 



table 2-3. Note that these factors are relevant only to the Ge and 

Ge(Li) detectors on the Link System at ULRC, as the measured ratios 

are related to the detector efficiency characteristics as well as 

the absolute y-emission rates of the isotope concerned. 

2.8.7 	Conclusions and Evaluation of Results 

In summary, the only significant errors from the above points 

discussed are due to counting statistics which are calculated for each 

peak analysed. To account for possible errors from the way the flux 

gradient is measured, any errors in standard perparation and errors 

due to interferences, an arbitrary figure of 2% is added to the 2a 

counting statistics figures. Having taken these sources of error into 

consideration, predicted 20 values can be calculated during analysis. 

These are listed in table 2-4a for the USGS standard rock BCR-1 together 

with results from eight separate analyses of this rock. It is clear 

that in most cases the predicted 2a values are in fair agreement with 

the actual values as are the means of the eight analyses with the 

various accepted values. Therefore, it is reasonable to suggest that 

the accuracy and precision of the technique are similar and are best 

estimated from a consideration of counting statistics. The precision 

of the technique is further illustrated by the six analyses of the 

IAEA sample, SL-I (lake sediment) circulated as an interlaboratory 

comparison sample in 1977. The results of this international study 

have only recently been published and the ranges, means and 2a figures 

for the various elements are listed in table 2-4b. Again it is clear 

that good agreement is seen for most elements. The analyses were 

carried out without prior knowledge of the REE composition of the sample. 
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Table 2.4a 	BCR-1 analyses, determined during normal experimental runs  

Element 2a 	Concentration 	2a 
	

Accepted values 

	

(pred.) 	(ppm) 	(actual) 
1 	2 	3 

La 	5% 	25.4 + 1.1 	4.3% 	24.2 	26. 	25. 

Ce 	8% 	56.2 + 6.7 	12% 	53.7 	53.9 	54. 

Nd 	10% 	27.4 + 3.1 	11% 	28.6 	29. 	29. 

Sm 	3% 	6.68 + 0.426 	6.4% 	6.70 	6.6 	6.6 

Eu 	5% 	1.94 + 0.127 	6.5% 	1.95 	1.94 	1.9 

Tb 	10% 	1.09 + 0.13 	12% 	1.08 	1.0 	1.0 

Ho 	10% 	1.29 + 0.13 	10% 	1.33 	1.2m  

Yb 	5% 	3.46 + 0.34 	10% 	3.48 	3.36 	3.8 

Lu 	10% 	0.53 + 0.05 	10% 	0.55 	0.55 	0.6 

	

5% 	31.3 + 1.8 	6% 	- 	33 	34. 

Co 	5% 	36.5 + 2.4 	6% 	- 	38 	37. 

Cr 	10% 	14.0 + 1.2 	9% 	- 	17.6 	16. 

2a (pred.) - 2a predicted from counting statistics and other sources 

of error. 

2a (actual) - 2a values calculated from. the 10 analyses 

Concentration - Mean values calculated from 10 separate analyses. 

Accepted values - 1 Taylor and Gorton (1978) 

2 Flanagan (1974) 

3 Abbey (1977) 
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Table 2.4b 	Results from the analysis of SL-1 (I.A.E.A. inter - 

laboratory  comparison standard, Lake Sediment.)  

This Work 	Results from I.A.E.A. comparison 

p 2o %26 Range of valuesx  u 2a %2a 

La 47.2 + 0.7 (2%) 39.7 - 	65.6 52.3 7.73 (14.8) 

Ce 110. + 6.8 (6%) 86.8 - 195. 132.5 37.7 (28.5) 

Nd 42.6 + 4.2 (10%) 42.6 - 	45.7 44.4 1.56 (3.5) 

Sm 8.69 + 0.37 (4%) 8.62 - 	15.52 10.54 2.36 (22.6) 

Eu 1.79 + 0.08 (5%) 1.78 - 	2.25 1.90 0.22 (11.6) 

Tb 1.13 + 0.13 (12%) 0.93 - 	2.20 1.4 0.5 (36%) 

Dy*  6.52 + 0.46 (7%) 5.89 - 	9.67 7.46 1.71 (22.9) 

Ho 1.31 + 0.17 (13%) n.a. 

Yb 3.28 + 0.12 (4%) 2.90 - 	4.27 3.42 0.52 (15.2) 

Lu 0.59 + 0.053 (9%) 0.25 - 	0.80 0.54 0.18 (33.3) 

*Dy was analysed instrumentally after a ten minute irradiation and 

30 minutes decay. 

n.a. not applicable i.e. no results were reported in the I.A.E.A. 

document. 

x Range of values i.e. those that were not significantly different 

from the grand mean at the 95% confidence level. 



Although this technique is of considerable use for rocks of 

normal compositions, in the case of ultrabasic samples, where the REE 

and other trace elements are present in only very low concentrations, 

the combination of low induced trace element radioactivity with high 

Compton background from Co, Fe, Cr, Sc etc., necessitates the use of 

additional analytical techniques involving either chemical separation 

or epithermal neutron activation. These techniques are now described 

in greater detail. 

2.9 	Radiochemical Neutron Activation Analysis  

When the signals produced by the isotopes of interest are very 

small compared with those produced by the major radioactive nuclides 

in the sample, it is necessary to chemically separate these high activity 

species before the analysis is undertaken. Such is the case for ultra-

basic rocks which possess very variable and usually low concentrations 

of the REE, but high concentration of Cr, Co and Fe as well as Sc and 

Na, these five elements accounting for >90% of the induced activity after 

a 5 day irradiation. After a short irradiation Mn and Na are the main 

radioactive species. Two radiochemical separation procedures were 

developed in order to remove these elements before y-ray spectrometry. 

The first technique, based largely on that described by Brunfelt et al 

(1974), involves fusing the rock with a sodium hydroxide/peroxide mixture, 

followed by dissolusion with dilute acid and separation of sodium in 

the supernatant liquor. Cr, Co and Fe are then removed by cation exchange 
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with a column of Dowex 1-X8 resin, pre-equilibrated with 9M HC1. Sc 

is removed by solvent extraction with tri-n-butyl phosphate and the 

REE precipitated from the final solutions as fluorides. 

Occasionally, the Sc separation step was not particularly 

successful, only 50% of the Sc being removed. This resulted in a 

rather higher background than expected and, hence, poorer accuracy 

in the determination of the very low abundances of Yb and Lu. 

The second technique, for isotopes with short half lives (i.e. 

less than 12 hours), is based on a fluoride precipitation to remove 

the REE, leaving the main active species (56Mn and 24Na) in solution. 

A yield determination, based on carrier reactivation, is carried out 

after the solutions have been counted. 

2.9.1 Radiochemical Separation of REE with long half lives  

This technique was used in the determination of La, Ce, Nd, 

Sm, Eu, Yb and Lu and could be extended for Tb and Ho. As with the 

instrumental technique, samples are irradiated for 5 days in a core 

tube, four samples and three standards in one capsule. After irradia-

tion and 2-3 days decay, the samples are transferred to Ni crucibles 

in which a known quantity of REE carrier has been added. The sample 

0,200 mg) is then fused with 2g NaOH pellets and '0.5 g Na202 for 

10 minutes on an electro-thermal bunsen. When the melt has solidified, 
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the cake is loosened and partly dissolved with a minimum quantity of 

very dilute HCl. After digestion, the contents of the crucible (which 

are still alkaline) are transferred to a centrifuge tube, the crucible 

washed out with dilute HCl and the washings added to the tube. The 

suspension is then centrifuged at '3000 rpm and the sunpernatant liquor 

discarded. The precipitate is washed with demineralised water, centri-

fuged again and the washings discarded before the precipitate is dissolved 

in 5 ml of 9M HC1. If the final fraction of the precipitate does not 

dissolve, the solution can be heated for ti5 minutes until it clarifies 

to a yellow or green colour. When cool, the solution is passed through 

a column of Dowex 1-X8 resin, pre-equilibrated. with 9M HC1, at a rate 

of 1 drop every 2 seconds, to remove Fe, Co and some Cr. The centrifuge 

tube is washed out with two further 5 ml quantities of 9M HC1 and the 

washings passed through the column. The eluate from the column (15-20 ml) 

is then extracted with two 25 ml volumes of tri-n-butyl phosphate to 

remove Sc and any remaining Fe. The organic phase is discarded. 1 ml of 

10% HF is then added to the solution which is carefully neutralised with 

ammonia solution until a white precipitate of the REE fluorides forms. 

The suspension is centrifuged, the supernate discarded, the precipitate 

washed and centrifuged again and the washings discarded. Finally the 

precipitate is dissolved in a minimum quantity of 6MHNO3 saturated with 

H3B03 and the solution made up to 25 ml in a counting vial. A 200 P1 

aliquot of this final solution is transferred to a 1.3 cm diameter filter 

paper in an irradiation ampoule and evaporated to dryness ready for the 

yield determination. 



The standards are mounted on aluminium foils and require 

dissolution in dilute HC1 (doped with a known quantity of carrier). 

The REE are precipitated as hydroxides with NaOH adding the alkali 

in excess to keep the aluminium in solution as the aluminate ion. 

The precipitate is centrifuged and washed before being dissolved in 

a minimum quantity of dilute nitric acid and made up to 25 ml. Again 

a 200 Ul aliquot is taken for the yield determination. This sequence 

is necessary to remove the aluminium and chlorine from the standard 

solution, both of which would contribute significant activity to the 

sample used in the yield determination. 

After separation, the REE solutions are counted for 8000-12000 secs 

each on the Ge(Li) detector and the peak areas determined by the Covell 

method. Final concentrations are calculated after a correction for 

relative chemical yield. 

2.9.2 Separation of REE with short half lives  

This technique is suitable for the determination of Eu and Dy 

to very low levels with low errors (e.g. 0.1 x chondrite with 2a <10%). 

Two samples of ti0.075 g each together with an aluminium foil 

mounted standard are irradiated in the In-Core Irradiation System (ICIS) 

of the Consort Reactor at a neutron flux of 1.1 x 1012n cm-2s-1. After 
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allowing the induced activity to decay for %30 mins (the major activity 

is due to 28A1 (ti  2! mins) from the standard ampoule and must be allowed 

to decay before handling) the standard is treated as in the above scheme 

except that the final precipitation of the REE is in the form of fluorides 

at a pH<7. This prevents the formation of Mn(OH)2, the Mn being derived 

from impurities in the Al foil. 

The samples are fused in Ni crucibles and digested and washed as 

in the above method. After washing, the precipitate is dissolved in a 

minimum quantity of HC1; 1 ml of 10% HF is added and the solution diluted. 

If, on dilution, a white fluoride precipitate does not form, the solution 

can be partly neutralised with ammonia. If the solution is subsequently 

over neutralised and a hydroxide precipitate forms, addition of acid will 

dissolve the hydroxide but leave the fluoride precipitate. This is then 

centrifuged and washed with dilute HC1 before dissolving in the HNO3/H3B03  

mixture. Preparation for counting and yield determinations are as in the 

first scheme. The solutions are counted for 'u3000 secs each. 

2.9.3 Yield Determination  

The chemical yields of the separation procedures are determined 

by re-activation of the .200 pl aliquots taken from the final counting 

solutions. The aliquots are irradiated simultaneously in ICIS for 10 mins, 

allowed to decay for up to 3 hours, and then counted using the Ge(Li) 
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detector for 2-3000 secs. The isotopes used in the yield determination 

are 140La, 147Sm~ 152 u, 162D- are 	and 187Lu. The original carrier solution 

contains 3 mg of La and Sm and 1 mg each of Eu, Dy and Lu in 100 ul, a 

100 ul aliquot being added to each Ni crucible before fusing the sample. 

The measured integrals are corrected for decay during the counting period 

and for decay between counting each ampoule. Relative yields are then 

calculated by dividing the corrected integral for the sample by the 

corresponding integral from the standard. Assuming the standard to 

represent 100% yield, each sample integral is then corrected by dividing 

by the corresponding yield figure before the calculation of the final 

concentration. 

To illustrate the accuracy of the technique and the lowest levels 

of detection, results from the standard rocks BCR-1, G-2 and PCC-1 are 

listed in table 2-5. 

2.10 	The Use of Epithermal Neutrons in Activation Analysis  

The previously described techniques have involved irradiation of 

samples by the total neutron spectrum of the reactor, with neutron energies 

ranging from virtually zero up to 15 MeV. This reactor neutron spectrum 

can be divided into three components:- 

(1) 	Fast Neutrons. 	These are the energetic neutrons, derived 

directly from nuclear fission, that have suffered little moderation. 

Their energies typically range up to a maximum of 15 MeV. 
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Table 2.5 	Standard rock analyses by radiochemical NAA 

3 4 

G-2 	BCR-1 	PCC-1 

mean 	accepteda  mean 	acceptedb  mean 1 2 

La 99.1 	96. 	23.1 24.2 0.027 0.15 0.147 0.04 

Ce 169. 	150. 	50.3 53.7 

Nd 59.3 	60. 	26.0 28.5 

Sm 7.65 	7.3 	6.50 6.70 0.0055 0.008 0.0091 0.01 0.0085 

Eu 1.47 	1.5 	1.93 1.95 

Tb 0.52 	0.54 	0.95 1.08 

Dy - 	- 	6.36 6.39 0.022 

Ho - 	- 	1.12 1.33 

Yb 0.87 	0.88 	3.12 3.48 0.024 0.02 0.0149 - 0.031 

Lu 

a 	- 

b 	- 

0.11 	0.11 	0.47 

Abbey (1977) 

Taylor and Gorton (1978) 

0.55 0.005 0.006 0.0037 0.007 0.0085 

1 	- Flanagan (1974) 

2 	- Ottonello et. al. 	(1979) 

3 	- Garman et. al. 	(1975) 

4 	- Frey et. al. 	(1971) 

mean values refer to results from this work. 
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(2) Epithermal Neutrons may be described as those in the 

process of being slowed down by the reactor moderator. They 

possess intermediate energies from til eV up to 1 MeV. 

(3) Thermal Neutrons are in thermal equilibrium with the 

reactor moderator. Their kinetic energy density function 

follows the Maxwellian Distribution which shows a maximum at 

E = kT/2 where k is the Boltzmann Constant and T is the absolute 

temperature of the reactor moderator. 

In activation analysis, fast neutron activation has little 

application as most target nuclides possess small cross sections to 

fast neutron capture and any radionuclides so produced usually have 

inconveniently short half lives. In contrast some nuclides possess 

relatively large cross sections to epithermal neutron capture due to 

large resonance integrals in the epithermal region. 

Many nuclides obey the "1/v - Law", i.e. in the thermal and 

epithermal energy regions their cross sections to neutron capture are 

inversely proportional to the velocity of the incident neutrons. This 

is the case for many nuclides whose (n,y) products give rise to prominent 

features in y-ray spectra from rocks e.g. 561,  24Na,  46Sc,  140La, 60Co. 

As a consequence of this behaviour, much of the induced activity of these 
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nuclides is due to thermal neutron activation. In contrast, some 

nuclides show large departures from this 1/v behaviour in the epithermal 

region at energies corresponding to favoured nuclear transitions. Such 

nuclides include U, Th, Cs, W, Ta, Ba, Sb, Rb, etc. Thus much of their 

induced activity is a result of epithermal neutron activation. It is 

clear then, that if, during irradiation, the thermal component of the 

neutron spectrum could be shielded from the sample, the signals derived 

from these trace elements would be less reduced than those from the 

other elements. This would result in a relative enhancement of the 

signal and an increased peak to continuum ratio as some of the continuum 

is due to the scattering of y-rays from the 1/v product nuclei. Thermal 

neutron filtering is achieved by enclosing the sample with a cadmium 

shield, as cadmium possesses a very high cross section to thermal neutron 

capture at energies below .55 eV. Above this energy, however, its 

cross section is virtually zero, thereby allowing almost free passage 

for the more energetic neutrons. 

The epithermal activation properties of a nuclide can be con-

veniently expressed in terms of the cadmium ratio, RCd, defined:- 

4°Th 00 + ~Ep
i(I + 0.4400) 

~Epi(I + 0.4400) RCd 



66 

Where 	refers to the neutron flux and subscripts Th and Epi to 

thermal and epithermal neutrons respectively. a is the cross section 

to thermal neutron capture and I the total area of resonance integrals 

in the epithermal region. The factor 0.44 refers to the contribution 

of the 1/v component to the capture cross section in the epithermal 

region. For such elements as Na, La, Sc, Co, Fe, etc., the value of I 

is virtually zero, the epithermal cross section of these elements being 

defined by the 1/v tail (i.e. 0.4400). Thus, RCd  tends towards high 

values. Alternatively,_when I becomes significantly large, RCd 
 is 

reduced. It is, therefore, necessary to know the RCd  values of both 

the interfering nuclides and the nuclides of interest in order to assess 

the possible usefulness of an epithermal irradiation. If the RCd  values 

are comparable, then both activities will be reduced by the same amount 

if irradiated under cadmium. If, however, RCd  for the nuclide of interest 

is low compared with the interference, then the activity of the former 

will be relatively enhanced by epithermal activation. As an aid to this 

decision Brune and Jirlow (1964) defined an Advantage Factor:- 

= 
(RCd)d 

 

F 
a 	

(RCd)D 

where d and D refer to the interfering nuclide and the nuclide of 

interest, respectively. 
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Table 2.6 	Uranium, thorium and caesium analyses by ENAA.  

BCR-1 

p 	F A u 
AGV-1 

F A 

U 1.7 	1.74 1.8 1.6 1.88 2. 

Th 6.1 	6.0 6.0 6.3 6.41 6.4 

Cs 

p 	- 

1.1 	0.95 

This work 

0.95 1.2 1.4 

F 	- Flanagan (1974) 

A Abbey (1977) 



It has been subsequently shown that Fa  must be >20 for ENAA 

to be advantageous. Such is the case for U, Th and Cs, and it is by 

this method that these elements have been determined in the ultrabasic 

rocks analysed in this study. Although these elements can be deter-

mined by INAA in granites and some basaltic rocks, the precision of the 

analysis is improved with epithermal activation. The method of analysis 

is similar to that described in section 2.7 except that the ampoules 

are contained in a cadmium lined aluminium "A-can" during irradiation. 

Some results of USGS rocks analysed by ENAA are given in 

table 2.6. The technique is more fully explained in Steinns (1971). 

2.11 	Summary  

The above described techniques can now be applied to the routine 

analysis of geological samples. The instrumental technique allows the 

determination of 9 REE down to a level corresponding to 2-3 x chondrite 

while the radiochemical procedures can be applied to the analysis of 7 

or 8 REE at abundances of 0.1 x chonrite. Under favourable circumstances 

these numbers can be increased to 11 and 10 elements respectively. U, 

Th, Cs, Sc and Co can all be determined at sub-ppm levels, instrumentally, 

using either thermal or epithermal neutron activation, depending upon the 

elements and samples bein studied. Although Cr has a poorer detection 

limit of ti10 ppm, it is often more precisely determined by X-ray fluorescence 

spectrometry. It is possible to determine other elements (e.g. Na, Mn, 
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Al, Ca, Ni, Ba) by activation analysis, although other techniques, 

particularly XRF, are quicker and, in many cases, just as precise. 

As most of the samples in this study have already been analysed for 

major and trace elements by XRF, it was decided that further analysis 

for these elements would be an unnecessary duplication. 
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CHAPTER 	3 

TRACE ELEMENT ABUNDANCES OF KIMBERLITES 

AND SIMILAR VOLCANIC ROCKS 

3.1 	Introduction  

The continental crust tends to be dominated by two major 

suites of igneous rocks related, respectively, to basalts and the 

granite-granodiorite plutonic association. In addition to these, 

and sometimes in association, are volumetrically minor volcanic and 

hypabyssal rocks of much more unusual compositions. These include 

nephelinites, lamprophyres, alnoites, kimberlites, carbonatites and 

ultra-potassic rocks. All are characterised by a tendency towards 

silica undersaturation, volatile element enrichment and high concen-

trations of incompatible elements. Because of these common chemical 

features, these rocks have often been considered together in petro-

genetic schemes (e.g. Carmichael et al, 1974). In this chapter, the 

trace element abundances of three different rock types have been deter-

mined and compared in an attempt to more closely define any similarities 

between them. The rocks analysed include lamprophyres (minettes) 

from the Navajo-Hopi field, Arizona, alnoites from the British Solomon 

Islands and kimberlites from South African localities. A further common 

feature of these samples is that they all contain xenoliths of mantle 

derived garnet lherzolite. The mineralogical and chemical features of 

these unusual rocks are summarised in table 3.1 a and b. 
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Table 3.1a. 	Mineralogy.  

Phenocryst phases 	Groundmass phases 

Alnoite 	phlogopite, olivine 	melilite, perovskite, 

spinel, apatite and 

feldspathoids. 
* 

Lamprophyre 	diopside, phlogopite, 	alkali feldspar, diopside, 

(minette) 	+ olivine 	spinel, mica and amphibole. 

Kimberlite 	olivine (serpentinised) calcite, olivine, mica, 

phlogopite 	diopside, perovskite, 

spinel + other accessories. 

*Lamprophyres also include varieties dominated by biotite, hornblende 

and plagioclase (kersantites) and others by hb., augite and plagioclase 

(camptonites). 

Table 3.1b 

1 

Representative Analyses 

2 3 4 

SiO2  51.50 48.94 37.36 27.81 1 - Minette, Ship Rock, 

TiO2  1.85 2.03 3.36 2.26 Arizona. 	(Williams, 1936) 

Al203  11.55 10.11 8.06 5.78 

Fe203  2.38 4.47 5.67 4.48 2 - Olivine bearing minette, 

Fe0 4.72 3.60 5.94 4.44 Buell Park, Arizona. 

Mn0 0.10 0.12 0.18 0.15 (Roden, 1977) 

MgO 7.90 10.03 18.76 16.71 3 - Alnoite intrusive & 

Ca0 9.10 8.98 10.81 16.16 4 - Alnoite tuff, both from 

Na20 2.55 1.28 3.70 1.11 Malaita, British Solomon 

K20 5.67 5.22 2.54 1.15 Islands (Nixon et. al. in 

H2O+  1.10 2.92 1.84 6.61 prep.). 

CO2  n.d. 0.01 0.64 9.37 

P205  0.96 1.08 1.30 1.19 

Rock 
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It has long been appreciated that kimberlites originate from 

comparatively great depths within the Earth, probably greater than for 

any other rock type known to outcrop at the surface. The evidence for 

this, however, is derived not from the kimberlite matrix itself but 

from included xenoliths and xenocrysts. Included in this suite is 

diamond, the high pressure polymorph of carbon which, assuming a continental 

geothermal gradient, only becomes more stable than graphite at pressures 

in excess of 45 kb (130-140 km depth). Furthermore, if a diamond 

contains a silica polymorph, this usually takes the form of coesite, 

again a high pressure variety suggesting depths of origin comparable 

with that of diamond. 

More recent work on the composition of co-existing minerals in 

ultrabasic xenoliths from kimberlites has allowed the calculation of 

'pyroxene geotherms' (e.g. Boyd, 1973). This work has revealed that some 

of the samples are derived from depths of up to 200 km + (65 kbar +), 

thereby suggesting comparable or greater depths of origin for the enclosing 

kimberlite. Moreover, for the equilibria observed in the xenoliths to 

be preserved, eruption from these depths must have been very rapid indeed - 

some estimates range to velocities as high as mach 2 or 3 (McGetchin and 

Ullrich, 1975), leaving no time for normal magmatic processes, such as 

fractional crystallisation, en route. Kimberlite is therefore interpreted 

as being a direct product of the deep mantle and should reflect, in its 

major and trace element abundances, the processes operative in these deep 

layers. 



Whilst kimberlite alone contains diamond, it is not alone 

in containing ultrabasic xenoliths. These are found in a variety 

of volcanic rocks of mantle origin, including lamprophyres, alnoites 

and other alkalic and silica undersaturated rocks from both continental 

and oceanic environments (e.g. Jackson and Wright, (1970), Frey and 

Green, (1974), Frey and Prinz, (1978), Wiltshire and Shervais, (1975)). 

The contained xenoliths, however, are usually of the low pressure 

peridotite facies, with a mineralogy of olivine+orthopyroxene+clino- 

pyroxene+spinel. As this assemblage is unstable towards the assemblage 

olivine+orthopyroxene+clinopyroxene+garnet at pressures of 20-25 kbar 

(see, for example fig. 2.10 in Yoder (1976) or fig. 3.10 in Carmichael 

et al, (1974)) and garnet lherzolites are rare in non-kimberlitic 

occurrences, most of these host volcanic rocks are inferred to have 

originated from comparatively shallow depths (ti60 km). Garnet lherzo-

lites are known from some non-kimberlitic localities however, e.g. in 

minette lamprophyres from the Navajo volcanic field (Ehrenberg, 1977) 

and in alnoites from the Solomon Islands (Nixon and Boyd, 1977). 

Derived P-T conditions of equilibration for these xenoliths are in the 

range of 45-50 kb for the Navajo field and up to 35 kb for the Solomon 

Islands xenoliths. While these figures correspond to depths greater 

than those for xenoliths from most basaltic localities, they are still 

generally less than those derived from most kimberlite nodules. 
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As well as containing garnet lherzolite xenoliths, alnoites 

and lamprophyres show other broad similarities with kimberlites. 

Firstly, they are often closely associated in space and time e.g. 

alnoites and kimberlites (+ carbonatites) in N.E. Siberia (Nikishov 

et al, 1972); lamprophyre and kimberlite (+ carbonatite) in Utah, 

U.S.A. (McGetchin et al, 1973, Roden, 1977) and in Labrador, lamprophyres 

occur with carbonatite and olivine melilitite and are reported to 

be chemically similar to kimberlites and alnoites (Dressler, 1975). 

From the preceeding list of localities, it is clear that this volcanic 

association is virtually restricted to continental environments. 

There are no known examples of oceanic kimberlites or lamprophyres 

and although the Malaita alnoites may be oceanic, the anomalous 

lithospheric thickening in that region (the Ontong-Java Plateau) 

suggests that the structure is more complex than is usual for the 

ocean floor (Nixon and Coleman, 1978). Some lamprophyres are associated 

with granite intrusions (e.g. Shap, Cumbria) and genetic links have 

been suggested. However, as has been emphasized by Bachinski and Scott 

(1979), this is not the case in general, the Navajo field, for example, 

being free from the granite-granodiorite association. 

All three rock types are characterised by relatively high 

volatile contents and an abundance of volatile-bearing minerals, 

especially mica. In the case of alnoites and kimberlites, calcite 

is an essential mineral and the effects of CO2  rich fluids are manifest. 
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However, this is not the case with lamprophyres which are relatively 

CO2 poor. The importance and primary nature of the volatile constituents 

is further demonstrated by the mode of occurrence, often in steep sided 

pipes or diatremes, suggesting gas fluidisation and explosive eruption 

(Woolsey et al, 1975). Lamprophyres and kimerlites also occur as dykes, 

especially lamprophyres. Lava flows are seldom seen, although brecciated 

and tuffaceous varieties of all three rock types are known. All three 

are basic or ultrabasic in bulk composition but contain high levels of 

K20 and TiO2 and show some enrichment of CaO,Fe0 and A1203 over typical 

ultrabasic rocks. In the case of kimberlites, this is further reflected 

in the high incompatible trace element concentrations. 

The purpose of the work described below is to characterise more 

fully the trace element geochemistry of these rock types; to compare 

them with kimberlite and other ultra-potassic rocks, in order to deter-

mine whether previously described geochemical similarities are reflected 

in the trace element abundances; and to investigate the possibility of 

genetic links existing between these unusual volcanic rocks. 

Three suites of rocks have been analysed. The first of these 

is a collection of minettes (mica lamprophyres) from the Navajo volcanic 

field, Arizona. There are very few published REE analyses of lamprophyres 

(e.g. Bachinski and Scott (1979) 3 analyses, Cullers and Medaris (1977) 

two analyses) but in both cases, a similarity with kimberlite has been 



noted. The alnoite suite is from Malaita, British Solomon Islands 

and these are the first comprehensive alnoite REE analyses. To 

complete the comparison, fifteen kimberlite samples from Lesotho and 

South Africa have been analysed and the results compared with those 

from published work. 

3.2 	Results  

The results of the analysis of the alnoites, kimberlites and 

lamprophyres, listed in Appendix 3.1, were obtained using the instrumental 

neutron activation technique outlined in Chapter 2. Representative 

REE analyses are illustrated in the chondrite normalised diagrams in 

figs. 3.1 - 3.4 and other trace element data are summarised in table 3.2. 

It is clear from these data that REE fractionation, as illustrated by 

the La/Yb ratios, becomes more extreme through the sequence alnoite-

lamprophyre-kimberlite. Other features, however, do not vary as 

systematically e.g. U and Th are most abundant in lamprophyres, less 

so in kimberlites and poorest in the alnoites, although there is some 

overlap between the three groups. Co and Cr are least abundant in 

lamprophyres and most abundant in kimberlites. All the analyses, 

however, reveal strong light REE enrichment and linear chondrite 

normalised abundance patterns (except for 5 micaceous kimberlites 

from the Kimberley region). Also other incompatible elements (e.g. 

Cs, U, Th) are enriched while the compatible trace elements (Co, Cr, 

Sc and Ni (from XRF analyses)) are at the usual levels for basic and 
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Fig. 3.1 Representative analyses of 6 kimberlites. 
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Table 3.2 	Trace element data for alnoites, lamprophyres and kimberlites. 

Alnoites Lamprophyres Kimberlites 

Range Mean Range Mean Range Mean 

Sc 12.4 - 15.6 14.4 14. - 24. 17.. 7.3 - 18.5 14.4 

Th 10.7 - 15.0 12.8 24. - 90. 53. 4.2 - 29.5 15.2 

U 2.5 - 	4.2 3.2 0 - 19. 10. 0.9 - 	4.7 2.95 

Co 53. - 98. 63. 26. - 47. 42. 67. - 94. 82. 

Cr 377 - 681 516 270 - 640 480 850 - 2380 1470 

Cs 0.3 - 	1.8 1.2 0 - 	5. 3. 0.9 - 2.38 1.38 

9. - 11.2 10.4 

La/Yb 42 - 49 69 - 112 49 - 240 

Trace element data for lamprophyres from S.W.Bachinski (pers. comm.). 

Results obtained using techniques as in this work. 
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ultrabasic rocks. Although these features are apparently anomalous, 

they are typical of silica undersaturated basaltic magmas and attain 

their ultimate expression in the rock types analysed here, particularly 

in kimberlites. In general, volcanic rocks with these features are 

thought to have been derived by limited partial fusion of a fertile 

garnet lherzolite mantle (e.g. Frey et al 1978). However, more informative 

models require a closer examination of the available data. A useful 

device for comparing these analyses is a diagram in which the La/Yb 

ratio is plotted against Sm (ppm), which can be qualitatively interpreted 

as comparing relative REE fractionation with absolute REE abundance. 

The analyses from this work are plotted accordingly in fig. 3-5 together 

with analyses of primitive basalts from S.E. Australia (Frey et al op. 

cit.). As the alnoites overlap with the most REE enriched samples 

studied by Frey et al, the petrogenesis of these rocks is considered 

first. 

3.3 	Alnoites  

Although the alnoite analyses bear a superficial similarity 

to kimberlites and lamprophyres, it is clear from fig. 3.5 that, when 

compared with kimberlites with similar Sm abundances, they possess 

much lower La/Yb ratios and, in this respect, bear a greater similarity 

to continental alkaline volcanic rocks (e.g. the leucitite and 

phonolitic tephrite series from the African Rift Valley (Mitchell and 
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Bell 1977) and the alkaline basalts from S.E. Australia (Frey et al 

1978)). It can also be seen from fig. 3-5 that, despite a 25% increase 

in Sm from the least to the most REE enriched sample (PHN 3553 and 

3565 respectively) there is no systematic variation in the La/Yb ratio 

which remains between the limits of 42-49. This lack of coherent 

variation is even more pronounced if the autolith analysis is taken 

into account. The significance of autoliths in kimberlites has been 

discussed by Danchin et al (1975), who suggested that they probably 

represent accretions of late stage kimberlitic magma. If they can 

be similarly interpreted for these alnoites, then the autolith analysis 

suggests that there was significant enrichment (i.e. ti 40%) of the REE 

and other trace elements in the later stages of alnoite evolution but 

little REE fractionation. Such a variation could be explained by 

fractional crystallisation if the crystallising phase contains virtually 

no REE, as would be the case for olivine. However, despite this mineral 

occurring as the dominant phenocyst phase, all of the analysed samples 

possess very high Mg/(Mg+Fe) ratios and high Ni abundances suggesting 

minimal olivine fractionation. Furthermore fig. 3-6a shows a definite 

positive correlation between MgO and La for some samples, the opposite 

of the expected variation. This correlation also rules out perouskite 

fractionation, another ubiquitous phase in these rocks and the most 

probable host for the REE. As perovskite is Mg0 poor (ti 0.5% R. Mitchell 

unpublished data) its removal would not give rise to the observed positive 

trend, but would reduce the REE while allowing Mg0 to remain virtually 



0 100; 

0 
90,- 

0 0 0 0 

0 0 

0 0 

0 0 0 

LA 

PPM 

80,- 

AL203
/ 10 

Fig.3.6 Graphs of La against other constituents of the alnoites. 

Note the positive correlation with MgO, A1203 and Zr and 

compare with the scatter in the CaO vs La graph. 

15 16 	18 	20 	22 	5 	6 	7 	8 
MGO/ 

0 

0 

180 200 220 	9 11 13 15 17 

ZR~
PPM 	

CAO/% 

70,- 

4g 	 
160 

0 

0 

0 

85 

90, 

LA 

PPM 
80,- 

0 

0 

100,- 



constant. The only other phase that contains both Mg0 and the REE 

is mica. Analysis of mica separated from PHN3553, however, reveals 

that not only are the absolute REE abundances low but the La/Yb ratio 

is lower than the host rock (29 compared with ti45). As a result, 

fractionation of a significant amount of mica, i.e. enough to produce 

the observed Sm enrichment, would tend to increase La/Yb with Sm, 

which, as emphasized above, is not observed. Similarly phlogopites 

from the alnoite contain ti2O% MgO, roughly the same as the alnoite 

groundmass, and so phlogopite fractionation could not produce the Mg0-

La correlation. 

There are similar correlations between La and other components, 

La-Zr and La-A1203 being illustrated in fig. 3-6 b and c as examples. 

In contrast, a less well defined but negative trend is seen between La 

and CaO, the latter tending towards higher values in the volatile rich 

samples. These variations are interpreted as the result of mixing two 

discrete components, the first similar to the autolith composition and 

the second mainly calcite, the sole effect of the calcite being to dilute 

the abundances of the autolith components, and allowing such ratios as 

La/Mg0 and La/Yb to remain virtually constant. This is not as might be 

expected, as igneous calcite (e.g. as in carbonatites and occelli in 

lamprophyres (Cullers and Medaris 1977)) is often thought of as being 

REE enriched. To test this interpretation an extra, calcite rich sample, 

PHN3593c was analysed for the REE in the whole rock. The calcite 
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fraction was then dissolved out using dilute acetic acid and the REE 

in the solution determined. From the weight loss during dissolution, 

the REE concentration of the acetic acid soluble and insoluble fractions 

were calculated. The results are listed in table 3.2 and illustrated 

in fig. 3-7a. The same type of experiment was repeated for sample 

PHN3543, the results of which are similarly illustrated. In both cases 

the acetic acid soluble fraction is much less REE enriched than the 

whole rock but possesses a similar La/Yb ratio. This is clearly 

reflected in the La/Yb vs Sm plot (fig. 3-5). Note also the similarity 

of the calculated REE abundances of the insoluble fraction and the 

autolith sample. These results are interpreted as evidence for the 

purely diluting effect that calcite has on the REE distribution of 

the alnoites. 

The behaviour of the analysed transition elements also conforms 

to the mixing hypothesis, such ratios as La/Co, La/Sc and Cr/Co showing 

fairly limited variation. The anomalously low La/Co ratio for PHN3544 

is probably due to contamination during crushing as a tungsten carbide 

tema had to be used. The unusually high Cr/Co ratio of PHN3545 is, 

however, problematic. 

As most of the compositional variation can be attributed to 

dilution by carbonate, the alnoites are considered to have been derived 

from mantle depths and to have suffered little subsequent modification. 
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This idea is encouraged by the presence of garnet and spinel lherzolite 

xenoliths and a variety of compositional features. Comparison with 

the olivine melilite nephelinites from S.E. Australia, considered by 

Frey et al (op. cit.) to be primary melts, reveals that the alnoites 

possess similarly high Mg/(Mg+Fe") values and Ni abundances (up to 

675 ppm). Such values are acceptable for liquids in equilibrium with 

an olivine rich mantle. Abundances of Cr and Co are also high, 

suggesting minimal pyroxene fractionation prior to eruption. Additionally, 

Sun and Hanson (1975) suggested that primary alkali basalts usually 

possess P205ICe ratios within the range 75 ± 15. The alnoite values 

lie between 61 and 69, which, although a little low (possibly indicating 

Ce enrichment), are within the defined range. These features are 

collectively interpreted as indicating that the alnoites are primary 

melts and may be used to extend the range of compositions studied by 

Frey et al. to a greater degree of silica undersaturation. 

From fig. 3-5 it is clear that the alnoite REE abundances are 

comparable with the most REE enriched basalts from S.E. Australia i.e. 

the nephelinites and melilitites. Comparison of the complete REE 

patterns, however, suggests a greater enrichment of the light REE in 

the alnoites, a feature reflected in the slightly low P205/Ce ratio. 

Using the criterion of Frey et al. (op. cit.) that the source mantle is 

pyrolitic and that, on partial fusion, all the P205 is partitioned 

into the melt phase, the P205 abundances of the alnoites indicate 



derivation by 4.3 - 5% partial melting. This again compares with 

the derived figures for the Australian melitites (4.4 - 5.5%). These 

values can now be used in a similar way to that employed by Frey et 

al. to derive a possible source REE abundance pattern. Starting with 

pyrolite, the extraction of a 4.5% melt of alnoite will leave a residue, 

the composition of which can be calculated by proportion. From this 

residue composition a modal mineralogy can be calculated by a least 

squares linear mixing procedure, using probable mineral compositions. 

The mineral compositions used were taken from the literature; the 

garnet, clinopyroxene and orthopyroxene are from microprobe analyses 

of garnet lherzolites from Malaita (Nixon and Boyd 1979) and the 

olivine was assumed to be similar to those in undepleted ultrabasic 

nodules from kimberlite, (analysis from Meyer 1978). Having calculated 

the mode, bulk distribution coefficients for the residue were deter-

mined and, hence, from the alnoite REE abundances, the residue abundance 
• 

pattern was calculated. Finally, by summing the residue and alnoite 

in the correct proportions, the REE abundances in the undepleted source 

were determined. The various steps of the calculation are summarised 

in table 3-3 and the final calculated source illustrated in fig. 3.8 

where it is compared with the results of similar calculations from Frey 

et al on the melilitites. Clearly the three source regions possess 

very similar REE abundances. 
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Table 3.3 	Least squares mixing model for alnoite petrogenesis.  

1 	2 	3 	4 	5 	6 	7 	8 

SiO
2 
 45.79 45.79 - 42.74 53.03 55.96 40.53 0.51 

TiO
2 
	0.58 0.58 - 0.14 0.44 0.16 0.02 50.50 

Al203  3.34 3.16 -.18 22.98 4.22 2.71 0.05 

Cr203  0.30 0.38 -.08 1.45 1.05 0.45 0.04 

Fe0* 	8.37 7.85 -.52 8.35 2.65 6.22 9.09 46.35 

Mn0 	0.14 0.18 +.04 0.43 0.09 0.14 0.16 1.45 

MgO 	38.68 38.69 +.01 20.38 15.80 33.38 50.29 0.46 

Ca0 	2.72 2.74 +.02 5.07 20.72 0.53 0.07 0.71 

Na20 
	

0.42 0.20 -.22 0.02 1.70 0.09 

K20 0.01 0.0 -.01 - - - - - 

Calculated "best fit" mode - 8.5% + 10.3% + 28.7%+ 51.7% + 0.8% 

1 - Calculated residue composition (pyrolite - 4.5% alnoite) 

2 - Best fit composition for column 1 using mineral analyses. 

3 - Residuals. 

4 - Garnet, 5 - Clinopyroxene, 6 - Orthopyroxene, 7 - Olivine 

8 - Ilmenite. 

Calculation of source REE composition. 
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D 	C1 	Cres  

La 0.00255 86.7 0.221 

Ce 0.00507 197. 1.00 

Nd 0.0121 77.9 0.943 

Sm 0.0232 15.4 0.358 

	

Eu -0.0298 	4.70 0.140 

	

Tb 0.0441 	1.77 0.078 

	

Ho 0.116 	1.25 0.145 

	

Yb 0.371 	1.86 0.69 

	

Lu 0.517 	0.26 0.134 

Source 
ppm chond 
4.11 (12.5x) 

9.82 (11.2) 

4.41 (7.35) 

1.04 (5.75) 

0.345(5.02) 

0.154(3.28) 

0.195(2.75) 

0.743(3.37) 

0.140(4.11) 

D - Values calculated from 

mineral Kd  values (set 3 

Frey et. al. 1978) and 

calculated mode (above)). 

C1- Alnoite REE abundances. 

Cres= C1 
 x D i.e. calculated 

residue REE abundances. 

Source =(0.955 x Cres) + 
(0.045 x C1) 
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Fig. 3.8 Comparison of petrogenetic models for the Malaita alnoites 

and the S.Australian -basanites, nephelinites and melilitites. 

Key:- Vertical shading - alnoites (open circles represent 

the mean of six analyses used to model the alnoite source). 

Horizontal shading - nephelinites and melilitites. 

1 - Model source for alnoites. 
2 - Model source for melilitites 
3 - Model. source for nephelinites and basanites (Frey et. al.) 
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From these results it is clear that the greater degree of 

silica undersaturation of the alnoites is not explained either by 

invoking smaller degrees of partial melting or mantle heterogeneity, 

but must be ascribed to some additional process. Frey et al suggested 

that, at low degrees of partial melting, the degree of silica under-

saturation of a melt may be controlled by p(CO2) and, particularly, 

the CO2/(CO2+H20) ratio of the source material. With respect to the 

petrogenesis of nephelinites and melilitites they state:- "It is possible 

that compositional differences in these primary magmas are subtly 

explained by differences in H20/CO2 proportions in the source region, 

the olivine nephelinite being a similar melt fraction from a source 

region with higher H20/CO2 proportions than that for olivine melilitite". 

From the various lines of evidence, a similar effect is observed in 

the Malacita alnoites. Petrographic evidence suggests that the calcite 

causing the previously described dilution originally separated from the 

alnoite magma as an immiscible liquid. This is particularly clear from 

the autoliths and lapillae tufts where alnoite is set in a carbonate 

matrix (P.R. Nixon pers. comm.). Furthermore, in accordance with the 

proposed effect of increasing p(CO2) during partial melting (viz. to 

increase the CaO/Na20 ratio of the melt) the alnoites show a tendency 

towards high CaO/Na20 ratios, values ranging from 2.7 (3544) to 11.4 

(3541), calculated after correction of Ca0 due to the calcite contribution. 

These values compare with the maximum of 3.75 from the S.E. Australian 

basalts and are interpreted as a further demonstration of the profound 

effect of p(CO2) on the products of partial melting. 



The source of the CO2 in the alnoites is problematic. In some 

samples there is up to 10% CO2 while in others less than 1%. If an 

average content of 5% is assumed and the alnoites are the result of 

4.5% partial melting, then the source region must have contained 

ti 0.23% CO2. Available analyses of ultrabasic rocks, however, rarely 

show such high CO2 abundances, even if CO2 analyses are reported at 

all. It therefore seems possible that CO2 was introduced into the 

source region before or during partial melting, where it mixed with 

or dissolved in the partial melt, resulting in the observed chemical 

properties of the alnoite magma. 

The petrogenesis of the alnoites is, therefore, envisaged in 

the following manner. A CO2 rich fluid from deeper within the mantle, 

equilibrated with the product of 4-5% partial melting and garnet 

lherzolite at a depth > 130 km. The REE content of the derived magma 

was governed partly by the CO2 rich fluid and partly by the partial 

melting process. Eruption finally occurred directly from '1,130  km as 

a result of the accumulation of volatiles. On eruption, the sudden 

release of pressure induced the separation of the CO2 either as a 

fluid or gas phase, resulting in gas fluidisation of the magma and 

an explosive mode of eruption. Carbonate or CO2 separation also 

concentrated the REE in the silicate fraction, in agreement with 

recent experimental work on the partitioning of the REE between 
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silicate and carbonate fluids at low pressures (e.g. Mysen 1979). 

Physical separation of these two components, probably followed by 

remixing, resulted in the observed variations in alnoite composition. 

The chemical variations seen in the alnoites have implications 

for carbonatite petrogenesis. It is known that carbonatites are 

highly enriched in the light REE and other incompatible elements 

(e.g. Eby 1975). The presence of calcite occelli in lamprophyres 

(see, e.g. Bachinski and Scott (1979) and Cullers and Medaris (1977)) 

has often prompted the spculation that carbonatite could be derived 

from silicate magmas by the exsolution of an immiscible carbonate 

liquid, depleting the silicate fraction in the light REE and other 

incompatible elements. The evidence from the alnoites, while supporting 

the exsolution hypothesis, reveals that the trace elements, under 

certain conditions, are preferentially accommodated in the silicate 

fraction. In contrast, the evidence of Cullers and Medaris (1977) 

suggests that occelli in lamprophyres are relatively enriched in the 

REE. It is clear, therefore, that physical conditions, especially 

confining pressure, could play a significant part in determining the 

distribution of the REE between carbonate and silicate magmas. A 

similar carbonate-silicate relationship is shown by the Lashaine ankara-

mite-carbonatite tuff cone, N. Tanzania (Ridley and Dawson 1975). In 

this locality, both ankaramite and carbonatite are light REE enriched 

(La/Yb = 58 and 18.4 respectively), but the ankaramite contains much 

higher absolute abundance of the REE (e.g. Sm = 7.8 and 0.83 ppm 
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respectively). Although the data does not allow any definite conclusions 

to be drawn regarding carbonatite evolution, it does suggest that care 

must be exercised when interpreting trace element abundances of carbonatite 

with reference to co-existing silicate magmas. 

3.4 	Lamprophyres  

As with alnoites, plotting the REE data on fig. 3.5 reveals 

that the similarity with kimberlites is purely superficial, the lampro-

phyres being much more enriched in Sm for a given La/Yb value. However, 

the lamprophyres are more REE enriched than the alnoites and plot over 

a greater range of La/Yb and Sm values. Furthermore, there is a tendency 

for La/Yb to increase with Sm within the lamprophyre group. 

Unfortunately, major element and Ni analyses are not available 

for these samples. Hence, it is not possible to use the compositional 

criteria to estimate the degree of partial melting and fractional 

crystallisation involved in the production of the lamprophyres as it was 

with the alnoites. However, analyses of lamprophyres from Buell Park, 

Arizona, the same locality as samples AR.1, 2, 3, 5, 6 and 15 give 

Mg/(Mg + Fell) values of between 80 and 90 (Roden 1978). These rocks 

also contain high pressure garnet lherzolite xenoliths as does the Thumb, 

the volcanic plug from which AR.9 was taken. These features are inter-

preted as suggesting that at least some of the lamprophyres have been 

derived from considerable depth with only minimal modification by such 

processes as fractional crystallisation. 



Reference to fig. 3.5 shows that the least REE enriched samples 

continue the same positive trend defined by the alnoites and the 

S. Australian basalts. As the required degree of partial melting 

decreases as Sm in the derived liquid increases, it therefore seems 

possible that the lamprophyre magma could be derived from a similar 

source to the above mentioned rock types, but by a smaller degree 

of melting. To test this hypothesis a number of partial melting 

models involving a parental garnet lherzolite mantle were calculated 

using the source REE composition proposed by Frey et al (op. cit.) for 

the S. Australian basalts. The models involved 1-5% partial melting 

and varying the proportions of garnet and clinopyroxene as in table 

3-3. The composition of the melt is based on the work of Davis and 

Schairer (1965). The results of these models are illustrated in 

fig. 3-9 and compared with the lamprophyre analyses. It is clear 

that increasing the gt/cpx ratio of the source tends to increase 

La/Yb and slightly decrease Sm for a given degree of melting. While 

significant, this variation does not account for the major internal 

La/Yb vs Sm correlation within the lamprophyre group. If the whole 

REE patterns for the three models are compared with the range of REE 

patterns shown by the most primitive samples, i.e. those lying closest 

to the calculated curves, (fig. 3.9), it is clear that while they 

agree qualitatively, the fine detail of the REE pattern cannot be 

reproduced. As varying the modal proportions of the source mineralogy 

only serves to produce a shift in the REE pattern and not a change in 
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Table 3.4 	Summary of lamprophyre partial melting models.  

Mineral 	Garnet 	Clino- 	Ortho- 	Olivine 

pyroxene pyroxene 

Source Modes:- 

Model I 8% 12% 25% 55% 

Model II 10% 10% 25% 55% 

Model III 12% 8% 25% 55% 

Proportions of minerals 

entering melt :- 47% 47% 3% 3% 
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Fig. 3.9 Comparison of lamprophyre REE abundance parameters 

with partial melting models (see text) 

and theoretical trends from fractional 

crystalisation. 

P - Phlogopite, 0 - Olivine, 
D - Diopside, 	A - Augite. 

Curves marked at 10% intervals. 

0 

0 

50 

0 
15, - 

10. 

lz I 

IE 

30 

25, - 

20, - 

5, 

SM 
PPM 

40 	50 	60 	70 	80 	90 	100 	110 	120 

LA
/Ys  0 



1000. 

101 

Yam 

500 , 

\4N. 

NVN. 

	

50. 	 \\` 

primitive lamprophyres with 3 partial _` 
melting models at 1.5(I), 2.0(II) and _` 
2.5%(III) partial melting. The sigmoidal sha7910. 
of the actual REE curves is considered to be a 

	

10, 	reflection of the source REE distribution pattern 

rather than source mineralogy. 	 NSL 

5 , 

1 	1 	i 	1 	1 	1 	i 
• LA CE 	ND 	SM Eu 	TB 	Ho 	YB 

100. 

Fig 3.10 Comparison of 

the REE abundances in the most 

• 



shape, it is inferred that the variation of the light REE reflects 

differences between the source region of the alnoites and that of 

the lamprophyres. Note that in both models, the best agreement 

between the models and the actual analyses is given by the heavy 

REE. The significance of this variation in light REE abundance 

patterns will be discussed in a later chapter. The calculations, 

therefore, suggest that lamprophyre magma is produced by partial 

melting of garnet Iherzolite but that the abundances of the REE in 

the source are subtly different from the abundance in the alnoite 

source. 

The samples richer in the REE, however, must have evolved by 

some additional process or processes. Previous workers have shown 

that fractional crystallisation can produce varying trends on a Ce/Yb 

vs Sm diagram (e.g. Thorpe 1978). Phenocryst phases in the lamprophyres 

include olivine, mica and clinopyroxene. Using published KD  values 

and assuming ideal Rayleigh fractionation, La/Yb vs Sm trends have 

been calculated for olivine, mica, diopside and augite and are plotted 

on fig. 3.9. For olivine and mica these calculations reveal a tendency 

to produce vertical trends. In the case of olivine, this is due to 

the very low mineral-liquid KD  values, while for mica, although the KD  

values are higher there is no tendency to fractionate the light from 

the heavy REE. Clinopyroxene KD  values, however, give rise to a variety 
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of trends, depending on the values taken. The two lines in fig. 3.9 

correspond to values taken from Frey et al (1978), (curve D, Diopside) 

and Arth and Hanson (1976) (curve A, Angite). As the two calculated 

trends encompass that defined by the lamprophyre group, it seems 

likely that the REE abundances may be controlled by clinopyroxene 

fractionation, a conclusion supported by the Sm-Co variation (fig. 

3-11). From the above calculations, it is known that Sm increases 

in the liquid during clinopyroxene fractionation. Co, however, 

with a KD  > 1, is easily accommodated by the clinopyroxene and its 

abundance in the melt should, therefore, be reduced. Fig. 3.11 

reveals such a negative correlation, and provides further qualitative 

evidence for the operation of this process. 

In conclusion, the trace element data support the hypothesis 

that the Arizona lamprophyres have evolved through limited partial 

melting (ti 2.5%) of a garnet lherzolite mantle, provided that this 

source was significantly enriched in the light REE. Source region 

heavy REE abundances are ti 3 x chondrite. While some of the magmas 

were subsequently erupted without further modification, others appear 

to have undergone varying degrees of clinopyroxene fractionation to 

account for the absolute REE abundances and the negative Co-Sm correlation. 

Apart from the trace element abundances, two other related 

aspects of lamprophyre chemistry are worth noting. Unlike most proposed 

products of limited partial melting, lamprophyres tend to be silica 
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Fig. 3.11 Graph of Sm vs. Co for the Arizona lamprophyres 

showing the general negative correlation. 

(An extra point at 72ppm Co and l8ppm Sm plots 

off of this graph) 
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saturated, not undersaturated, and, secondly, the primary volatile 

constituent is H20, not CO2. It is clear, from the arguments out-

lined in section 3-3, that this is yet another illustration of the 

effects of volatile components during partial melting, the high 

H20/CO2 ratio allowing the higher silica activity in the melt. 

Note also, that with low partial melt fractions it is not necessary 

to invoke a source mantle particularly enriched in K20. The Buell 

Park lamprophyres contain 4.8 - 7.2% K20 (Roden 1977). If,on partial 

melting, all the K20 is assumed to enter the melt phase then, at 

2.5% partial melting, this is equivalent to .12 - .18% K20 in the 

source, a figure that compares well with the pyrolite model of Ringwood 

(1966) which contains .13% K20. 

3.5 	Kimberlites  

The REE analyses of kimberlites presented here, while not 

being the first, do reveal hitherto unsuspected variations. The 

first of these concerns the large spread of REE abundances and 

fractionation of the light elements from the heavy elements. The 

La/Yb ratios vary from 366 (PHN 2796, Bultfontein) down to 49 (PHN 

2811, Jagersfontein). Furthermore the Jagersfontein sample is the 

most REE depleted kimberlite yet recorded. As the samples were 

chosen for their freshness, this must be considered a primary feature 

of this kimberlite occurrence. 
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The second feature involves only the most REE enriched samples 

from the Kimberley pipes, in which the heavy REE *abundances vary while 

the light REE remain virtually constant. This variation will be dis-

cussed below. 

The third and most fundamental feature is seen when the analyses 

are plotted on a La/Yb vs Sm diagram (see fig. 3.12; this diagram also 

includes results from previous work e.g. Mitchell and Brunfelt (1975) 

Fesq et al. (1975) Paul (unpublished results)). All the analyses plot 

along a broad trend, parallel to that defined by more normal basaltic 

rocks,but at lower Sm (E REE) abundances for a given La/Yb ratio. This 

clearly has implications for the petrogenetic processes that produce 

kimberlites and suggests that fundamental differences must exist between 

the origins of kimberlites and more normal basaltic magmas. Note also 

the negative slope in fig. 3.12 shown by the most REE enriched samples, 

a further reflection of the unusual heavy REE depletion mentioned in 

the above paragraph. However, before the ultimate causes of these 

variations are discussed, it is important to assess the effects of the 

known sources of REE variation in kimberlite. 

Mineralogically, kimberlites can be classified into two main 

categories viz micaceous and basaltic (note that the term basaltic refers 

solely to the texture of the rock and implies no genetic relationship). 

Analyses of these different types have revealed that the micaceous varieties 
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tend to be more enriched in the REE than basaltic kimberlites (Mitchell 

and Brunfelt (1975)). Similarly, differences in REE abundances have 

been observed from kimberlites of different structural types. Paul 

and Nixon (unpublished results) and Paul and Potts (1977) have shown 

that there is a tendency for diatreme (pipe) facies kimberlites to 

be less REE enriched than the hypabyssal (dyke) facies samples. While 

these relationships hold well within any one kimberlite locality, they 

can break down when samples from different pipes or dykes are compared, 

e.g. the Hypabyssal kimberlites from Kao, N. Lesotho (Paul and Nixon 

op. cit.) are similar with respect to the REE to the diatremic samples 

from Wesselton (Mitchell and Brunfelt (apcit.)). Other aspects of 

their chemistry reflect this within locality variation. As emphasized 

by Paul and Potts (1977), pipe kimberlites are richer in Si, Al and 

Na compared with their hypabyssal counterparts while the latter seem 

to have retained a greater proportion of their volatile constituents. 

Both of these effects may be considered to be a direct consequence of 

the mode of emplacement, the volatiles being trapped in the kimberlite 

fluid by the confined environment of the dyke. In the case of the 

diatreme facies samples, the open system allows the exsolution of 

dissolved gases, resulting in the gas fluidised mode of eruption, 

abrading the diatreme walls and adding finely comminuted crustal 

material (rich in Si, Al and Na) to the kimberlite matrix. The lower 

REE abundances in the diatreme facies rocks could, therefore, be 

the result of two effects: (1) Dilution of the kimberlite by the 

assimilation of crustal material with low La/Yb ratios. 
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(2) Loss of a volatile rich component 

which, on analogy with carbonatites, could be light REE enriched. 

While there can be little doubt of the operation of the first, ex-

perimental work on the partitioning of the REE into volatile fluids 

renders the second process subject to debate (Mysen op. cit.). 

The observation that some hypabyssal facies kimberlites compare 

with diatremic varieties from another locality suggests that important 

regional differences in kimberlite trace element abundances may exist. 

This could have implications with regard to heterogeneities within the 

mantle at the depth of kimberlite genesis, if kimberlite can be regarded 

as a primary mantle melt. The evidence for this condition is, however, 

ambiguous. In favour of the primary melt argument are such features as 

the ultrabasic composition of kimberlites. This, together with the 

high Co, Ni and Cr abundances, suggests that fractionation of olivine, 

the predominant phenocrystal phase, has been insignificant in the develop-

ment of kimberlite. Furthermore, garnet lherzolite and other xenolith 

samples record P-T conditions of up to 250 km (Boyd 1974, Boyd and Nixon 

1975) placing a minimum limit of kimberlite genesis well within the mantle 

and indicating, solely by their presence, rapid transport from these great 

depths. Taken together, the above evidence suggests derivation from 

mantle depths without subsequent fractionation. 
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In contrast to this, the experimental and trace element models, 

based on natural garnet lherzolites, have yet to duplicate the features 

observed in kimberlites. While melts produced experimentally under a 

range of P, T, aH O  and a 	conditions from garnet lherzolites bear 
2 	CO2 

similarities with normal silica saturated or undersaturated melts 

(e.g. Bravo and O'Hara 1975, Boettcher et al. 1975, Bachinski and 

Scott 1979), they do not, in any way, resemble kimberlite compositions. 

(Yoder (1975) however, has shown that melilite bearing undersaturated 

magmas could be transformed into a kimberlitic assemblage by the add-

ition of volatiles at low pressure. The significance of this effect 

will be discussed in a later section.) The trace element data, as 

interpreted in this work also mitigates against an extension of 'normal' 

partial melting processes. Previous models based on trace element 

(particularly REE) abundances have invoked limited amounts of partial 

melting of a garnet lherzolite to account for the observed La/Yb ratios 

of kimberlites (e.g. Mitchell and Brunfelt 1975). These models, however, 

do not account for the observed absolute abundances. To overcome this, 

Paul and Potts (1977) suggested that extensive fractionation of olivine 

and pyroxene must have occurred to concentrate the incompatible elements 

and volatiles in the liquid phase. As suggested above, however, the 

high Co, Ni and Cr abundances of most kimberlites mitigate against the 

operation of such a process. Furthermore, when the REE data are plotted 

as in fig. 3.5,kimberlites do not conform to the trend of normal 

basaltic rock types. If, as has been proposed, kimberlites were formed 
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by very small degrees of partial melting, then it might be expected 

that they would continue the trend defined by such samples as the 

Australian basalts (10 ; 4% partial melting) the Malaita alnoites 

(5-4%) and the Arizona lamprophyres (2.5-1.5%) to higher La/Yb and 

Sm values. This is clearly not the case. From this it therefore 

follows that fundamental differences exist between normal basalt 

and kimberlite petrogenetic processes and that an alternative process 

must be sought to explain the major features of kimberlite geochemistry. 

Much of the available REE data on kimberlites are derived 

from S. African localities and much of this information refers to 

two main provinces: Kimberley and N. Lesotho. The remaining infor-

mation is from analyses of the geographically intermediate occurrences 

at Jagersfontein and Koffyfontein and also from Monastery Mine. By 

plotting the available data on fig. 3.12 and distinguishing between 

the two main provinces, it is clear that, while there is some over-

lap between the two groups, there is a tendency for the samples from 

the Kimberley group to plot at higher values than those from N. Lesotho. 

The Jagersfontein and Koffyfontein samples compare well with those 

from N. Lesotho (as do the Premier Mine samples) but those from Monastery, 

geographically close to Lesotho, plot with the Kimberley samples. The 

overlap between the two groups is probably the result of using both 

micaceous and basaltic and diatreme and hypabyssal facies samples in 

the compilation. This is due to the fact that REE analyses are often 

produced without clear reference to the kimberlite type. If only 
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dyke kimberlites were compared then the distinction might be even 

clearer. It has been suggested that kimberlites from the centre of 

the S. African craton (i.e. Kimberley) might be more REE enriched 

than those from the periphery. (P.H. Nixon personal communication). 

While the Kimberley and N. Lesotho samples may be interpreted as 

substantiating this hypothesis, the more erratic spread of the 

analyses from the intermediate localities suggests that the implied 

regional differences are not necessarily related to any structural 

feature with such a marked surface expression. 

The regional differences in REE abundances are also reflected 

in the absolute abundances of other trace elements such as Zr, Nb, Ta, 

Hf (Kable et al. (1975)). However, inter-element ratios tend to remain 

constant as illustrated by the elements La and Th.(fig. 3.13). Data 

used in compiling this diagram were taken from Fesq et al. 1975, Mitchell 

and Brunfelt (1975, Paul and Potts (1977) as well as this work. Applying 

a linear regression analysis to this trend, the derived line passes 

close to the origin with a gradient of between 7 and 8. The fact that 

the regression line passes virtually through the origin may be inter-

preted as indicating that the kimberlite is derived directly from its 

source (with the same La/Th ratio) without significant addition of other 

components of different La/Th ratios. The same argument can be used 

in interpreting other element ratios e.g. Zr/Nb, Ta/Hf etc., and suggests 

that the source region beneath Kimberley and Lesotho are similar with 
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respect to these inter-element ratios. The differences in abundances, 

therefore, appear to be the result of individual processes operating 

in the different regions. 

Sr isotope ratios are similarly uniform. Fresh basaltic 

kimberlites from Kimberley possess ratios of between .7038 and .7046 

(Barret and Berg 1975), although micaceous and altered varieties gave 

initial ratios of up to .716. Those from N. Lesotho give values com-

parable with the fresh Kimberley samples. Barret and Berg (1975) suggested 

that the high initial ratios of the micaceous and altered kimberlites 

may be due to groundwater interaction, although very large quantities 

of groundwater would be required to produce the observed change in 

initial 87Sr/86Sr ratio. Such a process could also explain the negative 

trend displayed by the more enriched samples in fig. 3.12. Experimental 

work (Flynn and Wayne Burnham 1978) indicates that while the distribution 

coefficient of the REE between an aqueous and a silicate phase is 

less than one, there is a tendency for this value to increase for 

the heavy REE. Thus, if groundwater flowed through the kimberlite 

in the volumes necessary to adjust the initial 87Sr/86Sr ratios, then 

preferential leaching of the heavy REE could occur, thereby increasing 

the La/Yb ratio while reducing the value of FREE (i.e. Sm) in a manner 

similar to the observed trend. This process is favoured when compared 

with the alternative of garnet fractionation at depth. As KD  values 

of Sm between garnet and silicate liquid are <1, fractionation of this 
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mineral would tend to increase Sm in the resultant liquid while in-

creasing La/Yb. This would produce a secondary trend in fig. 3.12 

away from that observed. 

Returning to the interpretation of the major trend of kimberlite 

REE analyses, there are still significant interpretive problems. If, 

on analogy with normal basalts, the increase from low La/Yb and Sm to 

high La/Yb and Sm is interpreted as an evolutionary sequence reflecting 

the variable operation of a process similar to partial fusion, then it 

should be possible to observe systematic changes in major element com-

positions. In table 3.4, nine kimberlite analyses are tabulated in 

ascending order of La/Yb ratio. Although there are considerable varia-

tions of some of the major element abundances e.g. TiO2 varies from 

0.35% up to 4.48% there are no systematic variations such as a tendency 

towards greater degrees of silica undersaturation or even an increase 

in volatile constituents, as La/Yb increases. Note also that there is 

only the most general of positive correlations between La and P205, 

elements that frequently show a close coherence in their behaviour. 

In conclusion, the evidence suggests that partial melting, as 

envisaged in normal basalt petrogenesis, does not control the trace 

element abundances of kimberlites. While it is not possible, with 

the available data, to propose an alternative petrogenetic scheme, 

certain salient features of kimberlite chemistry and geology are listed 

below, that must be satisfied in any future hypothesis. 
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Table 3.5 	Representative analyses of kimberlites from southern Africa, 

illustrating the lack of coherent variation between the REE  

and other constituents. 

1 2 3 4 5 6 7 8 9 
SiO2  37.57 26.57 31.05 32.70 31.75 31.18 31.77 35.31 35.58 
TiO2  0.35 1.84 4.48 1.82 1.98 3.74 2.72 1.06 0.79 
A1203  2.35 3.22 3.57 4.60 2.40 2.43 3.26 2.74 2.08 
Fe203  4.07 4.86 5.87 5.44 4.92 8.82 6.07 3.59 3.90 
Fe0 3.26 4.16 5.66 3.30 4.04 3.73 3.33 4.63 3.58 
Mn0 0.10 0.20 0.16 0.15 0.17 0.20 0.18 0.16 0.13 
Mg0 33.73 24.15 24.39 26.68 29.50 30.04 30.99 34.88 32.89 
Ca0 2.12 15.74 7.47 8.40 8.89 6.71 6.81 4.98 4.13 
Na20 0.03 0.02 0.17 0.60. 0.01 0.23 0.27 0.06 0.08 

1(20 0.51 0.82 0.79 2.87 1.11 0.18 1.69 2.49 2.82 
H2O+  11.63 7.28 8.51 7.82 9.05 10.03 9.32 5.62 7.76 
H20-  1.75 0.25 1.63 0.79 0.56 0.19 0.61 0.60 0.45 
P205  0.16 0.56 0.36 0.98 0.69 0.15 1.77 0.64 0.48 
CO2  1.64 10.22 3.76 4.24 5.98 1.99 1.36 3.03 4.97 
Total 97.63 99.87 97.87 100.39 101.05 99.62 100.15 99.79 99.64 

La/Yb 48.8 62.8 76.0 89.0 139. 146. 180. 232. 367. 

1 - PHN2811 Jagersfontein, South Africa. 

2 - PHN1725 Ramatseliso, Lesotho. 

3 - PHN1598 Thaba Putsoa, 	" 

4 - PHN2732 Wesselton, Kimberley area, South Africa. 

5 - PHN1334 Kolo, Lesotho. 

6 - PHN1867 Monastery Mine, Orange Free State. 

7 - PHN2384 Roberts Victor, South Africa. 

8 - PHN2201 Star Mine, South Africa. 

9 - PHN2796 Bellsbank, Kimberley area, South Africa. 
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(1) Kimberlites are distinctly ultrabasic in major element 

composition, a feature reflected in their content of Co, Ni and 

Cr. 

(2) Volatile elements and compounds, particularly CO2  and H2O 

have played a very important part in the evolution of kimberlites 

as evidenced by the abundance of calcite, mica and similar phases. 

(3) Despite the abundance of phenocrystal olivine, the high 

transition element abundances suggest a lack of significant fractionation 

en route to the surface and further indicates that prior to eruption 

kimberlite may have been in chemical equilibrium with the deeper mantle. 

(4) Xenolith and xenocryst evidence indicates a depth of origin 

well in excess of 150 km. 

(5) Significant differences in trace element abundances but not 

ratios exist between kimberlite localities and provinces. 

(6) There appears to be very little coherence between the behaviour 

of trace and major element abundances except between the trace elements 

and P205 and possibly K20. 

(7) Kimberlites do not plot with normal continental basaltic magmas 

on a diagram of La/Yb vs Sm. 

In addition to these essentially chemical features there are 

at least two geological features that should be constantly borne in 

mind viz: 



the restriction of kimberlites to continental regimes and, secondly, 

their spatial relationship to continental tholeiitic magmatism, which 

they often post-date by a significant length of time. The trace 

element and experimental data do not indicate that kimberlites are 

derived by partial melting of a mantle of a normal gt + cpx + opx + of 

mineralogy. Unfortunately the available experimental work has been 

carried out on systems at 30 kb. In the future it will be necessary 

to increase these pressures to match and exceed those recorded in 

ultrabasic•xenoliths (i.e. 50 kb +) before more definite conclusions 

can be drawn regarding the constitution of the deeper mantle and the 

nature of partial melts derived from these great depths. 

3.6 	The Relationship between Kimberlite and othe Volcanic Rocks  

On account of their high potassium and volatile (especially 

CO2) abundances, kimberlites are often discussed in relation to the 

petrogenesis of potassic basalts and carbonatites. 

The ultra-potassic volcanic rocks from Toro-Ankole in Uganda 

have been extensively analysed for trace elements by Mitchell and Bell 

(1977). From their data, it is clear that the rocks can be subdivided 

into two main categories on the basis of their La/Yb ratios. The 

ugandites and mafurites possess La/Yb of 146-312 while those of the 

leucitite and phonolitic tephrite series lie in the range 30-56. This 

two-fold division is emphasized when the analyses are plotted on a 
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La/Yb vs Sm graph (fig. 3.14). The low La/Yb group plot close to the 

previously defined basalt evolution curve and suggest derivation by 

5-10% partial melting. The high La/Yb group, however, overlap the 

kimberlite field. This similarity with kimberlite is also demonstrated 

on a La-Th diagram (fig. 3.15). These two features are further evidence 

for a genetic link between the ugandite/mafurite series and kimberlites, 

as originally proposed by Yoder (1975) from experimental data. According 

to Yoder's results, olivine melilite leucitite (ugandite) may be related 

to olivine kalsilite pyroxenite (mafurite) by the general reaction:- 

2 Mel + 3Lc + (x+l)Fo -> 4Di + 3Ks + xFo 
Ugandite (low pressure) Mafurite (high pressure). 

Furthermore, addition of volatiles to the mafurite assemblage yields 

the kimberlite groundmass assemblage:- 

Di + 3Ks + (x+4)Fo + CO2  + 3H20 -} 3Phlog. + Ct + xFo 
Mafurite 	 Kimberlite 

It seems reasonable to suggest that the reverse may operate in the 

evolution of these strongly REE fractionated potassic rocks. Kimberlite 

magma, trapped at depths, undergoes degassing to produce mafurite 

which is subsequently erupted as mafurite lava or is re-equilabrated 

at shallower depths to produce ugandite. The degassing of the initial 
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kimberlitic magma may effect the production of the low La/Yb group 

of volcanic rocks. Their position on fig. 3.14 suggests derivation 

by the partial melting of a garnet lherzolite assemblage with a light 

REE enriched pattern (as with the alnoites etc.). However, such a 

process cannot account for their ultra-potassic composition. If, 

however, during the initial degassing, the surrounding mantle was 

altered by the released gases (a process analagous to potassic 

fenitisation perhaps) then subsequent partial melting could result in 

the unusual major element composition, as long as the REE abundances 

were not significantly different from those proposed for the alnoite 

source. 

Such a 'composite' petrogenetic scheme might account for the 

La-Th variation of this low La/Yb group. From fig. 3.15 it is clear 

that a regression line through this group does not pass through the 

origin but cuts the La axis at a positive value. Note, however, that 

the trend does not transgress the kimberlite line to reach La/Th values 

greater than til. As La and Th are both incompatible elements with 

KD«1, on partial melting they would both tend to enter the melt phase 

almost exclusively, thereby retaining the La/Th ratio of the source. 

The varying La/Th ratios of this group are, therefore, considered to 

be reflections of the source heterogeneity, varying from strongly 

altered mantle (La/Th ti 7) to weakly or unaltered mantle (La/Th ti 5). 
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Note that the bimodal distribution of La/Yb ratios precludes the 

possibility of magma mixing to produce the observed La-Th trend. 

Also plotted on fig. 3.15 are the La-Th analyses for the 

Arizona lamprophyres. These, too, show a complex variation which may 

also be interpreted as the result of mantle alteration. A similar 

interpretation holds for the alnoites that plot with the low La/Yb 

group of potassic basalts. 

The relationship with carbonatites is less clear. Of the 

published REE data (e.g. Eby 1976, Cullers and Medaris 1977, Ridley 

and Dawson 1975, Loubet et al. 1972), only 10 analyses give La, Sm 

and Yb concentrations which can be plotted on fig. 3.14. Like kimberlites, 

carbonatites are strongly light REE enriched (La up to 104  x chondrite) 

and genetic links have been tentatively suggested (e.g. Loubet et al. 

1972). However, the large scatter of the available data in fig. 3.14, 

with most of the points plotting well away from both kimberlite and 

basalt fields indicates that more complex processes are involved in 

carbonatite petrogenesis. This, together with the somewhat conflicting 

data on carbonate in alnoites (this work) and carbonate ocelli in 

lamprophyres (Cullers and Medaris 1977) suggests that more work is 

required on the geochemistry of all types of carbonatite before any 

definite conclusions can be made. 
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3.7 	Conclusions 

1. The alnoites can be considered to represent primary liquids 

resulting from the partial fusion of a light REE enriched garnet 

lherzolite under high p(CO2). The source is very similar to that 

proposed to account for the composition of Australian nephelinites 

and melilitites. 

2. The poorer chemical constraints on the lamprophyres do not 

allow the development of such a detailed model. However, their position 

on a La/Yb vs Sm diagram suggests derivation by limited partial melting 

0,2.5%) of garnet lherzolite, indicating kinship with normal continental 

basaltic volcanism. 

3. From a consideration of a great range of kimberlite analyses, 

it is clear that significantly different processes have operated during 

kimberlite genesis and that they are not related to normal magmas by 

any known process. 

4. It is suggested that ultrapotassic rocks may be related to 

kimberlites by degassing and re-equilibration at shallow depths, and 

by the partial melting of any surrounding mantle so affected during 

degassing. 

5. The present data are inconclusive on the relationship between 

carbonatites and the above mentioned rock types. 
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CHAPTER 	4 

TRACE ELEMENT ABUNDANCES OF ULTRABASIC XENOLITHS 

4.1 	Introduction  

In Chapter 3, the alnoite and lamprophyre magmas were related 

to a mantle source composition in which the heavy REE were at a con-

centration of .y3 x chondrite with the lighter REE showing enrichment 

of up to 12 x chondrite. This model is consistent with others pro-

posed to account for the major chemical features of other continental 

magmas (e.g. Frey et. al. 1978). The mineralogy of this mantle source 

was shown to be garnetiferous, in order to account for the fractionated 

REE patterns of the magmas, thereby conforming to the results of high 

pressure-temperature experimental results on similar magma types (e.g. 

nephelinites and basanites, Bultitude and Green, 1971). In order to 

compare these predicted mantle REE abundances with possible actual 

abundances, xenoliths of mantle-derived garnet lherzolite and harzbur-

gite from S. African kimberlite pipes have been analysed for 8 REE and 

5 other trace elements, using the techniques as described in Chapter 2. 

The ultrabasic xenolith suite found in kimberlite shows a great 

range in mineralogy and composition. The most abundant lithologies are 

the lherzolites and harzburgites, considered to represent a major part 

of the upper mantle. Other ultramafic (though not necessarily ultra-

basic) types of unknown significance include eclogites and pyroxenites 



and occasional mica rich xenoliths known as glimmerites. These are 

thought to have been derived from isolated bodies formed by the solid-

ification of melts of varying compositions trapped at depth. Occasion-

ally these usually subordinate xenolith types occur in great abundance 

(e.g. eclogites at Roberts Victor) suggesting considerable lateral 

mantle heterogeneity. 

Although the significance of the peridotite group xenoliths in 

relation to the upper mantle has been appreciated for 50 years (e.g. 

Wagner 1928), it is only recently that they have been analysed in any 

detail in order to elucidate their petrogenesis. From the many studies 

over the past decade, it has become increasingly clear that the perido-

tite group xenoliths can be classified into a number of chemical, min-

eralogical and textural groups. The earliest such comprehensive study, 

on the xenoliths from Lesotho kimberlites, has been particularly well 

documented in papers by Boyd and Nixon (1975) and Boyd (1973) and in 

the Lesotho Kimberlite volume (Nixon, 1973). From their work, three 

major groups of xenolith could be defined on a textural and mineral- 

ogical basis:- 

1. Discrete xenoliths, consisting of large single crystals or 

aggregate crystals of single minerals, especially garnet and pyroxene. 

Also included in this group are diopside-ilmenite intergrowths. 

2. Granular xenoliths. These are polyphase peridotites with a 

mineralogy of olivine and orthopyroxene + garnet + clinopyroxene + 
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chromite in a coarse granular texture. 

3. 	Sheared Xenoliths are again polyphase peridotites, with a min- 

eralogy comparable with the granular varieties, showing textural evi-

dence of intense deformation and recrystallisation. 

In addition to these three groups, a fourth can now be added, 

following the work of Erlank and Rickard,l977, on xenoliths from the 

Kimberley pipes. Members of this fourth group show mineralogical evid-

ence of metasomatism by the presence of phlogopite mica and richterite 

amphibole in textural equilibrium with the primary ultrabasic mineral 

assemblage. 

In the case of the Lesotho samples, the above mineralogical 

and textural classification also corresponds to the xenoliths depth 

of origin and chemical composition. Analysis of co-existing minerals 

and the application of mineralogical thermo-barometers (e.g. Wood and 

Banno, 1973) has allowed the construction of a crude mantle stratigraphy 

from which a mantle geotherm, corresponding to the time of kimberlite 

eruption, can be calculated (Boyd, 1973, and Boyd and Nixon 1975). The 

calculations reveal that most garnet lherzolite xenoliths are derived 

from 100-250km depth and have equilibrated under P-T conditions lying 

along a shield geotherm (Clark and Ringwood 1964). However, some of 

the samples derived from greater depths define an inflected geotherm, 

the P-T gradient increasing below about 175km. There is still consider- 
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able debate as to whether the inflection is of geological origin or an 

artefact of the thermo-barometers employed in the geotherm calculation. 

While recalculation of the P-T values using modified equations (Mercier 

and Carter, 1975) has removed the inflection, application of new data 

(based on the Ca content of olivine, Finnerty and Boyd, 1979) has con-

firmed the original results. The important feature, however, is that 

the sheared xenoliths are derived from greater depths than the granular 

varieties, in association with the discrete nodule suite. Originally 

it was suggested that this could represent a typical section through 

the continental mantle. The granular lherzolites were thought to re-

present the lower lithosphere and the sheared varieties the asthenos-

phere over which the lithospheric plates were moving, with the shearing 

resulting from the differential motion (Boyd and Nixon, 1975). An 

alternative suggestion invokes a rising mantle diapir (Green and Gueguen 

1974). The sheared lherzolites represent the outer skin of the diapir 

which rises into the granular lherzolites, kimberlites resulting from 

partial fusion near the top of the diapir. The role of the discrete 

nodule association in either hypothesis is not clear but may represent 

a high pressure phenocryst suite. It must be emphasised that no clear 

consensus of opinion has yet been reached. 

Nixon and Boyd (1973) clearly demonstrated that the granular 

xenoliths are depleted in such elements as Ca, Fe, Al, Ti and Na (but 

not K) relative to the sheared varieties. This variation is best 
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attributed to.the effects of partial melting and has led to the adoption 

of the terms sterile and fertile in describing the theoretical ability 

of a xenolith to produce a basaltic partial melt (Boyd and McCallister, 

1976). This theoretical ability has been demonstrated experimentally 

by Kushiro (1973). Both types of xenolith, however, show some deple-

tion relative to the pyrolite model (Ringwood, 1966) and only one xeno-

lith so far analysed (PHN1611) closely resembles pyrolite in its major 

element composition. 

It should be emphasised that the above description is somewhat 

generalised in describing features that may or may not be found in 

xenolith suites. For example, analysis of ultrabasic xenoliths from 

Siberian kimberlites suggests a non-inflected geotherm. (Boyd, 1976). 

Also sheared and granular xenoliths from the Kimberley pipes (Boyd and 

Nixon,1978) are derived from the same depth and there is a paucity of 

fertile varieties. 

Until now, little attempt has been made to relate the trace 

element geochemistry of the peridotite group xenoliths to the above 

described features. The purpose of the work described in this chapter 

is to attempt to clarify the processes that have effected the trace 

elements,particularly the REE, and to see if these abundances conform 

to such models of petrogenesis as those described in Chapter 3. 
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4.2 	Sample Descriptions  

A total of 19 ultrabasic xenoliths have been analysed, radio-

chemically, for eight REE (La, Ce, Nd, Sm, Eu, Dy, Yb & Lu) using the 

techniques described in Chapter 2. Sc, Co and Cr have also been deter-

mined by INAA and U & Th by ENAA. The samples are essentially garnet 

lherzolites (ol + opx + cpx  + gt) and harzburgites (ol + opx + gt), 

although a mica rich wehrlite (ol + cpx + phlogopite) and an il-

menite bearing orthopyroxenite were also included for comparison. The 

salient features of each sample, i.e. mineralogy, texture etc., are 

listed in table 4.1. Of the samples analysed, four can be described 

as fertile, but only one of these resembles pyrolite with regards to 

its major element composition (viz PHN 2838). The rest, excluding 

PHN 3248 (the orthopyroxenite) and PHN 2771 (the wehrlite), are sterile 

garnet lherzolites and harzburgites, some of which show evidence of 

so-called metasomatism in the form of primary phlogopite. The analyses 

should, therefore, reflect the effects of both partial melting and 

metasomatism. Although the samples are loosely described as fertile, 

sterile etc., their major element abundances do show significant var-

iations within each group. The classifications should, therefore, be 

treated in a purely descriptive way and do not necessarily imply any 

genetic relationships. Major element analyses are listed in appendix 4.1. 

	

4.3 	Results 

The results of the 19 analyses are summarised in table 4.2 and 
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Table 

PHN 
No. 

4.1 	Xenolith Sample List. 

Class Locality 	Texture 	Mineralogy 

1569 Thaba Putsoa, Les. C ol,opx,cpx,gt,chr,phlog. S/M 

2492 Kao, Lesotho. C ol,opx,gt,graphite. S 

2713 Monastery, 0.F.S. C ol,opx,gt,cpx,phlog. S/M 

2759 Bultfontein, 	S.Af. C/SD ol,opx,gt,cpx,phlog. S/M 

2764 II 	II P ol,opx,gt,cpx. S 

2765 II 	n M ol,opx,gt,chr. S 

2766 II 	II M(F) ol,opx,gt,chr. S 

2771 Monastery, O.F.S. P cpx,ol,phlog,ilmen. M? 

2780 Frank Smith, S.Af. P ol,opx,gt. F 

2782 11 	II P ol,opx,gt. S 

2814 Jagersfontein,S.Af. C ol,opx,cpx,gt. S 

2823 Lighobong, Les. C/T ol,opx,gt,cpx. S 

2838 Thaba Putsoa, Les. P/M ol,opx,gt,cpx. F 

2839 I/ 	IT 	 n P/M ol,opx,gt,cpx F 

2848 II 	II 	II C ol,opx,gt,cpx,spinel. S 

2860 Matsoku, Les. C ol,opx,gt,cpx,chr,phlog. S/M 

2862 II 	II FL ol,opx,gt,cpx. S 

3040 Abbotsford, E.Griq. M ol,opx,gt,cpx. F 
60 	25 	10 	5 

3248 Frank Smith, S.Af. C opx(bronzite),ilmen. 

Abbreviations:- 	Localities: Les. - Lesotho, 0.F.S. - Orange 

Free State, S.Af. - South Africa. 

Textures: 	C - Coarse, SD - Slightly deformed, 

P - Porphyroclastic, M - Mosaic, F - Fluidal, T - Tabular, FL - Flaser. 

Classes: S - Sterile, M - Metasomatic, F - Fertile. 



the REE abundances illustrated graphically in figs 4.1-4.4. From the 

REE abundances, the xenoliths can be divided into two groups: those 

with (La/Lu)N  >25, corresponding to the sterile and phlogopite bear-

ing metasomatic xenoliths, and those with (La/Lu)N  < 8, which are 

the more fertile samples. ((LaJLu)N  values are used, as opposed to 

La/Yb, as the Lu radiochemical analyses are of a higher precision than 

Yb). If it is assumed that, to a first approximation, the Earth has 

a bulk composition similar to chondritic meteorites, then the fertile 

xenoliths possess REF patterns as expected, showing little deviation 

from meteoritic abundances. The sterile xenoliths, however, display 

remarkably fractionated REE patterns with (La/Lu)N  ratios tending to 

values comparable with the most extreme rock types e.g. k.imberlites, 

carbonatites etc. This light REE enrichment is the opposite of the 

light REE depletion expected, if these sterile xenoliths are residual 

after partial fusion. Furthermore, the similarity with the host rock 

raises the question of contamination on eruption, which must be con-

sidered before the analyses can be interpreted in the context of mantle 

processes. Other incompatible trace elements are also more abundant 

in the sterile xenoliths, while Co and Cr maintain roughly constant 

abundances. Sc is more abundant in the fertile samples. 

4.4 Comparison with analyses of other ultrabasic rocks. 

Despite the obvious importance of garnet peridotite as a source 

of basaltic magmas and the use of the REE in developing semi-quantita- 
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Table 4.2 	Rare earth and trace element abundances in the analysed xenoliths.  

PHN2838 

Fertile samples 

PHN2839 	PHN2780 PHN3040 PHN1569 

Sterile and sterile/metasomatic samples 

PHN2492 	PHN2713 	PHN2759 	PHN2764 	PHN2765 PHN2766 
La 0.86 1.81 0.88 1.09 1.05 5.17 3.91 2.90 3.99 2.33 2.18 

Ce 2.57 2.02 2.14 2.52 2.18 10.9 9.41 5.87 9.03 4.51 4.45 

Nd 1.47 1.41 0.81 1.39 0.93 5.60 3.53 2.69 3.91 1.92 1.70 

Sm 0.515 0.316 0.267 0.342 0.219 0.747 0.663 0.571 0.629 0.364 0.344 

Eu 0.191 . 	0.086 0.109 0.123 0.074 0.191 0.229 0.147 0.178 0.108 0.101 

Dy 0.920 0.263 0.482 0.397 0.107 0.164 0.332 0.199 0.256 0.166 0.120 

Yb 0.482 0.150 0.230 0.205 0.024 0.095 0.088 0.061 0.085 0.040 0.020 

Lu 0.073 0.024 0.034 0.029 0.004 0.013 0.015 0.009 0.014 0.006 0.006 

U <0.01 <0.01 0.07 0.06 0.02 0.12 - 0.06 0.14 0.10 0.11 

Th 0.07 0.07 0.13 0.16 0.09 0.42 - 0.27 0.43 0.32 0.30 

Sc 16.3 7.14 9.84 9.75 4.67 7.00 - 6.43 5.00 4.36 4.08 

Co 115. 101. 133. 105. 93. 95. - 89. 103. 94. 87. 

Cr 2830. 2570. 1670. 2330. 2430. 2850. - 2720. 2310. 2410. 2470. 

Cs 0.25 0.1 - 0.42 - - - 0.14 - 0.92 0.29 

(La/Lu)n 	1.2 7.8 2.7 3.9 27. 41. 27. 33. 29. 40. 37. 



Table 4.2 Contd. 

Sterile and sterile/metasomatic samples 

PHN2782 PHN2814 PHN2823 PHN2848 PHN2860 PHN2862 PHN2771* PHN3248** 
La 3.02 4.05 1.57 10.8 2.87 1.35 5.29 6.39 

Ce 6.28 7.75 3.28 10.8 5.25 2.70 10.4 9.68 

Nd 2.56 2.36 1.28 6.90 2.05 1.33 4.40 4.53 

Sm 0.455 0.484 0.245 1.65 0.346 0.198 0.950 0.870 

Eu 0.148 0.119 0.074 0.446 0.077 0.051 0.273 0.190 

Dy 0.178 0.147 0.076 1.08 0.100 0.064 0.416 0.465 

Yb 0.062 0.031 0.026 0.745 0.022 0.018 0.085 0.148 

Lu 0.007 0.011 0.006 0.120 0.003 0.003 0.011 0.029 

U 0.07 0.12 0.11 - 0.14 0.12 1.12 0.16 

Th 0.33 0.47 0.17 - 0.41 0.18 0.19 0.72 

Sc 6.89 5.55 4.96 1.00 3.17 2.42 10.8 14.3 

Co 102. 81. 96. 6.2 105. 128. 86. 116. 

Cr 2660. 1780. 2440. 670. 1910. 1390. 6010. 1740. 

Cs 0.39 0.37 0.16 - 0.14 - 1.3 1.3 

(La/Lu)
n  

44. 38. 27. 93. 99. 46. 50. 23. 

* Mica wehrlite 	** Ilmenite orthopyroxenite 
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Fig. 4.1 REE abundances for four relatively fertile garnet 

bearing ultrabasic xenoliths. 
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Fig. 4.2 REE abundances of 7 sterile ultrabasic 
xenoliths from N. Lesotho 

1 - 	PHN2848 2 - 	PHN2492 
3 - 	PHN2814 4 - 	PHN2860 
5 - 	PHN2823 6 - 	PHN2862 
7 	- PHN1569 
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1 - 	PHN2764 2 - 	PHN2713 
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Fig. 4.3 REE abundances of 6 sterile xenoliths from 

the Kimberley area and Monastery Mine. 
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tive petrogenetic models, there are relatively few recorded REE analyses 

of ultrabasic xenoliths from kimberlites. The first reported were by 

Philpotts et.al. (1972) who analysed two garnet peridotites (from Bult-

fontein and Roberts Victor) and a lherzolite (from Roberts Victor). 

Of these, the two Roberts Victor samples showed a strong REE fraction-

ation while the Bultfontein peridotite was much less fractionated. Un-

fortunately, as complete major element analyses were not presented it 

is not possible to incorporate these data in the present discussion. 

However, the analyses do confirm the two fold division of REE abundance 

patterns. A second study (Shimizu, 1975) involved the analysis of 

separated garnets and clinopyrocenes from three fertile and three 

sterile xenoliths from S. African kimberlites. Reconstruction of whole 

rock patterns, assuming realistic modal abundances of garnet and 

clinopyroxene, again revealed the two fold division into fractionated 

(sterile) and unfractionated (fertile) types. A major contribution of 

this work was to demonstrate the expected distribution of the REE be-

tween clinopyroxene and garnet according to Kd  values observed in 

other samples. This important feature is considered to be strong 

evidence against host rock contamination controlling the REE abundances 

in the lherzolite nodules. It should be noted that REE Kd  (cpx-gt) 

values from both coarse and porphyroclastic xenoliths are comparable, 

showing garnets strongly enriched in the heavy REE. These features, 

together with the fact that the reconstructed patterns compare with 

the observed whole rock patterns and that the fertile samples show 
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little sign of light REE enrichment, are interpreted as suggesting 

minimal contamination; (it is difficult to envisage a process whereby 

sterile xenoliths only are contaminated on eruption). With regards 

to contamination, it should be noted that similar conclusions were 

reached following trace element analysis of 	granulite xenoliths 

from kimberlites (Griffin et al, 1979; Rogers, 1977 and this work, 

Ch. 5). 

The paucity of data on garnet lherzolites is partly compensated 

by analyses of spinel lherzolites from alkali basalt volcanos, many 

of the results being from the work of F.A. Frey and various co-workers. 

In general, the results have been similar to those from garnet lherzo-

lites, the relatively fertile xenoliths showing flat chondrite normal-

ised abundances while the sterile varieties posses significant light 

REE enrichment, although not to the extent observed in the sterile 

xenoliths in this work. A few of the sterile spinel lherzolite samples 

from S. Australia (Frey and Green, 1974) and Arizona (Frey and Prinz, 

1977), however, revealed light REE depleted abundances, similar to 

peridotites from the Lizard peninsula (Frey 1969). Such REE abundance 

patterns are in accordance with partial melting models. (See e.g. 

fig. 4.9). It was this observation that led Frey and Green (op.cit) 

to propose their two component mantle model:- 
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Component A: This represents the bulk of the mantle, its comp- 



osition being determined by partial melting depletion processes, which 

control the abundances of most of the major elements, the compatible 

trace elements (Co, Ni, Cr, Sc) and the heavy REE. 

Component B is derived as a melt from deeper within the mantle 

and is rich in incompatible elements (viz. the light REE, U, Th, Cs„ 

Rb, Ba, Zr etc) and probably P205 and K20. It is the result of a 

limited amount of partial fusion of a garnet bearing source (hence 

the fractionated REE abundances). The addition of limited amounts 

of B to A followed by sub-solidus recrystallisation, results in the 

xenolith mineralogy and composition now observed. The Lizard peri-

dotites and the light REE depleted xenoliths from Australia and Arizona 

are considered to be pure component A while those with significant light 

REE enrichment are ea mixture of A plus B. 

Comparison of the results from this work with the spinel lherzolite 

analyses suggests that a similar model is applicable for the following 

reasons. Metasomatic activity has already been suggested as the cause 

of certain mineralogical and chemical features in some mantle sxeno-

liths (Erlank and Rickard, 1977) while other compositional features are 

best explained by partial melting depletion processes (Boyd and Nixon, 

1975). In addition some of the xenoliths possess patterns inflected 

at Dy, similar to patterns in spinel lherzolites, where the inflection 

is interpreted as indicating addition of component B (represented by 
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Fig. 4.5 Graph of (La/Lu)n  vs. Lu showing the trend 

towards high (La/Lu)n  at low Lu concentrations. 
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the fractionated light REE) to normally depleted component A with 

relatively unfractionated heavy REE (Frey and Green op.cit.) While 

this inflection is clearly shown by only two samples, its presence 

is demonstrated by a graph of (La/Lu)N  against Lu (fig. 4.5). As 

Lu increases, so the (La/Lu)N  ratio decreases as would be expected 

when mixing two components, one of high (La/Lu)N  (Component B) and 

the other of low (La/Lu)N  (Component A). 

4.5 	Petrogenesis of the lherzolite'  and 'hārzburgite'xenoliths  

Having discounted host rock contamination as a source of the 

observed trace element abundances, the results can now be interpreted 

in relation to processes operating within the Earth's upper mantle. 

As with other xenolith suites, the major element variations follow 

a typical depletion trend, apparently due to the extraction of a 

basaltic melt phase. Ca0 and A1203 vary coherently, attaining max-

imum abundances (..3% Ca0 and _4% A1203) in the fertile xenoliths, 

which also possess the lowest Mg/(Mg } Fe) ratios. The sterile xeno-

liths show minimum Ca0 and A1203 contents (_.3% and .7% respectively) 

and the highest Mg/(Mg + Fe) ratios. Similar variations are shown by 

TiO2 and, to a lesser extent, Na20. In previous studies (Frey and 

Green op.cit. Frey and Prinz op.cit), certain trace elements have been 

shown to vary with the major elements, notably the heavy REE (exempli-

fied by Lu), Sc, V and Cr (Frey and Green, op. cit). A similar var-

iation is observed in the xenoliths analysed here, the Lu vs Ca0 and 
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Fig. 4.6 

Ca0 vs. Lu plot for 17 garnet 

bearing ultrabasic xenoliths. 

Note the tendency for Lu to 

increase with CaO. 
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Sc vs Ca0 diagrams (fig. 4.6a and b) demonstrating this feature par-

ticularly clearly. Cr, however, does not show a good correlation 

with CaO. This is attributed to the stability of chromite spinel, a 

couuiion accessory mineral of the depleted xenoliths, in the residue 

during the hypothesised partial melting event. In order to gain a 

more quantitative impression of this partial melting process, it is 

possible, using the equations of Shaw (1970) and Gast (1968), to 

develop partial melting models, based on a knowledge of mineral - 

liquid partition coefficient data (e.g. Arth and Hanson, 1972, Frey 

et al 1978) and probable mantle mineralogies. 

In general, lherzolites can possess two distinctive mineral-

ogies, depending upon the prevalent pressure and temperature conditions. 

At low pressures, olivine and two pyroxenes predominate with excess 

A1203 being accommodated by aluminous spinel. When the pressure is 

increased, spinel is replaced by pyrope garnet to give the garnet 

lherzolite assemblage observed in most kimberlite xenoliths. Both 

assemblages are considered in the petrogenetic models presented here. 

In the first model, an initial mantle mineralogy of 18% cpx, 25% opx 

and 57% of is used. Spinel is ignored in this assemblage as its 

ability to accommodate trace elements is poorly understood as is its 

behaviour during partial melting. It is thought that this approximation 

should not effect the results of the model too greatly as spinel is 

never present in more than accessory quantities. The modal mineralogy 
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is based on data from fertile spinel lherzolite xenoliths (Frey and 

Green op.cit). Again, following the work of Frey and Green and Frey 

and Prinz (1978), the melt composition is assumed to correspond to 

80% cpx and 10% each of ol and opx until 22.5% partial fusion, at 

which stage all of the cpx is consumed. After this, the melt is 

taken to comprise equal amounts of ol and opx. 

The second model is based on the higher pressure garnet bearing 

mineralogy with a mode of 10% cpx 10% gt 25% opx and 55% 01. Again 

the role of accessory phases, such as ilmenite and chromian spinel, 

are not taken into account, as their behaviour in such processes 

cannot be readily assessed. Following the work of Davis and Shairer 

(1965) melting is considered to be approximately eutectic with the 

phases melting in the proportions 47% cpx 47% gt 3% opx 3% ol. After 

_21% melting, all the garnet and clinopyroxene have been consumed and 

further melting is assumed to involve orthopyroxene and olivine in 

equal amounts. 

The results of calculations using Shaw's equation for equilibrium 

partial melting are illustrated in fig. 4.7, plotting calculated Cs/Co  

values vs F, the degree of partial melting, for a variety of Kd  values 

corresponding to the elements Ni, Sc and Lu. Because of the large 

spread in Kd values for Ni between olivine and liquid and orthopyroxene 

and liquid, two limiting models corresponding to maximum and minimum 
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Fig. 4.7 	Caption. 

C s = Concentration in residue. 

Co  = 	" original mantle. 

F = Degree of melting. 

Ni (a) and (b) are limiting curves for high and low Kd  values, respectively. 

Sc (a) and (b) and Lu (a) and (b) refer to garnet bearing and garnet 

free models respectively. 

Small open circles locate the positions of calculated Cs/Co   values, 

where C 
s 

= Concentration of an element in a xenolith 

and C
o 

= Concentration of that element in PHN2838, considered to 

represent undepleted mantle. 

Tie lines connect samples whose controlling mineralogy is unclear 

from fig. 4.8. 



Kd  values have been calculated. The most realistic model probably 

lies between these two limiting curves. In the calculation involving 

Ni and Sc Kd  values, there is little difference between the results of 

the two models (i.e. garnet-bearing and garnet-free sources). In the 

case of Lu, however, as garnet accommodates the heavy REE with great 

facility, (Kd  (Lu) =7), two curves are illustrated, corresponding to 

the two mineralogies. 

These models can now be applied to the analyses by defining 

suitable values for Co, the original source concentrations. From the 

available data, sample 2838 possesses the least fractionated REE pattern 

and a bulk composition closest to the pyrolite model. For the sake 

of these calculations it is, therefore, considered to represent pristine 

fertile mantle. The calculated CSJCo  values are represented in fig. 4.7 

by the small circles. Calculations based on Ni abundances constrain F, 

the degree of partial fusion, to values <25%, a figure comparable with 

previous models (Frey and Prinz 1978). Derived values from Sc con-

centrations, however, agree less well. Using the published Kd  values 

(Frey et al 1978) >30% partial melting must have taken place to account 

for the presently observed concentrations. There is, however, some 

uncertainty as to the reliability of these values. The cpxlliquid and 

gt/liquid Kd  values reported by Frey et al. suggest a gt-cpx Kd  value 

of _2.1. However, analyses of Sc from co-existing gt-cpx pairs in 

ultrabasic xenoliths (Shimizu and Allegre, 1978) give Kd  values of 

150 



between 3.1 and 7.4 while mineral pairs from granulites and pyroxenites 

(ch5, this work) suggest Kd  should be about 1.5. In view of this great 

discrepancy and the experimental observation that the reaction 

Sc (cpx) ± Sc (liq) 

possesses a very high activation energy (R. Lowry, pers. coimu), and 

therefore attains equilibrium only very slowly, the Sc data cannot be 

used in this semi-quantitative discussion. The model, however, still 

serves to illustrate that Sc does preferentially enter the melt phase 

during partial melting, and that its behaviour in the lherzolite 

xenoliths is governed by component A in qualitative agreement with 

the model. 

The variation of Lu in these models is a little more complex 

and must be studied in relation to a major element, such as CaO, before 

it can be used as a measure of depletion. The models illustrated in 

fig. 4.7 reveal that Lu variation is so strongly dependent on mineral-

ogy, particularly with respect to the presence or absence of garnet, that 

these distinctive behaviour patterns should be reflected on a graph 

of Ca0 vs Lu. The two models envisaged both involve eutectic melting, 

i.e. the removal of a liquid of constant composition. It therefore 

follows that Ca0 in the residue should be approximately inversely pro-

portional to F, the degree of partial fusion. Experimental studies 

on the partial melting behaviour of fertile garnet lherzolites further 

suggest an eutectic-like melting process, the partial melt corresponding 
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to the theoretical eutectic gt47cpx47opx3ol3, (Kushiro 1973, Yoder 

1976 p35). As this eutectic contains _12% CaO, it is easy to calculate 

the amount of Ca0 left in the residue after F% partial melting, assuming 

a source composition similar to PHN2838 (2.71% Ca0). Such calculations 

result in two theoretical depletion trends as illustrated in fig. 4.8. 

The important feature to note is the curvature of the two trends, the 

garnet free model being convex towards Ca0 and the garnet bearing model 

towards Lu. Most of the samples plot along a trend more comparable 

with curve 1 (the agreement between the curve and data points is 

probably fortuitous). Only a few samples show any tendency to follow 

the garnet control curve although some samples plot in that region close 

to where the two models converge rendering it impossible to say which 

mineral assemblage controlled the depletion. The conclusion that 

some of the zenoliths have suffered depletion not controlled by garnet 

is supported by the similarity of the Ca0-Lu data with that from the 

S. Australian lherzolites (Frey and Green, op.cit). 

Returning to fig. 4.7, it is now possible, with a knowledge of 

the probable controlling mineralogy, to determine F values from the 

Cs/Co  curves. For samples that have suffered garnet controlled dep-

letion, 17-21% partial fusion is indicated while the remainder have 

suffered between 13 and 30% melting. Considering the approximations 

made in the model, however, these figures are in good agreement with 

the F values from the Ni abundances of between 14 and 25%. 



From the above discussion, it is clear that the initial 

assumption, that 2838 represents relatively 'pristine' mantle, pro-

duces a reasonable model, although comparison with pyrolite suggests 

that even this sample may have suffered some depletion. Using the 

REE abundances of PHN2838 as representative of the original mantle, 

it is possible to expand the previously described partial melting 

models to predict the REE content of liquids produced by batch partial 

melting. The results for 10, 20 and 30% melting are illustrated in 

fig. 4.9. The only significant differences between the two models 

(i.e. gt bearing as opposed to gt free) arise at relatively low degrees 

of partial melting (<10%) in the abundances of the heavy REE (Dys,Yb 

and Lu). At higher values of F, when all the clinopyroxene and garnet 

in the source have been consumed, as olivine and orthopyroxene have 

such low Kd  values for the REE, there is little fractionation of La 

from Yb, the La/Yb ratio of the liquid being very similar to that 

of the original source. It is interesting to note that this liquid 

composition is unlike either the continental crust or continental 

tholeiitic basalts with respect to the REE, which casts some doubt on 

the previously accepted and somewhat simplified hypothesis that the 

depleted mantle is equivalent to undepleted mantle (pyrolitic) minus 

a partial melt that is now represented as the Karroo basalts (Nixon 

and Boyd, 1973). The similarity of the model predictions with the 

komatiite layer, may, however, be significant. 
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Fig. 4.9 	Partial melting models based on PHN2838 - denoted S 

Key - G indicates garnet lherzolite while S indicates spinel lherzolite 

models. Numbers indicate the degreeof partial melting (%) and 

L & R, liquid and residue, respectively. 	7  

Note that liquids such as L2G and L2OG bear little resemblance to normal 

liquid REE patterns observed in basalts and L30 is superficially 

similar to K, a S.African basaltic komatiite. 
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The variation of Lu with other major elements may be used to 

distinguish those constituents relating to component A from those con-

trolled by the addition of component B. Fig. 4.10 shows graphs of 

TiO2 and Na20 plotted against Lu. From a consideration of the con-

centrations of these elements in basalts relative to ultrabasic rocks 

and the difficulty with which they substitute into probable residual 

minerals (olivine and orthopyroxene), they should display a typical 

"component A' positive correlation with Lu. Examination of the Ti02-Lu 

plot suggests that this is so for this element, especially considering 

the abundances of Ti and the probable precision of the X.R.F. analyses. 

The significance of the two trends, as marked, is unknown, but could 

be related to either initial mantle heterogeneity or subtle differences 

in the accessary mineral phases in the residual assemblage. In contrast 

Na20 and K20 (not illustrated) reveal a greater scatter when plotted 

against Lu. In mantle systems K can be regarded as an incompatible 

element; therefore the incoherent behaviour with Lu is considered to 

be associated with the effects of component B, superimposed upon the 

depletion effects. This may also be the cause of the scatter in the 

Na20 - Lu plot and the poor correlation shown by P205(not illustrated). 

Previous investigations (Frey and Green 1974, Frey and Prinz 

1978) have suggested that the second mantle component is derived from 

limited partial melting in the deeper mantle (asthenosphere). As this 

liquid will have been in equilibrium with garnet, it will possess a 
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strongly light REE enriched abundance pattern. According to the 

hypothesis, this melt then ascends through the mantle and is trapped 

at shallower depths. Subsequent cooling and subsolidus re-equil-

ibration erases any mineralogical evidence of the event, the only 

detectable effects being geochemical. The evidence from the present 

work is in agreement with this general hypothesis, and it is further 

possible, using the incompatible trace element abundances of the 

xenoliths, to define more closely the composition of this, now occult, 

fluid. 

From the partial melting models described above, it is clear 

that the sterile xenoliths have undergone at least 20% partial fusion. 

During this event, (or events) the concentrations of incompatible 

elements, such as the light REE, U, and Th would be reduced to negligible 

amounts in the residue. It therefore seems reasonable to assume that 

the present incompatible element ratios in the sterile xenoliths reflect 

those ratios in the metasomatic fluid. Of the trace elements deter-

mined only analyses of the light REE (exemplified by La), U and Th are 

of high enough precision to be of quantitative use. Other incompatible 

elements such as Rb Sr and Ba have been determined by X.R.F. analysis 

but as the abundances tend to be close to the lower limit of detection 

of this technique, the precision and accuracy are poor, and the analyses 

can only be used qualitatively to indicate the incompatible element en-

riched nature of component B. Similarly the Cs results are of poor 
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quality as the analytical technique (ENAA) was being used near the 

lowest detection limits for this element. 

In table 4.3 the correlation coefficients for the elements La, 

U and Th are listed. All of the values are statistically significant 

at the 95% confidence limit. The U-Th and La-Th variations are 

illustrated in fig. 4.11 (a and b) and suggest a Th/U ratio of -3.5 

and a La/Th ratio of -7, values close to the corresponding ratios in 

Table 4.3 U, Th and La correlation coefficients 
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La 

U 	0.567 

Th 	0.922 

U 

0.775 

kimberlites. Similarly, an estimate of the (La/Lu)N  ratio of the fluid 

can be obtained from fig. 4.5 by taking the (La/Lu)N  value of the most 

Lu depleted sample. It is clear from fig. 4.5 that this maximum (La/Lu)N  

value approaches 100 and again overlaps the range for kimberlites. The 

inference is, therefore, that the depleted mantle beneath S. Africa has 

been altered by a kimberlite-like fluid, prior to actual kimberlite 

eruption. (It is again necessary to emphasise the significance of the 

work of Shimizu (1975) in demonstrating that the REE are accommodated 

by garnet and clinopyroxene in these samples and that whole rock abun- 



dances are unlikely to have been controlled by kimberlite contami-

nation during eruption). 

The coherence observed in the trace element abundances is 

not apparent when major element abundances are taken into consideration 

e.g. there is no strong correlation of La with P205 or K20. Again, 

however, this may be due to the lack of analytical precision, K20 and 

P205 being determined by XRF. Similarly there is no correlation of 

LREE abundances with xenolith type (i.e. sterile and metasomatic-

sterile). Shimizu and Allegre (1978) demonstrated a chemical distinc-

tion between these two classes of xenolith on the basis of Sr and Zr 

contents of their constituent clinopyroxenes. It is of interest to 

note that one of their metasomatic samples, PHN1569, has been analysed 

in this work. According to Shimizu and Allegre the mineral chemistry 

of this sample definately places it in the sterile-metasomatic group. 

However, its whole rock REE abundance pattern, while showing the 

characteristic metasomatic overprint, shows the lowest abundances of 

all the sterile xenoliths, whether they can be classified as metasomatic 

or not. This lack of coherence is interpreted as demonstrating the 

highly variable nature of the metasomatising fluid, and its effect on 

the residual mantle. Assuming the metasomatising fluid is kimberlitic, 

this is not a particularly surprising result considering the large 

variations in kimberlite composition (see Ch. 3). 
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In conclusion, the REE and trace element analyses of the 

ultrabasic xenoliths conform to the general hypothesis of a two comp-

onent mantle as proposed by Frey and Green (1974). Component A 

comprises the greater part of the mantle and its composition, as 

reflected in most of the major elements, is controlled by the effects 

of partial fusion and the extraction of the liquid phase. Although 

the semi-quantitative model presented above only invokes one phase 

of melting, similar results would occur after more than one melting 

event. Subtle differences exist between the Australian and African 

xenoliths, in particular the observation that TiO2 abundances appear 

to be controlled by Component A. Furthermore, there is evidence to 

suggest that garnet controlled as well as 'non-garnet controlled' 

partial melting has occurred during the evolution of the African 

samples. 

The additive component B is identified as being kimberlitic 

with respect to U, Th and LREE abundances and must, therefore, only 

comprise a maximum of 1-2% of any xenolith and, consequently, the 

mantle. Although K20 and P205 abundances do not, as yet, reveal any 

correlation with the other incompatible elements, this may be an 

analytical (as opposed to geological) problem. The same is true 

for Ba, Rb, Sr etc. The observation that there is no difference between 

the REE abundances of sterile and metasomatic-sterile xenoliths (as 

defined by Shimizu and Allegre, 1978) suggests that all the sterile 
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xenoliths are to some extent metasomatic and that the presence or 

absence of phlogopite is not a clear criterion for classifying these 

xenoliths. Its abundance, appears to be controlled by sub-solidus 

re-equilibration after partial melting and metasomatism. 

It is clear that sub-solidus re-equilibration has been vitally 

important in the development of the presently observed mineralogy. 

Component A, as emphasised above, has, in many cases, been controlled 

during partial fusion by a garnet-free lherzolite assemblage. As all 

the xenoliths now contain garnet, this mineral must have appeared 

after the partial melting event. A potential source of garnet is in 

solid solution in aluminous orthopyroxene (Wood and Banno, 1973). 

Similarly, orthopyroxene can accommodate significant quantities of 

clinopyroxene (Davis and Boyd 1966). As both of these solubilities 

are temperature dependant (garnet in orthopyroxene is also pressure 

dependent) subsolidus cooling after partial melting could give rise 

to significant modal amounts of garnet and clinopyroxene, even though 

these minerals may have been previously eliminated by partial melting. 

It is interesting to note that there is textural petrographic evidence 

to support such an exsolution origin for these minerals in sterile 

coarse granular xenoliths (Smith, 1979). 

In the above discussion, little or no emphasis has been placed 

on the analyses of the mica wehrlite or the ilmenite orthopyroxenite. 
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Clearly, these samples are not mineralogically related to the peri-

dotites. Neither do their CaO-Lu values conform to the general pattern 

revealed by the majority of the peridotites. However, both show strong 

light REE and incompatible element enrichment, suggesting that the effects 

of component B are widespread. Beyond this, however, little more can 

be said of these two samples. Similarly, the analysis of PHN2848, 

petrographically a normal garnet lherzolite, is difficult to explain 

in the context of the two component model, with Lu as high as .12ppm 

and Ca0 below 1%. Again, without further analyses of similar samples, 

this result is difficult to interpret. 

4.6 	Conclusions. 

1) Trace element abundances in lherzolite and harzburgite xeno-

liths are best explained using a two component mantle model, as pro-

posed by Frey and Green (1974). Component A, defined by the abundances 

of most of the major elements and the compatible trace elements, has 

evolved through partial melting processes and represents the residue 

after the melt has been extracted. Component B, defined by K20, P205 

and the incompatible trace elements was added to A possibly during 

partial melting, 

2) The partial melting episodes were controlled predominantly by 

a garnet free mineral assemblage suggesting either a higher temperature 

or lower pressure for melting than is presently indicated by the garnet 



bearing assemblage. 

3) Component B is tentatively identified as being kimberlitic 

in its trace element abundances. Kimberlites are therefore inter-

preted as an infrequent surface expression of a widespread mantle 

phenomenon. 

4) Subsolidus re-equilibration and axsolution has erased any 

mineralogical trace of component B, which can now only be recognised 

by its chemical effects. Exsolution has also given rise to the pre-

sently observed garnet and clinopyroxene, which, during partial melting, 

were hidden in solid solution with calcic and aluminous orthopyroxene. 
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CHAPTER 	5 

TRACE ELEMENT ABUNDANCES IN GRANULITE XENOLITHS 

5.1 	Introduction  

Compared with the extensive studies of mantle derived ultra-

mafic xenoliths from kimberlites, there are few published reports of 

the geochemistry of high grade metamorphic xenoliths, thought to have 

been derived from the lower continental crust. High grade gneissic 

nodules have been reported from various basaltic and kimberlitic 

localities e.g. Scotland (Upton et al.1974), Ireland (Strogen 1974), 

France (Leyreloup et al.1974), Uganda (von Knorring and Dubois 1961), 

Australia (Irving 1974), and Lesotho (Rogers 1977). In some cases, the 

xenoliths belong to the low pressure granulite facies and are similar 

to rocks found in nearby basement metamorphic complexes, e.g. in Ireland 

and Scotland, the clasts resemble Lewisian gneisses. In others, however, 

there is no direct correspondence with any local formation outcropping 

at the surface. This is the case in Lesotho where the granulites are 

mainly high pressure facies with a restricted mineralogy of garnet .4- 

plagioclase + clinopyroxene ± orthopyroxene with accessory minerals 

including rutile,mica,sillimanite, potash feldspar and apatite. Also 

associated with these xenoliths are eclogites and garnet pyroxenites, 

with which the granulites are in mineralogical continuity. 



Preliminary studies of the Lesotho granulites (Rogers op. cit) 

suggested equilibration under pressures in excess of 9 kbar at temper-

atures of between 660 and 830°C, indicating a deep crustal origin. 

A more complete study of a suite of 55 samples (Griffin et al 1979) 

confirmed these results and allowed the definition of a geothermal 

gradient which, rather than conforming with a predicted shield geo-

therm, was more comparable with a predicted oceanic gradient (Clark & 

Ringwood 1964). Of the xenoliths, twenty were large enough to allow 

the preparation of samples for major and trace element analysis by 

X.R.F. All except one were shown to possess a composition similar 

to olivine basalt with minor ne or by in the calculated CIPW Norm. 

The exception, LT-2, is a more leucocratic granulite of intermediate 

composition (60% Si02), with significant modal and normative quartz, 

and a much lower modal abundance of garnet and pyroxenes. In contrast 

to this comparatively uniform major element composition, the trace 

element analyses revealed variations in abundance of over an order 

of magnitude in the case of some incompatible elements, e.g. Zr varies 

from <10 ppm to >100 ppm. Similarly, the REE were shown to vary, con-

siderably between samples (Rogers 1977). 

To account for these geochemical features, Griffin et al (op. 

cit) proposed that the lower crust had undergone a depletion event, 

possibly by anatexis. The REE variations were similarly interpreted 

(Rogers op. cit) although it was suggested that the considerable 
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variation of the heavy REE meant that garnet could not have been 

present during the depletion event. However, it was emphasised that 

the REE distribution patterns were not exclusive in their evidence, 

as they could equally be the result of fractional crystallisation 

processes, the positive Eu anomalies observed in some samples being 

the direct result of either cumulate plagioclase or residual plagioclase 

after removal of a partial melt phase. The presence of primary mica 

in the most REE enriched samples was interpreted as indicating the 

possibility of metasomatic processes in the development of the lower 

crust. Such a possibility seems more likely now; considering the 

strong evidence, presented in Chapter 4, for metasomatic activity in 

the mantle and the probable role of aqueous and CO2 rich fluids in 

the development of some granulitic terrain (Janardhan et al 1979). 

Despite the presence of significant amounts of sericite and 

natrolite in some xenoliths, trace element contamination by the host 

kimberlite was ruled out in most cases. In the preliminary study, 

the coherent behaviour of the REE with such trace elements as Zr, Nb 

and Y was interpreted as indicating minimal contamination. However, 

Ba and Sr varied independently and it was thought that contamination 

could have effected their abundances. This conclusion was partly 

borne out by the data from Griffin et al (op. cit) who demonstrated 

a general correlation between the abundances of these elements and 

the development of secondary calcite. This relationship does not 
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hold for all the xenoliths, however, some Ba and Sr residing in small 

lamellae of potash feldspar within the plagioclase, revealed only 

after electron microprobe analysis. Similarly K (and presumably Rb) 

was shown to reside in these lamellae and in mica. As both minerals 

are in textural equilibrium with the granulite assemblage, it seems 

most likely that the levels of K, Rb, Sr and Ba in the least altered 

samples were established before the onset of granulite metamorphism. 

As rutile and apatite are also in equilibrium, the same is probably 

true of Ti and P. Thus, it is considered that the observed trace 

element abundances are a reflection of the composition of the continental 

lower crust and that, in most cases, they are not an artefact of host 

rock contamination. 

The purpose of the work described in this chapter has been 

to allow the further investigation of the origin of the granulite 

xenoliths and to assess the importance of the various processes that 

may have contributed to their petrogenesis. In order to achieve this, 

17 whole rock samples have been analysed for the rare earth and other 

trace elements and, of these samples, garnet, clinopyroxene and plagio-

clase have been separated from 7 and similarly analysed. Also analysed 

were 5 garnet pyroxenites and 1 eclogite and mineral separates from 

3 pyroxenites in an attempt to test the validity of the proposal by 

Griffin et al.that these rocks are co-eval with the granulites. 
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5.2 	Whole rock analyses : Results and Discussion  

The results of the analyses are listed in full in appendix 

5.1 and the REE abundances illustrated by the chondrite normalised 

diagrams in figs. 5.1-4. Comparing fig. 5.1 and 5.2, it is clear 

that the basic granulite xenoliths belong to two separate groups, 

those showing light REE enrichment and those with either flat or 

light REE depleted patterns. Similarly, the garnet pyroxenites show 

a variety of patterns and it is interesting to note that the pyroxenite 

PHN2495 possesses a similar pattern to PHN1646 but at slightly higher 

abundances. Three of the xenoliths possess abundances intermediate 

between the two granulite groups while the fifth (not illustrated). 

has low abundances with light REE enrichment. The eclogite (PHN2532) 

shows a flat abundance pattern, with absolute abundances similar to the 

granulites with flat patterns. Again the considerable variation in 

absolute abundances is clear, all the REE varying by over an order of 

magnitude, e.g. La varies from 2.3 x chondrite (L-6) to 54 x chondrite 

(MAT 12) and Yb from ti 0.27 to 13 x chondrite in the same two samples. 

Nine of the eighteen granulites and three of the pyroxenites are from 

one kimberlite pipe (Matsoku) indicating considerable trace element 

heterogeneity within small regions of the lower crust, especially as 

members of both granulite groups are found at Matsoku. The apparent 

Ce anomalies in some samples e.g. PHN1919 and 2532, L13 and OVKF10303 

are thought to be due to hydrothermal effects during the later stages 

of kimberlite intrusion and related to the production of zeolites 

and secondary calcite. 
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Fig. 5.1 	REE abundances in group 1 garnet granulite xenoliths. 

Key:- 	1 - MAT12 (Matsoku), 2 - L20 (Matsoku), 3 - 

PHN1646 (Matsoku), 4 - PHN2533 (Pipe 200), 5 - PHN1670 

(Matsoku), 6 - M1'(Matsoku), 7 - PHN2852 (Matsoku), 

8 - L6 (Lipelenang). 
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Fig 5.2 	Group 2 garnet granulite xenoliths. 

Key:- 1 - LQ4 (liqhobong), 2 - PHN2532 eclogite (Pipe 200), 

3&4 - L12a & b (Matsoku), 5 - L13 (Matsoku), 6 - OVKF10303 

(Matsoku), 7 - PHN2588 (Liqhobong). 

Fig 5.3 	Felsic garnet granulite LT2 (Letseng-la-Terrae). 
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Fig 5.4 REE abundances of 4 garnet pyroxenite xenoliths. 

Key:- 1 PHN2495 (Liqhobong), 2 - L9, 3 - L17, 4 - L16, 

all from Matsoku 



From the limited data of the preliminary study (Rogers 1977) 

it was suggested that those samples with the highest total REE abundances 

are light REE enriched and the tendency towards lower FREE levels is 

accompanied by a flattening of the pattern. Clearly, from the evidence 

presented here, this no longer holds, although EREE depletion within 

each group results in the development of more pronounced positive Eu 

anomalies. This latter feature indicates the importance of residual 

plagioclase in the depletion process. The large variation shown by 

the heavy REE, elements easily accommodated by garnet, is sympathetic 

with that shown by the more incompatible light REE, demonstrating the 

negligible role played by garnet during depletion. Thus, it appears 

likely that the whole rock REE patterns have been inherited from a 

pre-granulite event, in agreement with the hypothesis most favoured 

by Griffin et al. Their alternative, that the depletion occurred syn-

or immediately post- granulite metamorphism, appears unlikely. Such 

an event would require anatexis and subsequent removal of the partial 

melt from the garnet containing restite with which, presumably, it had 

equilibrated. According to this theory the granulite restite (now 

represented by the granulite xenoliths) would not show the observed 

heavy REE depletion, due to the high Kd  values for the heavy REE between 

garnet and liquid. 
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Fig. 5.5 	Plot of Sm vs. Zr for granulite (• ) and pyroxenite (0) 

Xenoliths, showing the good positive correlation. (R 0.968 

for the granulites only). Points for L12a & b are joined 

by a solid line. 
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Fig. 5.6 	Plot of Sm vs Eu for the granulites and pyroxenites. 
(Key as for fig. 5.5). 
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Evidence for the magmatic nature of the depletion process 

is provided by the very strong positive correlation shown by Sm with 

Zr (fig. 5.5) Zr being used as a good indicator of variations caused 

by magmatic processes (see e.g. Pearce and Cann 1973). An interesting 

feature of fig. 5.5 concerns the relative positions of the two portions 

of the layered xenoliths L12A and B. The fractionation caused by this 

layering is in the same general direction as that shown by the whole 

suite. The same is also true for a graph of Sm vs. Eu (fig. 5.6). 

As the essential difference between L12A and B is in their modal mineral-

ogy. L12B being an eclogite with no plagioclase and 11% less normative 

plagioclase than L12A, this difference is probably best attributed to 

a primary igneous layering. However, before discussing further the 

ultimate origin of the granulite protoliths and the relative importance 

of igneous, metamorphic and metasomatic processes, it is important to 

consider the results of the analyses of the separate minerals. 

5.3 	Separate mineral analyses : Results and Discussion  

The major mineral phases of 7 granulites and 3 garnet pyroxenites 

have been separated and analysed for the REE, Sc, Co and Cr. Although 

Cs, U and Th analyses were also attempted, no significant y-ray peaks 

corresponding to these elements were found in the spectra from any of 

the mineral samples. The minerals were separated from the -80 to -120 

mesh fraction of the crushed rock, first with heavy liquids (Bromoform 

and Di-iodomethane) and then by hand. Between 20 and 80 mg of each 

mineral were separated. As the sample weights were low and the expected 



abundances of some of the elements also low, each sample was irradiated 

for 2 weeks (a total of 60-65 hrs) instead of the normal 1 week, in an 

attempt to improve the detection limits of some of the elements with 

long half lives. The results are listed in appendix 5.2 and illustrated 

in figs. 5.7, 8 and 9. 

An idea of the precision of the analyses can be gained by 

reconstructing the whole rock abundances from the separate mineral 

analyses and a knowledge of the modal mineralogy. The results of 

these calculations compared with the actual analyses are listed in 

table 5.1. As can be seen, most of the calculations agree well, to 

within ±25%. However, two samples show large residuals viz, the light 

REE in L20 and the heavy REE in PHN2533. It should be noted, in connection 

with this, that L20 contains .25% P205 and could, therefore, possess 

accessory apatite. As this mineral accommodates the REE, particularly 

the lighter elements, with great facility, it could easily act as a 

host for these elements, thereby making up the deficit in the calculated 

whole rock abundances. Similarly, PHN2533 shows an anomalously high 

concentration of the heavy REE as evidenced by its 'U-shaped' pattern. 

The cause of this strange REE pattern is problematic but may be due to 

a post-metamorphic accummulation of garnet. Indeed, in the hand specimen 

bands of garnet are visible. Thus, the disagreement between the calculated 

and actual composition is attributed to mineralogical heterogeneity. 

Of the other three elements analysed, Sc produces results comparable 
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Fig. 5.7 	REE abundances of clinopyroxenes from the granulite xenoliths. 

1 - PHN1646, 2 - L20, 3 - PHN1919, 4 - PHN2533, 

5 - OVKF10303, 6 - L13, 7 - PHN2588. 
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Fig. 5.8 	REE abundances of garnets from granulite xenoliths. 

1 - PHN1646, 2 -120, 3 - PHN1919, 4 - L13, 

5 - OVKF10303, 6 - PHN2533, 7 - PHN2588. 
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with the REE whereas Co and Cr always give low whole rock estimates. 

This is considered to be due to the incorporation of these transition 

elements in rutile and other accessory minerals, however, and not due 

to significant analytical discrepancies. In general, the REE and Sc 

can be accounted for by the three major mineral phases in any sample 

and only in the cases of Co, Cr and the light REE in sample L20 are 

accessory minerals with high concentrations of these elements required 

to explain the observed discrepancies. 

The REE patterns of the minerals are as might be expected from 

published partition co-efficient data. The garnets show a preferential 

enrichment of the heavy REE, plagioclase (REE diagrams not illustrated) 

is enriched in Eu and shows a tendency to light REE enrichment while 

clinopyroxene accommodates the remainder and is, therefore, similarly 

light REE enriched. The clinopyroxene patterns show a maximum chondrite 

normalised abundance at Ce or Nd. This may be due to the ability of 

plagioclase to accommodate La, producing a lower abundance in the clino-

pyroxene. However, as a similar feature is displayed by the clino-

pyroxenes from the plagioclase-free garnet pyroxenites, this is thought 

to be primarily the result of the crystal chemistry of clinopyroxene, 

La being slightly too large for the usual REE site in the clinopyroxene 

structure. Such an explanation has been successfully employed for 

similar patterns observed in clinopyroxenes from ultra-basic rocks. 

(Ottonello et al 1978). 
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Table 5.1 	Reconstruction of whole rock trace element abundances  

from separate mineral analyses and modal mineral proportions 

Rock 	PHN1646 

Calc 	Actual 

PHN1919 

Calc 	Actual 

0VKF10303 

Calc 	Actual 

PHN2533 

Calc 	Actual 

La 	14.2 14.9 1.83 1.39 5.51 5.25 

Ce 	35.4 35.2 12.9 13.8 3.17 4.29 7.71 7.19 

Nd 	21.9 20.0 6.3 8.1 1.44 1.74 2.73 2.33 

Sm 	6.34 4.95 2.25 2.3 0.56 0.68 0.67 0.63 

Eu 	1.89 1.52 0.98 1.2 0.39 0.44 0.70 0.72 

Tb 	0.70 0.77 0.72 0.4 0.12 0.18 0.07 0.16 

Ho 	0.67 0.88 0.35 - 0.22 0.22 0.18 0.46 

Yb 	2.04 2.32 1.21 1.3 0.58 0.75 0.88 1.30 

Lu 	0.25 0.37 0.15 0.2 0.09 0.14 0.12 0.22 

Sc 	35.0 31.3 - - 18.8 22.9 34.6 41.3 

Co 	44. 60. - - 25.0 51.3 29.5 37.6 

Cr 	135. 189. - - 154. 310. 74. 125. 

Mode 

Gt 	29% 33% 37% 27% 

Cpx 	50% 37% 19% 46% 

Plag 	21% 30% 44% 27% 

L20 L13 L17 L16 L9 

Calc Actual Calc Actual 	Calc Actual Calc 	Actual Calc Actual 

La 	6.07 16.1 1.58 1.33 	3.01 4.33 3.11 	4.07 5.43 5.73 

Ce 	17.1 38.3 4.15 3.13 	8.0 10.9 9.96 	8.62 16.1 15.9 

Nd 	10.1 18.9 3.10 3.15 	- 7.0 7.26 	7.49 12.5 7.7 

Sm 	4.51 4.78 1.22 1.04 	2.37 2.22 2.19 	2.38 2. 0 2.56 

Eu 	1.36 1.57 0.47 0.58 	0.84 0.82 0.71 	0.70 0.96 0.87 

Tb 	0.75 0.75 0.20 0.20 	0.43 0.49 0.41 	0.42 0.49 0.54 

Ho 	1.1 0.90 0.23 0.27 	0.50 0.50 0.36 	0.55 0.47 0.67 

Yb 	2.68 2.62 0.61 0.87 	1.29 1.30 1.13 	1.34 1.52 1.81 

Lu 	0.45 0.36 0.10 0.08 	0.20 0.24 0.20 	0.22 0.22 0.29 

Sc 	33.2 31.0 21.1 22.5 	43.3 43.2 46.4 	49.3 66.0 61.3 

Co 	40. 74. 30. 57. 	47. 72. 53. 	64. 45. 82. 

Cr 140. 186. 197. 250. 	496. 452. 2263. 	3220. 539. 707. 

Mode 

Gt 	46% 31% 58% 21% 19% 

Cpx 	26% 44% 37% 60% 75% 

Plag 	28% 25% Opx 	5% 19% 6% 

Mineral modes from Griffin et al. (1979) 
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Both garnets and clinopyroxenes from samples with whole rock 

positive Eu anomalies also show +ve Eu anomalies in their individual 

analyses. As the Kd  values for Eu (see below) between these minerals 

are not anomalous, it can only be inferred that the present mineralogy 

has had little effect on defining the present whole rock pattern. 

Therefore, this must have been established before the granulite meta-

morphic event and consequently requires that the REE have re-equilibrated 

with the new mineralogy isochemically. This confirms the previously 

suggested hypothesis that the trace element abundances were acquired 

before the high pressure granulite mineralogy was established. 

Itwas suggested above that there might be some anomalous 

behaviour of the light REE. This is further indicated by the La 

abundances in the garnets and is best illustrated by the analysis 

of garnet from PHN1646. In this sample, La is at ti 8 x chondrite 

and Sm at 'L 12 x. However, Ce and Nd were not detected and so can 

only be present at levels below their lower detection limit (i.e. 

below ti 2.5 x chondrite). It therefore appears that La has been 

enriched in the garnet by some selective process as it is not en-

riched in other minerals. Contamination by the host kimberlite 

seems unlikely as this would be expected to effect all the minerals 

and would also be reflected in the analyses of Ce and Nd which is 

clearly not the case. The only process known to effect only garnet 



is the development of kelyphitic rims and it is therefore suggested 

that the La enrichment is in some way related to kelyphitisation. 

The significance of this is, however, problematic as it is still not 

known whether kelyphitisation pre-dates or is synchronous with in-

clusion in the host kimberlite. 

Of the REE, Kd  values between garnet and clinopyroxene can 

be calculated for five, namely La, Sm, Eu, Tb and Yb. The probable 

disequilibrium behaviour of La is reflected in the particularly large 

spread of Kd  values, ranging from 2.65 up to 34 (Kd  = X 
La 
cpx 

/X 
La 
 gt). 

However, considering that the mineral pairs are from a suite of very 

similar rocks derived from a similar P-T-X environment, the Kd  values 

of the other elements also show a considerable spread e.g. KSm  varies 

from 2.07 to 4.28, Kdu  0.99 - 1.99, KTb  0.300 - 0.500 and Kd 0.0224- 

0.0669. In the case of Yb, the large spread may be the result of un-

certainty in the analysis of the clinopyroxene, however, for the other 

elements, analytical errors were no greater than usual (i.e. 2a < 10%). 

Similar studies of garnet-clinopyroxene pairs from lherzolites and 

eclogites (Philpotts et al 1972, Shimizu 1975) also revealed some 

variability in Kd  values. Using the data presented here and data from 

the above references, five groups of garnet-clinopyroxene bearing 

rocks can be discerned - granulite, (7 samples), garnet pyroxenite (3) 

eclogites (2), granular garnet lherzolite (4) and sheared garnet lherzo- 

lites (3). As the data from the literature were obtained by isotope 
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Table 5.2 	Analysis of variance results for Sm, Eu and Yb Kd  values. 

Element:- Sm 

Rock Type 
No. 	of 
Results 

Mean Kd  
value 

Standard 
Deviation 

Granulites (GR) 7 2.69 0.49 

Garnet Pyroxenites (GP) 3 3.88 0.52 

Eclogites (EC) 2 1.41 0.18 

Sheared 	Garnet Lherzolites (SGL) 3 1.13 0.47 

Granular 	" 	" (GGL) 4 2.21 0.84 

ANOVA Results:- 

Source of 
Variation 

Among Samples 

Within Replicates 

Total Variation 

Degrees of 
Freedom 

4 

14 

18 

Sums of 
Squares 

14.09 

4.55 

18.64 

Mean F-Ratio 
Squares 

3.522 	10.85 

0.325 

Theoretical 
F-Ratio 

2.93 

Element:- 	Eu 

Rock Type No. of 
Results 

Mean Kd  
value 

Standard 
Deviation 

GR 7 1.33 0.29 

GP 3 1.87 0.15 

EC 2 0.87 0.15 

SGL 3 0.80 0.27 

GGL 4 1.25 0.38 

ANOVA Results:- 

Source of Degrees of Sums of Mean 	F-Ratio Theoretical 
Variation Freedom Squares Squares F-Ratio 

Among Samples 4 2.119 0.530 	6.50 2.93 

Within Replicates 14 1.140 0.081 

Total Variation 18 3.259 
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Table 5.2 Contd. 

Element:- Yb 

Rock Type 	No. of 	Mean K 	Standard 
Results 	valued 	Deviation 

GR 6 0.0456 0.0147 

GP 3 0.0348 0.0136 

EC 2 0.0407 0.0087 

SGL 3 0.0494 0.0162 

ANOVA Results:- 

Source of Degrees of Sums of Mean 	F-Ratio Theoretical 
Variation Freedom Squares Squares F-Ratio 

Among Samples 4 0.00303 0.00076 	3.88 3.26 

Within Replicates 12 0.00234 0.00020 

Total Variation 16 0.00537 
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dilution mass spectrometry, only three elements, Sm, Eu and Yb, can 

be compared. The results of a simple one way analysis of variance 

test on these five groups are summarised in table 5.2. As is clear 

from the ANOVA tables, all three elements give calculated F ratios in 

excess of the theoretical values for the given degrees of freedom, 

thus indicating statistically significant variation of Kd  values between 

the 5 groups of rocks, i.e. the observed variation between groups is 

greater than that expected from the variation observed within each group. 

Comparison of means and standard deviations of Kd  values for Sm and Eu 

suggests that they increase in the following order: Sheared garnet 

lherzolites s eclogites < granular garnet lherzolite < granulites < 

pyroxenites. Kd(Yb), on the other hand, does not show so much variation 

except that it is slightly greater for the sheared garnet lherzolites 

than the other groups. However, there is no obvious correlation between 

Kd  with either P or T of equilibration. The small number of samples 

available for each group does not allow the definition of more subtle 

trends which will only be revealed after further analyses have been 

presented. 

The Kd  values for Sc, Co and Cr can be similarly treated, 

comparing the granulite results with those reported by Shimizu and 

Allegre (1978) for a suite of 14 garnet lherzolite xenoliths which 

are divided into three groups: (1) sheared (2) granular and 

(3) granular-metasomatic. A one way ANOVA test was again applied 
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Table 5.3 	Analysis of variance results for Sc, Cr and Co Kd  values 

Element:- 	Sc 

Rock Type No. of Mean Kd Standard 
Results value Deviation 

Granulites (GR) 7 0.676. 0.192 

Garnet Pyroxenites (GP) 3 0.810 0.126 

Sheared 	Lherzolites (SGL) 4 0.201 0.037 

Granular  (GGL) 5 0.162 0.025 

Metasomatic (MGL) 3 0.211 0.096 

ANOVA Results:- 

Source of 
Variation 

Among Samples 

Within Replicates 

Total Variation 

Degrees of 
Freedom 

4 

17 

21 

Sums of 	Mean 	F-Ratio Theoretical 
Squares Squares 	F-Ratio 

	

1.57 	0.393 	24.00 	3.66 

	

0.278 	0.0164 

1.85 

Element:- 	Cr 

Rock Type No. of 
Results 

Mean Kd  
value 

Standard 
Deviation 

GR 7 1.287 0.297 

GP 3 0.906 0.076 

SGL 4 0.253 0.081 

GGL 5 0.290 0.130 

MGL 3 0.347 0.084 

ANOVA Results:- 

Source of Degrees of Sums of Mean F-Ratio Theoretical 
Variation Freedom Squares Squares F-Ratio 

Among Samples 4 4.55 1.137 30.1 3.66 

Within Replicates 17 0.642 0.038 

Total Variation 21 5.19 
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Table 5.3 Contd. 

Element:- Co 

Rock Type 	No. of 	Mean K 	Standard 
Results 	valued 	Deviation 

GR 7 0.574 0.139 

GP 3 0.517 0.051 

SGL 4 0.941 0.266 

GGL 5 0.639 0.223 

MGL 3 0.494 0.070 

ANOVA Results:- 

Source of 	Degrees of Sums of Mean 	F-Ratio Theoretical 
Variation 	Freedom 	Squares Squares 	F-Ratio 

Among Samples 	4 	2.501 	0.125 	3.93 	3.66 

Within Replicates 	17 	0.542 	0.032 

Total Variation 	21 	1.044 
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to these five groups, the results of which are summarised in table 5.3. 

Although Co does not give a very significant F factor, the Kd  values 

from the sheared xenoliths are slightly higher than the rest. Sc and 

Cr, however, show quite interesting variations. Kd(Cr) varies system-

atically, decreasing in the order granulites > pyroxenites > garnet 

lherzolites. This order may be interpreted as being the result of 

the increased stability of knorringite garnet in solid solution with 

pyrope-almandine as pressure and temperature increase. The intermediate 

Kd(Cr) values of the pyroxenites therefore suggest a higher pressure 

of equilibration than that for the granulutes, in agreement with the 

P-T estimates obtained from standard mineral thermometers and barometers 

(Griffin et al (op.cit)). As these derived P-T estimates were indicative 

of upper mantle conditions, it appears even less likely that the pyrox-

enites are necessarily consanguinous with the granulites. 

The Kd(Sc) values fall into two groups corresponding to ultra-

basic xenoliths and the granulite-pyroxenite suite. This also corresponds 

to an analytical division, the ultrabasic samples being analysed by 

ion-probe techniques (Shimizu and Allegre 1978). In interpreting their 

results, these authors defined the Sc distribution coefficient relative 

to Al:- 

KSc'Al 
= (Sc/Al)cpx/Sc/A1)gt  



and found that its value was constant for all the samples analysed, 

being 'L 2. The same cannot be said for the granulite pyroxenite 

nodules, calculated 
Kāc,Al 

 values ranging from a lower limit of 2 up 

to 10. The significance of this variation is, as yet, unknown and 

further analyses will be required before any more definite conclusion 

can be made. 

In conclusion, the evidence from the separate mineral analyses 

clearly demonstrates the pre-granulite character of the whole rock REE 

patterns and supports the previous suggestions that trace element 

abundances were established before the development of the garnet bearing 

assemblage. Furthermore, the reasonable agreement in the mass balance 

calculations show that the REE and Sc are accounted for by the three 

major mineral phases and that contamination by the host kimberlite 

has been minimal. The calculated Kd  values for the five REE (La, Sm, 

Eu, Tb and Yb) are in general agreement with published values, although 

statistically significant variations are revealed by one way analysis 

of variance tests when different groups of rocks are compared. Sc also 

behaves in a more variable way than has been previously observed in 

ultrabasic xenoliths. The partitioning of Cr between clinopyroxene 

and garnet appears to be governed by the stability of the knorringite 

garnet end member, the value of Kār  decreasing as pressure and temperature 

increase. The inference from this is that the pyroxenite protoliths 

are not associated in depth with the lower crustal granulites but are 

probably situated within the upper mantle, as indicated by the P-T 

figures derived from standard pyroxene-garnet thermo-barometers (Griffin 

et al (op.cit)). 

193 



194 

5.4 	The origin of the Granulite Xenoliths and their Protolith  

Various features of the REE abundances give indications as to 

the mineralogy controlling the depletion process that has affected 

these rocks. The large positive Eu anomalies in the more depleted 

samples show the importance of residual plagioclase while the variation 

of the heavy REE suggests that garnet was not present in the original 

residue. From this it is concluded that the present mineralogy has 

developed since the depletion event and that any models used to explain 

the present REE and trace element abundances cannot be based on this 

mineralogy. The strong positive correlation shown by Sm with Zr is 

interpreted as being indicative of a magmatic solid-liquid depletion 

event as opposed to the effects of metasomatism. The correlation be-

tween Zr and La, while still significant shows more scatter, suggesting 

that the abundances of the lightest REE may have been adjusted by sub-

sequent events. This is also inferred from the apparently disequilibrium 

behaviour of La distribution between clinopyroxene and garnet. 

Two types of model are, therefore, considered in trying to 

explain the origin of the granulite protoliths. The first of these 

involves partial fusion of a more silicic composition to leave a 

restite comparable with the basic granulites after extraction of 

a granitic partial melt. The second involves fractional crystallisation, 

the granulites being metamorphosed cumulates. 



The lower crust has often been considered a probable source 

of granitic and similar melts and many hypotheses have been proposed 

to explain the development of a chemically zoned continental crust 

by partial fusion in the lower layers and upward migration of the melt 

(e.g. Fyfe 1970, Jakes & Taylor 1974). Jakes and Taylor's model 

further proposed that the lower crust should possess a positive Eu 

anomaly to complement the negative anomaly observed in silicic calc- 

alkaline plutonic rocks, typical of the upper crust. Initially the 

xenoliths might be thought to fit this model, samples PHN1646, L20 

etc., representing undepleted lower crust and the residual xenoliths 

the restite.after partial fusion. Such a model is precluded by the 

major element composition of the xenoliths, however, samples 1646 

and L20 being very similar in composition to the other types, suggesting 

that any partial melting would be of limited extent and insufficient 

to give rise to the observed REE depletion. The presence of a partial 

melt around mica in PHN1646 (Rogers 1977) is attributed to a disequilibrium 

effect caused by a sudden release of pressure during kimberlite eruption. 

Similar effects have been observed around hydrous phases in ultrabasic 

xenoliths (Frey & Green 1974). 

A suitable composition for melting is represented in the 

xenolith suite by LT.2, a silicic granulite with a silica content 

of ti  60%, this sample could give rise to ti  20% of a melt containing 

70% Si02 leaving a residue with a silica content comparable with 
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4-  For major element analyses see Griffin et,al (1979). 
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Table 5.4 	Granulite partial meltin&.  models  

Source Mineralogy Melt 

Model 1 

(Low pressure granulite) 

10% Qtz, 

25% Cpx, 

5% Oxides 

10% K-feld, 

50% Plag, 

(Kd=1) 

Ab 50%, Or 

Qtz 28%. 

22% 

Model 2 18% Qtz, 23% Gt, 45% Qtz, 45% Plag, 

(High pressure granulite) 27% Cpx, 

4% Opx. 

28% Plag, 5% Gt, 	5% Cpx. 

Model 3 

(Amphibolite) 

40% Plag, 

20% Qtz. 

40% Amph. 15% Amph. 

60% Qtz. 

25% Plag, 

Kd  data are taken from-the compilation of Arth and Hanson (1975) 
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Fig. 5.10a Partial melting model based on pyroxene granulite mineralogy. 

Key:- L20 - Liquid from 20% partial melting. 

R20 - Residue after 20% partial melting. 

S 	- Source composition (LT-2). 

1 & 2 - Examples of basic garnet granulites, 

(PHN1646 & M1). 
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Fig. 5.10b Partial melting model based on garnet granulite mineralogy. 

Key as in fig. 5.10a. 
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Fig. 5.10c 	Partial melting model based on amphibolite facies mineralogy. 

Key as in fig 5.10a. 	' 



the basic granulites. Three different partial melting models have 

been considered and are summarised in table 5.4. Model 1 is based on 

the normative mineralogy of LT2, model 2 on the modal mineralogy and 

model 3 on a hypothetical amphibole bearing mineralogy. These models 

are considered to represent melting under low and high pressure 

granulite facies and amphibolite facies conditions respectively. The 

results of the calculations are summarised in fig. 5.10 a, b and c, 

from which it is clear that none of the models can satisfactorily re-

produce the REE abundances of the basic granulites. In fact 20% melting 

appears to have very little theoretical effect on the granulite whole 

rock REE abundances suggesting that these elements are not particularly 

suitable indicators of partial melting of granulitic crustal material. 

The REE abundance pattern of the melt in each of the models is not 

unlike some natural magmas e.g. model 1 liquids are comparable with 

some granites, model 2 with anorthosites and model 3 with pre-cambrian 

dacitic magmas. Thus, while these models fail to reproduce the basic 

granulite, REE abundance patterns, it seems reasonable to suggest that 

they may have some application to the production of other magmas. 

From the arguments proposed in section 5.3, it appears most 

unlikely that garnet could have been an active phase during the depletion 

event. The following fractional crystallisation models are, therefore, 

based on the CIPW normative mineralogy and should always be considered, 

realising the assumption made during the norm calculations. The norms 

have been taken from Griffin et al (1979) and recalculated to give total 
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olivine,clinopyroxene and plagioclase. Any excess is assumed to 

represent trapped liquid and is assigned a Kd  value of 1 for all 

elements. The two groups of xenoliths are considered separately:- 

(i) The light REE enriched xenoliths are related to a liquid 

similar to PHN1646 and L20 and their theoretical whole rock abundances 

calculated from published Kd  values (Frey et al 1978, Arth and Hanson 

1975) and the re-calculated norms. 

(ii) For the flat and light REE depleted xenoliths, a series of 

possible liquid compositions are calculated from the abundances in 

the enriched xenoliths using the norms and Kd  values. 

The relevant data for the first model are summarised in table 5.5 

and the group of curves developed from these data illustrated in 

fig. 5.11. While the agreement between actual and calculated abundances 

is not particularly good, the model has developed a group of chondrite 

normalised abundance curves that is qualitatively similar to the 

analysed group. Note particularly the inflection in both the actual 

and predicted curves at Ho and their general paralellism. Considering 

the approximation and assumptions made in this model, the agreement is 

good and far better than that from any partial melting model. This is 

interpreted as suggesting that fractional crystalisation is a far more 

viable process for the development of these rocks. 

Table 5.6 contains comparable data for the second group of 

granulite xenoliths except that, as a probable liquid, (comparable with 
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Table 5.5 	Fractional crystallisation model 1  

Normative mineralogies 

Rock - 1670 	M1 	2852 	L6 

Plag. 	64.6% 	66.1 	55.5 	75.9 

Cpx. 	13.1 	14.3 	18.1 	3.6 

Oliv. 	16.9 	15.9 	17.3 	18.6 

Liquid 	5.4 	3.2 	9.1 	1.2 

Assuming the above are cumulate assemblages, distribution coefficients 

for each assemblage can be calculated from Kd  data:- 

Kd  Values 

Element Plag. Cpx. Oiiv. 

Ce 	0.12 	0.15 	0.0069 

Nd 0.081 0.31 0.0066 

Sm 0.067 0.50 0.0066 

Eu 	0.34 	0.51 	0.0068 

Tb 0.059 0.65 0.0087 

Ho 0.065 0.66 0.0103 

Yb 0.067 0.62 0.014 

Lu 0.060 0.56 0.016 

Kd  values from Arth and Hanson (1975) 

Finally, the model abundance of the cumulate is calculated from the 

cumulate D value and the abundance of the element in the parent liquid. 
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Table 5.5 	Contd. 

Example 	MI 

D 
* 

Liquid 
** 

Model 	Actual 

Ce 0.134 35.2 4.72 10.9 

Nd 0.131 20.0 2.62 5.5 

Sm 0.149 4.95 0.74 1.32 

Eu 0.332 1.52 0.51 0.64 

Tb 0.166 0.77 0.13 0.24 

Ho 0.171 0.88 0.15 0.32 

Yb 0.168 2.46 0.41 0.90 

Lu 0.155 0.37 0.06 0.13 

* 	PHN1646 (ppm) 

** Calculated from D = Cc/C1  i.e Cc  = D.C1  

Although the model and actual abundances disagree by 50%, the model 

calculations are consistently 50% low and the calculated whole rock 

abundance pattern is very similar to the actual pattern. See fig.5.11 

for a comparison of the calculated abundances and the range of 

abundances shown by the analysed xenoliths 
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Fig. 5.11 	Comparison of model cumulates derived from the normative 

mineralogy of the residual xenoliths and a parent liquid 

similar to PHN1646 (1). Xenoliths used to calculate 

curves 2 — 5 are, in order, PHN2852, PHN1670, Ml and L6. 

Curves A and B represent the upper and lower limits of the 

residual xenoliths REE abundances. 
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Table 5.6 

Using the Kd  values as listed in table 5.5, hypothetical liquid 

compositions can be calculated from the analysed xenoliths and their 

normative mineralogy. 

OVKF 
10303 L13 L12A L12B 

Plagioclase 70% 65% 57% 45% 

Clinopyroxene 9.5 15 23.5 34 

Olivine 15.7 16 15 17 

'Liquid' 4.8 4 4.5 4 

Example - L12A 

D Rock REE 
Abundances* 

Calculated 
Liquid** 

Ce 0.15 3.84 11.6 

Nd 0.165 2.97 18.0 

Sm 0.202 1.38 6.83 

Eu 0.360 0.65 1.81 

Tb 0.233 0.33 1.42 

Ho 0.239 0.45 1.88 

Yb 0.231 1.21 5.42 

Lu 0.213 0.22 1.03 

* As analysed (ppm) 

** Calculated knowing D = Cc/C1  i.e. C1  = Cc/D, where D is the bulk 

distribution coefficient, CE  is the cumulate concn and Cl  the liquid concn. 

The results are illustrated in Fig. 5.12. 
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Fig.. 5.12 	Results of the fractional crystallisation model for the second 

group of xenoliths. The similarity of the calculated liquid 

compositions to one another and the xenolith LQ4, suggests 

initial derivation from a common parent. 

Key:- Liquid compositions calculated from 1 - L12b 

2 - Ll2a 

3 - OVKF10303 

4-L13 

The heavy line represents LQ4. 
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PHN1646 and L20 for the first group) is not present, the calculations 

have been carried out in reverse, predicting a probable liquid compo-

sition, assuming that the granulites are cumulates. -In this context 

it is important to compare the results from L12A and B. If any samples 

are related by fractional crystallisation then these two must be as 

they are the felsic and mafic parts, respectively, of a layered xeno-

lith. Although the two predicted curves differ somewhat in absolute 

abundances they are parallel, illustrating the qualitative nature of 

this approach. M13 also produces a liquid REE pattern comparable with 

those from L12A and B and all three are, in turn, similar to the whole 

rock pattern from LQ4, except for the lack of a Eu anomaly in the latter. 

The hypothetical liquids from PHN2532 and OVKF10303 are indeterminate 

as to which group they belong to. 

Using the relevant Kd  values (Frey et al 1978), Sc, Co and 

Ni can be similarly modelled for the xenoliths, the results of the cal-

culations being summarised in table 5.7. For the first group of 

xenoliths, there is good agreement for Sc and the predicted range of 

Co abundances includes the actual analyses of the probable liquids. 

The agreement for Ni is not so good although the very large Kd  value 

for olivine means that its abundance is very susceptible to olivine 

fractionation. This would have little or no effect on most of the 

elements but would severely affect the Ni abundance. The agreement 

of the calculations for the second group of xenoliths is similarly fair, 

the analysis of LQ4 generally co-inciding with predicted liquid concen-

trations. 
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Table 5.7. 

1. Calculation of cumulate trace element composition assuming modal 

mineralogy from norm calculations and a liquid composition similar 

to PHN1646. 

Cpx. 	Oliv. 

Kd  values* 	Sc 	3.1 	0.25 	*Taken from Frey et. al. 1978. 

Co 	1.2 	1.3 - 6.5 

Ni 	2 - 4 	3.8 - 35. 

Rock - 1670 	M1 	2852 	L6 
calc actual calc actual calc actual calc actual 

Sc 	15.8 	14.3 	16.2 	19 	21.7 	20.5 	5.7 	3.15 

Co 	28 - 93 	62.6 	28 - 89 	62 	40 -106 	37 	23 - 94 	57 

Ni 	110-741 	69 	171-705 	83 	128-836 	56 	92 -825 	32 

2. Calculation of possible parental liquid from residual xenolith 

analyses and modal mineralogies. 

Rock -  
OVKF 
 L13 	L12A 	L12B 
10303 	

LQ4 
(Possible parent) 

Sc 	59 	41 	35 	38 	39.4 

Co 	138 - 44 	132 - 45 	106 - 43 	124 - 53 

Ni 	70 - 10 	151 - 24 	129 - 24 	161 - 33 

72. 

60. 
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In summary, while neither partial melting or cumulate models 

can quantitatively reproduce the trace element abundances of the granulite 

xenoliths, there is far better qualitative agreement for the cumulate 

models. The xenoliths are thus best interpreted as fragments of meta-

gabbros from the lower crust. 

5.5 	Discussion  

The different groups of magmas reflected in the granulite 

xenoliths suggest that the lower crust beneath Lesotho has developed 

through a number of different magmatic and tectonic events, and, in 

this way, is comparable with the section of the lower crust exposed 

in the Ivrea Zone of the Alps (Mehnet 1975). The REE abundances of 

representative rocks from this region have been determined by Dostal 

and Capedri (1979) and show remarkable similarities with the xenolith 

analyses presented here except that the Ivrea Zone samples contain 

twice the concentration of the REE. The similarities are summarised 

in table 5.8. 

Table 5.8 

Lesotho Xenoliths Ivrea Zone 

1.  Light REE enriched basic granulites Basic Granulites ) 

2.  Light REE depleted basic granulites Meta-igneous Amphibolites 	) 

3.  Felsic granulites (LT-2) Biotite gneisses and Stronalites 
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The main difference between the basic granulites from the two locations 

is that cumulate types are not recognised from REE data in the Ivrea 

Zone samples. The second group of granulites also compare well with 

REE analyses of eclogites from the Alpine/Apennine Voltric group 

(Morten et al, 1979) which have been interpreted as metamorphosed 

oceanic basalts and their associated cumulates. The evidence from 

the xenoliths is therefore interpreted as suggesting that the lower 

crust beneath Lesotho has evolved in a very similar way to lower crustal 

sections as exposed in Phanerozoic mobile belts. The light REE depleted 

granulite xenoliths could very well represent subducted oceanic basalts 

and gabbros while the light REE enriched granulites may be related to 

magmas produced during subduction. The felsic granulite is probably 

representative of metamorphosed sediments. Although there has been no 

systematic geochronological study of the granulite xenoliths, the 

few available dates suggest ages in the order of 1-2 by. (Griffin et al. 

op.cit., Jackson pers. comm.) This makes the similarity between the 

xenoliths and more recent (Alpine) granulites even more remarkable 

and suggests that plate tectonic processes could have operated for at 

least this length of time. Such a suggestion is compatible with the 

observation of Griffin et al. that the basic garnet granulites are only 

found as xenoliths in kimberlite pipes near the edge of the Kapvaal 

Craton, the latter being composed of Archean metamorphic rocks and 

bounded by Proterozoic mobile belts. 



The results of this work therefore endorse the conclusion of 

Griffin et al.(1979) that the lower crust beneath Lesotho is hetero-

geneous and has a complex geological history. Of their three accumu-

lation processes, the first, anatexis, now appears to be unlikely. 

The evidence is much more strongly in favour of basic granulite develop-

ment through a combination of their second two processes:- 

(a) intrusion of basic rocks into the lower crust during and 

after orogenic episodes and 

(b) lateral emplacement of basic material beneath the craton 

margin by subduction. 
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CHAPTER 	6 

GENERAL DISCUSSION AND CONCLUSIONS 

The results discussed in Chapters 3 and 4 amply illustrate 

the dichotomy that exists between the direct and indirect approaches 

to the determination of trace element abundances in the mantle. Petro- 

genetic models relating unfractionated primary magmas to a possible 

mantle source suggest that, if the undepleted mantle approximates 

pyrolite in its major element composition, then it must be light REE 

enriched (La up to 12 x chondrite) with heavy REE abundances at 

ti 3 x chondrite. Although one model presented by Frey et al (1978) 

related magma REE abundances to sources with flat REE abundance 

patterns, the degree of melting required to produce the liquid REE 

were so small (in some cases less than 1%) that the model was rejected 

as being unrealistic. Furthermore, some of the mass balance calculations 

for the major elements were not satisfied, further reducing the credibility 

of this alternative model. 

In contrast, direct analysis of fertile garnet lherzolites 

which approach pyrolite with respect to their major element compositions 

possess flat REE abundances at 1-3 x chondrite (this work PHN2838 and 

2839 and reconstruction of 1611 whole rock (Shimizi 1975)). A similar 

situation exists for the spinel lherzolites from S. Australia (Frey 

and Green 1974) and Arizona (Frey and Prinz 1978) with the most fertile 

samples possessing the flattest REE abundances. 



Similarly, the partial melting models predict that the mantle 

residual after parial melting should be light REE depleted with the 

level of the heavy REE being dependent upon the presence or absence 

of garnet during melting. As emphasized in Chapter 4, the REE analyses 

only partly agree with these model predictions. While the heavy REE 

abundances are indeed controlled by garnet bearing and garnet free 

mineral assemblages, the light REE show a marked enrichment as opposed 

to the expected depletion. Similar features are shown by some garnet 

free lherzolite xenoliths (Frey and Green op. cit., Frey and Prinz 

op. cit.) although a few obey the model predictions as do spinel 

lherzolites from peridotite intrusions (Frey 1969). 

By studying the associated problems of magma genesis and mantle 

depletion from opposing aspects, it is, therefore, possible to gain a 

more complete impression of melting processes. Both sets of evidence 

indicate that incompatible element enrichment of the upper mantle must 

have occurred. The data from primary magmas suggest this enrichment 

occurred either before or during melting, while the xenolith compositions 

could only result from enrichment either during or after melting. 

Assuming the two enrichment features are manifestations of the same 

process then enrichment must have accompanied partial melting, thus 

adding another variable to the already complex process of magma genesis. 
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The evidence from the depleted xenoliths indicates that the 

metasomatic component B possesses kimberlitic trace element abundances, 

leading to the conclusion that during parial melting, the mantle is 

infiltrated by a kimberlite-like fluid. On analogy with kimberlites 

exposed to the Earth's surface, this fluid will greatly affect not 

only the abundances of incompatible elements, but, also, the partial 

pressure of various volatiles. In Chapter 3 it was suggested that 

the Solomon Islands Alnoites, although more silica undersaturated 

than the S. Australian nephelinites and basanites (Frey et al, op. 

cit.), were derived by similar amounts of partial melting (4.5-6%) 

of a source with comparable REE abundances, the silica activity being 

controlled by the pco2  of the source and not the degree of melting. 

This hypothesis can now be modified by suggesting that the source 

mantle is similar in each case but that the fluids effecting partial 

melting possessed variable CO2/(CO2 + H20) ratios, the value of this 

ratio increasing from basanites through nephelinites to alnoites. 

In all these cases, however, the fluid resembles kimberlite with 

respect to the rare earth and incompatible elements. 

This scheme inherently accounts for the differences between 

kimberlites and other magmas as revealed in fig. 3.5 (La/Yb vs. Sm), 

the trace element abundances of the more usual magmas being the summed 

effects of partial melting and source enrichment. Kimberlites, on the 

other hand, are interpreted as being the surface expression of the 
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enriching fluid only. This hypothesis, however, still begs the question 

of the ultimate origin of the fluid and, hence, kimberlites. Clearly, 

this is an important question as kimberlite or kimberlitic fluids 

appear to play an essential role in the genesis of many mantle derived 

continental magmas. 

Although no viable petrogenetic scheme for kimberlites has 

yet been presented, the above hypothesis adds two more constraints 

to the list that must be satisfied in any future hypothesis. Firstly, 

as kimberlite or a kimberlitic fluid is the cause of mantle enrichment 

during partial melting, kimberlite itself cannot be derived from 

incompatible element enriched mantle. To invoke such a tautological 

argument would not help in our understanding of kimberlite petrogenesis. 

Secondly, as kimberlite and other forms of continental vulcanicity are 

widespread phenomena, kimberlite and proto-kimberlite fluids effecting 

vulcanicity, must be derived from a normal mantle composition, i.e. 

a peridotite resembling pyrolite and fertile mantle xenoliths. This 

second point, while constraining the chemical composition, does not 

necessarily constrain the source mineralogy to that usually seen in 

ultrabasic xenoliths in kimberlites. These, quite clearly, must 

be derived from above the highest level at which kimberlite was last 

in chemical contact with the mantle. As some of the xenoliths from 

Lesotho kimberlites record depth in excess of 200 km, it is suggested 

that kimberlite must be derived from even greater depths. Unfortunately, 
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the mineralogy of the mantle at depths greater than 200 km is poorly 

known, although ultra-high pressure phase changes have been suggested 

from both experimental and seismic investigations (see, e.g. Akimoto 

1972, Liu 1974). 

Although kimberlites do not appear to be the result of partial 

melting processes, as give rise to the more usual continental magma 

suite; that they exist as magma is indisputable from field 

evidence, such as the Benfotein sills (Dawson and Hawthorne 1973). 

At this locality there is evidence for the fractional crystallisation 

of REE rich minerals, such as peroūskite and niobian rutile (McMahon 

et al,1979) suggesting that the observed differences between the REE 

in kimberlites and other magmas could be the result of such fractional 

crystallisation. At present, it is not possible to cite direct evidence 

against the general operation of such a process due to the paucity 

of data on trace elements in kimberlite perouskites etc. However, 

if fractional crystallisation was a frequent process in kimberlite 

petrogenesis, then one would expect a continuum of REE compositions 

ranging from normal magmas to the most fractionated of kimberlites, 

and not the hiatus between the two trends as shown on a diagram of 

La/Yb vs Sm. Furthermore, although the Benfontein Sills provide 

evidence for fractional crystallisation of kimberlite, they are, as 

far as is known, a singular occurrence and do not indicate the wide- 

spread operation of this process. It is possible that the scatter 
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shown by the kimberlite data on the La/Yb vs Sm diagram is the result 

of the separation of a REE rich phase, but it seems most likely that 

kimberlite could be derived from a parent magma with REE abundances 

comparable with nephelinite, for example, by fractional crystallisation. 

The unusual REE abundances of kimberlites must, therefore, be 

a reflection of the processes operating in the source mantle. As 

emphasised in Chapter 3, conventional partial melting models cannot 

adequately explain the apparently decoupled trace and major element 

compositions of kimberlite despite the fact that kimberlite is a magma 

and melting must be involved in its formation. A possible alternative 

to simple partial melting that has been suggested previously in dis-

cussions relating to alkalic and, in particular, potassic magams, is 

zone melting (Harris 1957). During this process, a body of melt passes 

upwards through the mantle, melting the roof material and crystallising 

similar minerals at the base. As with partial melting, incompatible 

elements are concentrated in the melt phase. With zone melting, however, 

this effect is even more marked, the relative increase in concentration 

being a function of both K and L, the number of zone lengths through 

which the melt has passed. Under ideal circumstances this relative 

increase is given by the equation: 

C
L - K _ 	(K _ 1)e-KL 
0 
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where 	CL  = concentration in the melt 

C0  = concentration in the original solid 

K = partition (or bulk distribution) coefficient 

L = number of zone lengths through which the melt has passed. 

If such a process occurs in nature, however, ideal circumstances 

are unlikely to be attained. For example, equation 6.1 assumes complete 

melting of the source material. Clearly, in the mantle, this is highly 

unlikely, the zone probably consisting of a region of partial melt. 

Secondly, it assumes that an equal amount of material is crystallised 

at the base of the zone as is melted at the roof, i.e. the volume of 

the melt is a constant, and heat loss to the surrounding mantle, zero. 

Again such an isothermal, dynamic equilibrium appears most unlikely. 

Furthermore, the model does not take into account the role of a possible 

volatile phase that could easily form if the natural mantle was zone 

melted. Despite these limitations, however, equation 6.1 can still be 

used as a first approximation, particularly for the REE. These 

elements are accommodated by clinopyroxene and garnet which are, in 

turn, the first minerals to melt from the garnet lherzolite assemblage. 

Thus, the greater part of the REE content of the parent rock will enter 

the melt zone. The effects of a volatile phase on trace element 

partitioning are only important when it exists as a separate gas phase. 

In this system, the melted zone is under pressure and volatiles are 

assumed to remain in solution until the melt becomes saturated with gas 



in the latter stages of magma evolution. A volatile phase will, 

however, have a marked effect on both the majot element composition 

of the melt and the amount of partial melt formed. It is possible 

that as zone melting proceeds and the partial pressures of the various 

gases increase, so the degree of melting may also increase. Finally, 

although it is not possible to assess how much out of balance the 

melting and solidification process would be, it is probable that, 

due to heat loss, more material would crystalise than melt. The 

effect of this, however, may be countered by the effects of volatiles 

as discussed above. 

In the following model, the mantle being zone melted possesses 

a flat REE abundance pattern at 3 x chondrite, and is assumed to possess 

a garnet lherzolite mineralogy (10% Gt, 10% Cpx, 25% Opx, 55% Oliv.). 

Application of equation 6.1 to such a source produces a series of REE 

abundance curves, each curve corresponding to a value of L. Although 

the curves corresponding to values of L between 100 and 200 superficially 

resemble kimberlite in being steeply inclined and non-inflected, they 

do not coincide with the kimberlite trend on a diagram of La/Yb vs Sm 

(see figs. 6.1 and 6.2). Clearly for zone melting to be at all applicable 

to kimberlite petrogenesis, the crystallising minerals must be able to 

produce a much greater fractionation of La from Yb. This can be achieved 

in two ways. Either the Kd  value for the heavy REE between garnet and 

liquid must be much greater than published values or more garnet must 

crystallise from the melt than is suggested by the model. From the 

evidence presented in Chapter 5 (Table 5.2) there is not systematic 
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Fig. 6.1. 	Zone melting model 1. 	Based on a garnet lherzolite mineralogy. 
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change in Kd  values for Yb between clinopyroxene and garnet with pressure. 

Therefore, unless Kd  values between both clinopyroxene and liquid vary 

in the same way it seems unlikely that the Kd  value for Yb between 

garnet and liquid is going to vary sufficiently to cause the desired 

increase in fractionation. 

This leaves the second alternative of crystallising more garnet 

in the residuum than is suggested by the model and the question that 

must be answered as to whether such a process is possible. Does the. 

mantle become garnet rich as pressure increases? From experimental 

work (e.g. Ringwood 1966 cited by Yoder 1976), the answer to this 

question is yes; diopside breaks down to garnet and ilmenite structures. 

From the extrapolated phase boundaries in Yoder (1976, fig. 4.2), at a 

temperature of 14-1600°C this phase change takes place at ti 100 kb 

corresponding to ti 300 km depth which is within the range of depth 

suggested for kimberlite formation. Invoking the possible importance 

of such a high pressure phase change has a significant effect on trace 

element models, although our lack of knowledge concerning the nature 

of this reaction renders these models even less rigorous. If, however, 

a garnet harzburgite mineralogy of 20% gt, 25% opx and 55% olio., is 

assumed and equation 6.1 applied, REE patterns closely resembling those 

of kimberlite can be derived. Moreover, these results plot closer to 

kimberlites on a graph of La/Yb vs Sm (figs. 6.2 and 6.3). Again it is 

emphasised that both of these models are purely qualitative, serving 

only to demonstrate how kimberlitic fluids might develop if a zone of 

melt or partial melt moved upwards through fertile mantle. 
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Fig. 6.3. 	Zone melting models plotted on a diagram of La/Yb vs Sm 

Showing the general similarities of REE abundances for values 

of 1 between 160 and 200 for the garnet harzburgite model. 



A question that has caused problems in previous petrogenetic 

schemes involving zone melting concerns the 'driving-force' behind the 

upward motion of the melt zone. In this hypothesis, however, such a 

force can be envisaged, if the high pressure, cpx ; garnet + ilmenite 

phase change is invoked. One of the characteristics of kimberlites, 

as outlined in Chapter 3, is that they are restricted to the cold 

centres of continents, usually in cratonic regions. As dP/dT for 

most anhydrous phase changes in the mantle is positive, in these cold 

regions, high pressure phase changes will occur at their shallowest 

depths. The continents, however, show evidence in their geological 

records for having once been at much higher temperatures. During 

such thermal events, high pressure phase changes would have occurred 

at much greater depths. It is suggested that the slow rise of the 

phase change during cooling could provide the trigger and driving force 

behind zone melting. During the initial phases of cooling, recrystalli-

sation would release volatiles trapped as fluid inclusions. As the 

partial pressure of these volatiles (predominantly CO2) increase so 

a small amount of melting might be induced in the fertile mantle. From 

then on the process is self perpetuating, further cooling releasing 

more volatiles which in turn produce a greater degree of melting. All 

the time, however, the zone of volatile release and ensuing partial 

melting is being pushed upwards by the high pressure recrystallisation 

in a manner analogous to a metamorphic front. Again, this hypothesis 

explains one of the strange features of kimberlite composition, namely 

the apparent decoupling of major elements, incompatible elements and 
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volatile constituents. During normal zone melting volatile and in-

compatible elements should behave similarly, assuming volatile containing 

phases, such as amphibole, are not being precipitated from the melt. 

In the 'metamorphic front' process as hypothesised, the volatile 

elements accumulate first, before the melt forms, and are, therefore, 

inherently decoupled from the development of the trace element abundances. 

The decoupling of compatible and incompatible elements is a 

natural feature of zone melting and is well illustrated in fig. 6.4. 

It can be seen that the value of CL/CO  tends to a limit of 
1-as  L 

increases and that this limit is attained when 1 	10D
-L
. Clearly 

this limit is more rapidly approached the larger the value of D. 

Therefore, the major and compatible trace elements in the melt will 

tend to remain at relatively constant concentrations while the incom-

patible element abundances will show considerable variation. In the 

system envisaged, in which the kimberlite is considered to be derived 

from a zone of partial melt (as opposed to total melt), the mixing of 

melt and crystals will result in a more complex variation in compatible 

element abundances. The zone will consist of melt plus melted roof 

material (mainly olivine and orthopyroxene) plus crystallising floor 

material (i.e. olivine and orthopyroxene, unaltered from the roof and 

the phases crystalising from the liquid). Kimberlite, as erupted at 

the surface will, therefore, be a mixture of these three components. 

The incompatible element abundances of kimberlites will be controlled 

solely by the fluid fraction, whereas the compatible elements, which 
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are present in varying amounts in all three components, will show a 

range of abundances in the resultant kimberlite. The minimum of this 

range (if D > 1) will be determined by the fluid while the maximum, 

probably by the abundance in the original source material. 

From the data presented in Chapter 3, it can be seen that the 

analyses generally conform to this prediction. The greatest variation 

in compatible element abundances is a factor of 3 shown by Cr. This 

compares with the order of magnitude variation in the abundances of 

incompatible elements such as U and Th. Similarly, the model predicts 

that the heavy REE should not vary greatly when compared with the lighter 

elements, due to the high Kd  values of garnet for the heavy REE. Again 

the data agrees with this prediction. Reference to figs. 3.1 and 3.2 

shows that while Yb varies slightly, from 2-5 x chondrite, La varies 

through almost an order of magnitude, from 70 to 600 x chondrite. 

A further criterion satisfied by this hypothesis is, that 

kimberlite magma, although widespread, is volumetrically insignificant. 

Zone melting only requires a small amount of liquid to operate success-

fully and operates more successfully (for geological purposes) as the 

volume of liquid in the zone is reduced. Furthermore, for small volumes 

of melt, the magma body does not have to move very far for L to become 

large and the steady state concentrations of compatible and major 

elements to be achieved. Indeed, kimberlite incompatible abundances 
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are only developed for L > 100. Therefore, unless a large zone can 

travel a considerable distance, only small magma bodies will ever 

attain kimberlitic trace element abundances. 

To summarise, the petrogenesis of kimberlite is thought to be 

the direct consequence of mantle cooling and the gradual re-equilibration 

of the mantle to higher pressure mineral assemblages. As cooling progresses, 

the isograds representing the re-equilibration rise to shallower mantle 

depths, taking with them volatiles released by the recrystallisation. 

These volatiles in turn accumulate and eventually induce a small amount 

of partial melting. Further cooling induces higher level recrystallisation, 

increasing the volatile content of the system which in turn produces 

more melt. Eventually, the volume of melt is such that the partly 

molten zone could become detached from the rising isograd and rise as 

a result of its own buoyancy allowing the formation of the often proposed 

mantle diapir (Green and Gueguen 1974). Zone melting would cease as 

soon as the rising body of crystal mush encountered a refractory layer, 

such as the thick zone of mantle beneath the continents. This may 

explain the relative paucity of fertile mantle xenoliths in kimberlites 

generally. The proto-kimberlite partial melt is able to rise through 

fertile mantle through the processes of zone melting, solution stoping 

and diapirism but must be forcefully intruded into overlying rigid 

sterile peridotites. After the progress of the zone or diapir has been 

halted, ensuing fractional crystallisation causes a further increase 

in the pressure of volatiles, with subsequent doming and fracturing of 

the roof material, permitting the further ascent of the proto-kimberlite 

magma. 
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To return to the problem of the genesis of alkali basaltic 

and similar continental volcanic magmas, their formation can be re- 

garded in a similar manner to fenitisation around carbonatite in- 

trusions in the crust. Fluids emanating from the zone of partial 

melt or veins leading from that zone, react with the surrounding 

mantle. If the fluids interact with fertile mantle, the introduction 

of volatiles depresses its melting point and partial fusion follows. 

The composition of the melt is therefore controlled by both normal 

partial melting processes and the composition of the fluid. It is 

envisaged that the residue after melting will bear the imprint of 

the metasomatic/melting event and will be anomalously enriched in 

incompatible elements. The presence of this enrichment may be re- 

vealed by the presence of potassic minerals such as phlogopite and 

richterite, although sub-soludus re-equibration may erase any such 

mineralogical evidence. By invoking the operation of an enriching 

fluid, however, the basis of the previously favoured petrogenetic 

models (e.g. Frey et al 1978) is seriously questioned. These models 

use the P205 content of primary magmas to estimate the degree of 

partial melting involved in their formation, assuming P205 to behave 

as a totally incompatible element (i.e. D=0). It follows, therefore, 

that P205  will also be concentrated in the zone melting process producing 

the proto-kimberlite fluid. Subsequent enrichment of a magma source 

prior to and during partial melting will also enrich the source in P205. 
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Any models using P205 abundances as a guide to the extent of melting 

should, therefore be treated with caution and considered as 'minimum' 

conditions (the more P205 in the source, the greater the degree of 

partial melting is allowed to produce the observed magma P205 abundance). 

Alternatively, the fluid may encounter only sterile mantle. In 

this case, due to the infusible nature of the country rock, only local 

metasomatic activity can occur and the fluid continues on its route 

towards the surface. It should be emphasised  that this progression 

towards the surface is envisaged as being a relatively quiescent process. 

Recent exploration of the root zones of kimberlitic pipes from South 

Africa suggests that pipe formation is preceded by a relatively long 

period of magma intrusion by such processes as stoping, hydraulic 

fracturing and intermittent gas brecciation. Furthermore, the pre-

diatreme phase of intrusion appears to be controlled by the structure 

of the country rock (Clement 1979). These features collectively in-

dicate a comparatively peaceful upward progression of a column of magma, 

headed by a zone of 'precursor gas'. It is only after the surface has 

been broken that the violently explosive diatreme mode of eruption 

occurs i.e. after the release of the load pressure allowing exsolution 

of the gas phase from the magma and consequent gas fluidisation. 



The hypothesis presented here is highly tentative, being based 

on the analysis of only a few trace elements in magmas and mantle 

xenoliths. Clearly more analyses are required to test the various 

predictions, particularly concerning the metasomatic component in 

sterile mantle xenoliths. Possibly isotopic studies and more infor-

mation on the trace element abundances of the separate minerals, 

particularly phlogopite and richterite will help in more closely 

defining the composition of component B. The role of the MARID 

suite of xenolith (Dawson & Smith 1977) in metasomatic enrichment is 

also problematic. These are composed of volatile and incompatible 

element-rich minerals-(particularly K and Ti rich) that could well 

represent proto-kimberlite fluids that have solidified at depth. Do 

their mineral compositions compare with those of richterite and 

phlogopite in the sterile xenoliths? Experimental studies on the 

phase relations of garnet lherzolite at ultra-high pressures (i.e. 

100 kb or more) are also required to discover the dominant minerals 

that could co-exist with a proto-kimberlite liquid. The hypothesis 

does not adequately explain the role of the megacrysts found in most 

kimberlites. Could they represent material that has crystallised from 

the proto-kimberlite fluid during zone melting or are they another 

accidental sample of the deep mantle? 
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The results described have answered some questions, but, in 

so doing, have posed many more, illustrating our lack of knowledge 

concerning the constitution of the mantle. The samples from kimber-

lites provide us with a tantalising glimpse of the complex chemical 

and geological processes that occur at depth and it can be hoped that 

their further analysis will greatly aid our understanding of the 

evolution of the mantle and continents. 
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Appendix 2.1. 	Program SPEC5  

This computer program allows the rapid reduction of y-ray spectral 

data, using interactive graphics routines available on the I.C.C.C. 

CDC6500 machine. Data from the Link Systems spectrometer (in the form 

of paper tape) is loaded on to the computer and editted into a file, 

TAPES, from which it is read directly by the program. (The two necessary 

ancilliary editting programs are also listed). Output data, comprising 

peak centre channels, corrected integrals and percentage errors, are 

retained on a second file, TAPE11, for future reference. An example 

of TAPE11 is listed at the end of the section. 

N.B. 	The updated version of the program listed below, SPEC7, was 

completed in September 1979. Most of the analyses reported 

in this thesis were obtained using SPEC5, which is slightly 

less sophisticated. 



JOR(7«r.r:015,J1) 
PASStdJE<( 	) 

COPICI? (I NPUT, TAPE1 ) 
REWINh(IAPE1) 
FTN(SL,L=O) 
LGO. 
REINU(TAPE2) 
UPDAT E (o,:J ) 
COPYSNF (COMPILE, OU TPDT ) 
SAVE (NEv.PL=NAY ) 

7/8/9 - END OF SECTION 

PAPER TAPE IN HERE  

7/8/9 - END OF SECTION 

PkOGRANI CHECK (OUTPUT', TAPE6=OiJTPUT, TAPE1 , TAPF,2 ) 
DIMENSION ALINE(9) 
DATA A8LANK/1H / 

50 hEAU(1,10) ALINE 
IF(ALINE,(1).NE.ABIJANK)e4RITF;(2,10)AI,INE 
IF(EOF(1)) 40,50 

10 FORMA7'(A5,BA7) 
40 STOP 

EIN 

7/8/9 - END OF SECTION 

*DECK EC 
*READ TAPE2 

6/7/8/9 - END OF IirFIJRMPTiUN 

Program CHECK.  

Program CHECK is used to load the paper tape data on to the .computer, 

recording it in a permanent file, in this example NAY. The program 

also deletes blank lines from the data, reducing the required computer 

storage space. 
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JOF3(90ENJ15,J1) 
PASS4.Ohl  
GET (GLGPL=IvA Y ) 
UPDAIh.(Q,1ti,C=TAPE9,0,8,L=0) 
SAVE(TAPE9) 

7/b/Y - END UF SECT1Uta 

*ID  r; F: 5 S 
*I) EC.1,10 
*L) EC.94,102 
*D EC.18b, 1U4 
*I) EC.27il,286 
*I) F:C.370, 37b 
*C EC 

UPDATE editting cards (different for each file) 

6/7/b/Q - ENI) OF INFORMATION 

UPDATE job.  

This job is used to edit the file produced by program CHECK (in this 

case, file NAY), deleting lines with headings and spurious characters. 

The editted data is then saved on a second permanent file, TAPE9, 

ready for analysis by SPECS or SPEC7. 
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00100 PROGRAM SPEC7(1NPUT=131F ,OUTPUT=13113,TAPE6=131R,TAPF:64=13113, 
00110+1APE61=131H,TAPE66=131B,TAPE5=INPUT,TAPE9=131H,TAPE10=131b, 

00120t1APE11=131t3,TAPE12=131i3) 
00121C 
00122C . — AN INTERACTIVF. GRAPIUCS COMPUTER PROGRAM FUR THE RAPID 

00123C — INTEGRATION OF GAMmA—RAY PHU'I'UPEAKS. 
00124C 
00130 DIMENSION NN(12,15),NM(12),X(120),ITITLE(3),IX(3),1Y(3),A(6) 
00140 COMMUN NN, MM, X 
00150 CALL START(2) 
00160 41 RI;AD(12,45)(A(1),1=1,b) 
00170 45 FORMAT(6A8) 
00180 1F(A(1).EQ.4HS1UP)GU TO 40 
00190 :RJTE(10,45)(A(I),1=1,b) 
00200 GO 10 41 	 • 

00210 40 CALL BUFFEr(-10) 
00220 CALI, PROr,PT(19HTYPE GO TO CONTINUE,19) 
00230 34 READ(5,100)XYZ 
00240 IF(XYZ.E0.2HGU)GU TO 35 

00250 GO TO 34 
00260 35 CALL PRUMPT(19HHARDCOPY, UN UR OFF, 19) 
00270 READ(5,100)AB 
00260 IF (AB.E(U.2HOid)CALL S'v41TCH(9flHARDCPYON) 
00290 CALL PROMPT (25HAUTU OR NORMAL DATA ENTRY, 25 ) 
00300 READ(5,100)A1 
00310 IF(A1.E0.4HAUTO)CALL AUT(NN,N,Mr4) 
00320 IF (A1 .E(d.4HNURm)GU TO 5 
00330 CALL PROmP'1(37HD0 ANY SPECTRA NEED TO BE S\IPPED Y/N,37) 
00340 READ(5,100)A2 
00.350 IF(A2.E0.1HY)CALL SKIP(i N,MM,I,J) 
00360 IF(A2.EU.1HN)CALL SKIPD(I,J) 
00370 V;R1TE(11,110)1 
00380 GU TO 2 
00390 1 I=1+1 
00400 rif:1TE (11,110)1 
00410 110 FORMAT(/,4X,19HSPECTRUM/SAMPL NU.,I3,//, 
0042c+11HPEAK CENTRE, 6X8HINTrGRAL,5X,9HPC. ERROR,/) 
00430 J=0 
00440 2 IF(1.GT.N)STOP 
00450 4 AN3=1HN 
00460 3 J=J+1 
00470 1F (J.GT.MM(1) )GU TU 1 

00480 K`—NN(I,J) 
00490 PEAD(9,100)JCrI 
00500 1-.F.AD (9, 1 U1) ISTART, (X(KK) , KK=1 , K) 
00510 IF (AN3.E0.1HS)GU TU 4 
00520 GU IL) 103 
00530 5 CALL PROMPT (35HEiv l'ER Nu. UF CHANNELS IN PEAK REGION, 35 ) 

00540 READ(5,*)K 
00550 READ(9,100)ICH 
00560 	AD (9 , 1 01) I START , (X (KK) , KK=1 , K ) 
00570 103 CALL ANSIS(X,K,JSTAR'I',Arv3) 
00580 IF(AN3.EQ.1HU)G0 TO 103 
00590 IF'(AN3.EQ.1hIs.0R.AN3.E0.1HS.OU.AN3.EQ.1HZ)G0  TO 104 

00600 100 FORNcAT(1A10) 
00610 101 FORMAT(I4,5F9.0,31X,/,(4X,5F'9.0,31X)) 
00620 104 IF(A1.E(1.4HAUTU)G0 TO 3 
00b3u IF(A1.E0.4HNURM)GU TU 5 
00640 STOP 
00b50 END 
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00660 SUHRoUT1NE ANSIS(Y,1 ,ISTAR'I',ArJS) 
00661C 
00662C - SUbRUUTINE FOP DISPLAYING DATA AND CONTROLLING me 
00663C - SUBSEuUEi'in' ANALYSIS. 
00664C 
00670 Dlt;ENSION X(120),Y(120) 
00680 IF[ANS.EU.1HS)RETuRN 
00690 DO 10 I=1,N 
00700 10 X(1)=FLOAT(ISTART4T-I) 
00710 CALL IjEwRAGE: 
00720 CALL SCALEZ(1.5) 
00730 CALL MI MAX(Y,N,X(.Il ,Xt AX) 
00740 ALmN=ALOG1O(XmlN) 
00750 ALMX=ALOGIU(XMAX) 
00760 D1E=AL;•;X-ALM'J 
00770 1F(UIF.GT.0.5)GU TU 30 
00780 1F(DIF.LE.0.5)G0 TO 31 
00790 30 CALL 1,OGPI,0Y(XPtiIN,Xi.1AX,2,14.0,2,2) 
00800 Uu TO 32 
00810 31 CALL I,INPLOT(XNIN,)NAX,2,14.0,2,2) 
00820 32. ALGNX=185.0/F LOAT (N) 
00830 II TX=1FIX(FLOAT'(N)/10.0)41 
00840 VINC=10.0 
00650 START2=F'LOAT(ISTART-1) 
00860 CALL LINAX(1,7,0.8,1,ALGNX,INTX,START2,V1NC,5,1,1,-1,1) 
00870 1)0 20 1=1,N 
00880 CALL LOCATE(X(I),Y(1),XP,YP,NNN) 
00890 XN1=FLUAT11)/10.0 
00900 141=IF'1X(XNI )4'10 
00910 J.F(tvl.EO.I)ISYM=11 
00920 IF (NI.NE.1)ISYm=3 
00930 CALL SYMaOL(XP,YP,0.2.1SYtf;.0,0,-1) 
00940 20 CONTINUE 
00950 21 CALL PROMPT(4IHU,N,L,S,C,P,H,SM,TYPE HELP FOR ASS1STANCE,41) 
00960 READ(5,97)ANS 
00970 97 FORMAT(A7) 
00980 RP=1HA 
00990 IF(ANS,E0.IHS)RE'I'UR1u 
01000 IF (ANS. Ei). 1HFr) RETURl 
01010 JF'(ANS.EQ.1HiL)STOP 
01020 IF(A►4S.E(~.1HC)CALL SURT(Y,X,RP) 

01030 IF(A,,JS.EU.18P)CALL RFIT(X,Y,N,KP) 
01040 11. (ANS.E(J.1HH)CALL XTITLE 
01050 1F(ANS.Eo.2HSr )CALL Sr,U1H(l4,X,Y) 
01060 IF(A;iS.10.4HHELP)CALL ASSISI(ANS) 
01070 1F (AlyS.EU•lHU)RETUFcEd 
01080 IF (RP.E(J.1FtC)GU TO 35 
01090 GO TO 21 
01100 35 ANS=1HZ 
01110 1F,TURt4 
01170 F.r.n 



01130 SUBROUTINE: SORT(Y,X,PP) 

011310 
01132C — CONTRUJ, OF COVELL—TYPE IsG. CORRECTION, 

01133C 
01140 DIMENSION N Q(10),Y(120),X(120) 
01150 CALL PRUMPT(15HNUMI3ER OF PEAKS,15) 

01160 Rt.AD(5,4- INP 
01170 NP2=ivP42 
01180 CALL, PRUb1PT(21HENTFH PEAK H(IUNI)AkIP;S,21) 
01190 1-i A0(5, 4 ) (N0(1),1=1,NP2) 
01200 K=0 
01210 U(► 10 J=1,NP2,2 

0122(1  I1=N(a(J) 
01230 JJ=J+1 
01240 12=No(JJ) 
01250 Xt AX=0.0 
01260 DO 20 1=11,12 
01270 2u 1F(Y(1).GT.XMAX)XMAX=1(1) 
01280 UO 21 1=31,12 
01290 21 lF(Y(1).GE;.XMAX)CCH=X(I) 
01300 CALL LOCATE(X(11),Y(I1),XA,YA,NN) 

01310 CALL LOCATE(X(12),Y(12),Xh,YH,N61) 
01320 CALL SYMBOL(XA,YA,0.2,0,0.0,-1) 

01330 CALL SYFsit3OL(XB,YB,0,2,0,0,0, -2) 
01340 K=K+1 
01350 CALL CALC(1,11,12,K,CCH,MP,RP) 
01360 10 CONTINUE 
01370 RETURN 
01380 END 

01390 SUBROUTINE CALC(Y,11,12,K,CCB,NP,ANS) 
01391C 
01392C — SUBROUTINE USED BY SORT TO CALCULATE PEAK AREAS. 
01393C 
.01400 DIMENSION X(120),Y(120),ICH(10),YYY(10),YERh(10) 
01410 YSUM=0,0 
01420 DO 10 1=11,12 
01430 10 YSU6,=YSUM+Y(I) 
01440 BG=(Y(11)+Y(12))+FLUAT(12-11+1)*0.5 
01450 CURIIJ'J`=YSUM-BG 
01460 EHR=(S(IRT (CURIdT+BG*(1.0+FI,0AT((12-11-3)/2)))/CORINi')*100.0 
01470 1F (K,EQ.1)wRITE(10,99) 
01480 99 FORMA'T (/, 2X, 4HPEAK, 2X, 8UIHTEGRAL, 3X, 811PC.ERROR, / ) 
01490 v.RITE(10,100)t<,COR1NT,ERK 
U1500 ICIi(K)=IF IX(CCH) 
01510 YIY(K)=COR1NT 
01520 YERR(K)=ERR 
01530 100 FORMAT(4X,12,3X,F'10,2,2X,F5.2) 
01540 1F (K.LT,NP)RE'1'URN 
01550 CALL BUFFEI4(-10) 
01560 CALL PRO4PT(29HSTURE RESULTS ON '1'APE11 Y /N/C,29) 
01570 N.t.AU(5, 101 )AIDS 
01580 1F (A;'.S.Et .1HN)GU TU 50 

01590 1P (ANS.EN.1r1Y)CALL SAVE(ICII,YTY,YEkR,K) 
01600 IF(ANS.Eu.1HC)CALL SAVP:(1GH,YTY,YEHR,K) 
01610 101 FORMAT(1A1) 
01620 50 RETURN 
01630 F.h►) 



01640 SUBHOUTINE BF'iT(X,Y,NX,RF;P) 

01641C 
01642C - CALCULATION OF PEAK AREAS USING POLYNOMIAL 

01643C - REGRESSION ANALYSIS THROUGH THE CONTINUUM. 
01644C 
01650 U1;i NSIO1' X(120),Y(170),XX(120),YY(120),NP(12),NG(120),V;(120), 
016b0+P(20),S1(20),1CIi(10),YTY(10),SERR(10) 

01 670 

01680 
01 690 
01700 

comv U' 	XX, Y Y , I1P, 8G, i'; 
LUGICAL LL 
CALL 	PR0r•1Pi (21 HEN1'ER 	i1Ui•;bET t 	OF 	PLAKS, 21 ) 
T<.EAI)(S, 	)r: 

01710 CALL PHW•iPT (34HEGiTER 	BG LIi,1 TS 	AND MAX POLY PC►wER, 34 ) 

01720 M=24 (Nf 1 )+1 

01736 nEA0(5,*)(NP(1),1=1,NN) 

01740 K1=NP(NN) 
01750 Nie=,,N-1 

01760 K=0 
01770 T)0 	1U 	1=1,NN,2 
01780 11=NP(I) 
01790 J1=141 

01 800 1 2=r.P (JI ) 
01810 DO 	10 	J=11,12 
01820 F 	K+1 
01830 YY(K)=Y(J) 
01840 XX(K)=X(J) 

01650 10 CONTINUE 
01860 YTOT=0.0 
01b70 DO 	11 	J=1,K 

01880 Y`1OT=YTUT+YY(J) 
01890 11 	rN(J)=1.0 
01900 YHEAN=YTUT/FLOAT(K) 

01910 LL=.FALSE. 
01920 1F AIL=O 
01930 CALL 	POLY(K,XX,YY,w,K1,NH,SI,P,LL) 
01940 FuIi=NH+ 1 
01950 Du 	20 J=1,NX 
01960 bG(J)=0.0 

0197(' DU 20 1=1,N41 
01980 bG(J)=3G(J)+(X(J)**(1-1))1)(I) 

01990 20 CONTINUE 

02000 r .F=NH-1 
02010 ►•.T;1Tc;(10, 100);vF 
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02020 100 FURI A7 (14HBEST FIT PUWEFt, 12 ) 
02030 ST=SI(NH)/YMEAN 
02040 i':b1TE(10,103)ST 
02050 v,k1TE(10, 102) 
02060 1,, =NN-1 
02070 DU 41 J=2,NN,2 
02080 JJ=J+1 
02090 JJ1=J+2 
02100 J1=J-1 
02110 JK=J/2 
02120 JL=J/2 
02130 IJN!=0.0 
02140 F RR=0.0 
02150 11=NP(J) 
02160 12=I P(JJ) 
02170 XMAX=O. U 

02180 DU 40 I=11,12 
02190 1t(Y(I).GT.XMAX)XMAX=Y(I) 
02200 YI T=YINT+Y(I)-11G(1) 
02210 40 ERR=ERR4Y(1) 
02220 DO 42 1=11,12 
02230 42 IF(Y(I).GE.XMAX)CCH=X(I) 
02240 ICH(JL)=IFIX(CCH) 
02250 YTY(JL)=Y1NT 
02260 Xv=ILUAT((NPIJ)-NP(J1))+(NP(JJ1)-NP(JJ)))/2.0 
02270 XERf =St1R'1 (YINT+(ERR-Y1NT)*0.25*(2.0+FLUAT(I2-11-2)/XN:) ) 
02280 E}R=(XERR/Y1NT)*100.0 
02290 YERR(JL)=ERR 
02300 41 wR1TE(10,101)JK,Y1NT,F:RR 
02310 CALL PU1NTS(X,BG,NX) 
02320 CALL BUFFEM(-10) 
02330 CALL PROMPT(29HSTURE RESULTS ON IAPE11 Y/N/C,29) 
02340 READ(5,105)REP 
02350 7F(REP.EO.1HN)GU TO 60 
02360 IF(REP.EQ.1111)CALL SAVE(ICH,YTY,YERR,JL) 
02370 1F'(REP.EQ.1fiC)CALL SAVE(ICH,YTY,YERR,JL) 
02380 105 FORr4AT(1A1) 
02390 102 FURMAT(26H PEAK INTEGRAL 	PC.ERRUR,/) 
02400 101 FURMAT(1X,12,2X,F10.2,3X,1:5.2) 
02410 103 FURMAT(15HGU0DNESS OF FIT,E11.4,/) 

02420 60 RETURN 
02430 END 

02440 SUHROUT1,NE SAVE(1CH,YTY,E:RR,K) 
0244IC 
02442C - SAVES DATA ON TAPEll 
02443C 
02450 DIMENSION 1CH(10),YTY(10),ERR(10) 
02460 Du 10 J=1,K 
02470 10 wRITE(11,100)ICH(J),Y'1Y(J),ERR(J) 
02480 100 FORMAT(4X,I4,SX,F12.2,5X,F6.2) 
02490 RETURN 
02500 END 

240 



241 

02510 SUBROUTINE AU'1 (Nr ,N2,Mm) 

02511C 
0251 2C — AUTOMATIC CONTROL OF DA'] A ENTRY. 
02513C 
02520 D1MENS1LJi (JX(12),NN(12,15),f•:M(12) 

02530 1.1=1 
02540 11=1 
02550 1 CALL PRUMPT(46hEWTER NU.OF SPECTRA + NU.OF PEAKS PER SPFCTH0v":,48 

02560 kEAD(5,*)N,4 
02570 r12=N1+N-1 
02580 CALL PRUt;PT(40HENIER NO.OF CHANNELS IN EACH PEAK,REG)ON,40) 

02590 EEAD(5,*) (NX(I), 1=1,M) 
02600 DO 10 J=1,i 
02610 LO 10 1=N1,N2 
02620 MM (1)=M 
02630 LN(I,J)=NX(J) 

02640 10 CONTINUE 
02650 P1=t12+1 
02660 CALL PROMPT(2OHANY MORE SPECTRA Y/N,20) 

02670 READ(5,100)A1 
02680 1t (A1.E0,114Y)GU TO 1 

02690 100 FORMAT(1A10) 
02700 RETURN 
02710 END 

02720 SUBROUTINE SKIP(NN,MM,I,J) 
02721C 
02722C — ALLUItiS DATA TO BE SKIPPED BEFORE THE 

02723C — START OF THE ANALYSTS. 
02724C 
02730 DIMENSION NN(12,15),MM(12),X(120) 
02740 CALL PROMPT(33HENTER tJO,OF SPECTRA TO BE SKIPPED,33) 

02750 READ(5,*)N1 
02760 DU 10 1=1,N1 
02770 n'_=t1t•;(1) 
02780 DU 11 J=1,M 
02790 N=Nh(1,J) 
02800 READ(9,100)JSTART 

02610 11. READ(9,101)(X(K),h=1,N) 

02820 10 CONTINUE 
02830 CALL PR,JMPT(31HEtJTEh Nn.UF' PEAKS TO BE SKIPPED,31) 

02840 READ(5,*)NP 
02850 1=N1+1 
02860 31- (NP.EU.0)GU 10 30 
02670 UU 20 J=1,NP 

02880 N=NN(I,J) 
02890 READ(9,100)1START 
02900 kEAD(9,101)(X(K),K=1,N) 
02910 100 FORMAT(1A10) 
02920 101 FUHMAT (4X,5F9.U) 

02930 20 CONTINUE 
02940 30 J=NP 
02950 h.TURN 
02960 END 
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02970 SUBROUTINE SK1PD(1,J) 
02971C 
02972C — DUMMY ROUTINE IF NO DATA IS TO BE SKIPPED. 
02973C 
02980 1=1 
02990 J=0 
03000 RETURN 
03010 END 

03020 SUBROUTINE 11NMAX(X,r,XMIIa,XMAX) 
0302IC 
03022C — CALCULATION OF v1N1r•Ut; ANI) ! AXINUM VALUES IN A PEAK KF.GIUN. 

03023C 
03030 DIMENSION X(120) 
03040 XMAX=X (1 ) 
03050 Xt•1IN=X (1 ) 
03060 DO 10 J=1 , N 
03070 IF (X(J).GT.XMAX)XMAX=X(J) 
03080 1r'(X(J ).LT.XMIN)AMiH=X(J) 
03090 10 CONTINUE 
03100 RETURN 
03110 EM) 

03120 SUBROUTINE LUGPLOT(XMIN,XMAX,MODE,L)ISPL,IUta,IOP) 
03121C 
03122C - TO PLOT A LOGARITriM1C AXIS 
03123C 
03130 D1MENSIONX(120) 
03140 XMAX=ALOG10(Xr4AX) 
03150 XMIN=ALOGLO(XM1rv) 
03160 INTY=IF1X(XMAX)-1E IX (XiriI:N)+1 
03170 IPSY=IFIX(XMIN) 
03180 ALGNY=D1SPL/FLUAT(INTY) 
03190 CALL LUGAX(1.7,0.8,MODE,ALGNY,INTY,1PSY,iDN,I0P,1) 
03200 RETURN 
03210 END 

03220 SUBROUTINE LINPLOT (XM1N, X1~:AX, MOUE, DISPL, ION, I0P) 

03230 DIMENSION X(200) 
0323IC 
03232C — TO PLOT A LINEAR AXIS. 

03233C 
03240 XMAX=1.05*-XMAX 
03250 XMI =0.954'Xt•;it'J 
03260 ALGN=DISPL/4.0 
03270 V1NC=(xaiAX—XMIN)/4.0 
03280 CALL LILJAX(1.7,0.H,MODE,ALGN,4,XMIN,VINC,5,10N,I0f,-1,1 ) 

03290 RETURN 
03300 END 



0331U sU 1MOI1 N : X1 1TLE 
033110 	. 
0331 2C 	- 'I0 ENTER A 7 1I'LE AND PREPARE FRAME 1, 0R  r"I CROF1LM. 

033130 
03320 DJMEN,I01 )X(2),IY(2),1T7'L(3) 
03330 DATA IX(1),IX(2)/10H CHANNEL ,10H NO.  
03340 DATA IY(1)/10H COUNTS / 

03350 CALL PR0b;PT'(11HENTE:I: TITLE;, 11 ) 
03360 REA1)(5,10)(ITTL(I),I=1,3) 
03370 10 FORNAT(3A10) 
03380 CALL PHOMPT(20HTNTER TITLE POS11I0r,20) 
03390 hEAD(5,*)XP,YP 
03400 CALL SYMBUL(8.0,0.0,0.2,1X,0.0,20) 
03410 CALL SYi4BUL(0.2,7.0,O.2,IY,90.U,10) 
03420 CALL SYMrUL(XP,YP,0.2,ITTC,0.0,30) 
03430 CALL PROmP'1(14HNARD COPY, Y/N,14) 
03440 1-EAU(5,11)ANS 
03450 11-(ANS.EU.1HY)CALL HARDCPY 
034b0 11 F'iRmAI (1A1 ) 
03470 RETURN 
03480 END 

03490 SUBROUTINE S i';O'TH (N,X, Y ) 
0350IC 
03502C - CONDUCTS A 5 POINT SMOOTHING OF THE DATA AND DISPLAYS. 
035030 
03504 DIMENSION X(200), Y(200), YS(200) 
03510 m=N-2 
03520 DO 10 1=3,m 
03530 11=I-1 
03540 12=1-2 
03550 J1=1t1 
03560 J2=142 
03570 YS(1)=((Y(I2)+Y(J2))*(-3.0)+(Y(I1)tY(J1))*12.0+Y(1)*17.0)/35.0 
03580 10 CONTINUE 
03590 YS(1)=Y(1) 
03600 YS(2)=Y(2) 
03610 TIM=N-2 
03620 CALI, POINTS(X,YS,MM) 
03630 hETURN 
03640 END 

03650 SUBROUTINE ASS1ST(AN,) 
03651C 
03b52C - HELP SUBROUTINE FOR BEGINNERS 
03653C 
03660 CALL NEwPAGE 
03670 CALL PROMPT (32HE:XPLpNA'1'1Upi OF CONTROL STATE!'.EWT, 32 ) 
03680 CALL PROMPT (43H0 - CLEARS SCREEN AND REPL07 S THE SAME. PE:AK, 43 ) 
03690 CALL PRŪMPT(37HN - 	" 	" PLOTS NEX1 PEAK,37) 

03700 CALL PROMPT(17HL - STOPS PRUGRAM,17) 
03710 CALL PRONPT(23HS - SKIPS THE NEXT PEAK,23) 
03720 CALL PRUMPT(36HC - STARTS COVELL TYPE BG CORRECTIOr,36) 

03730 CALL PROMPT (36HP - 	" 	POLYNOm1AL BG 	" 	,36)  

03740 CALL pRu1?iP'I'(40HH - INITIATES tiiCR0F'111h1 HARD COPY OpTiUfv,40) 
03750 CALL PR0tPT(41HSM - EXECUTES A 5 POINT SMOOTHING ROUTINE,41) 
03760 CALL PROMPT(27HTYPE: GO TO CONTINUE PRUGKAM,27) 
03770 hEAD(5,1)A 
03780 1 FORMAT (1A2) 
03790 IE (A.E0.2HGO)CALL NEwPAGE 
03800 ANS=1HU 
03810 RETURN 
03820 END 



038.310 SUti1iUUJ1NE PULY(iri,X,F'',w,K1,i4,S , ,L 
03831C 
03832C - POLYNOMIAL StJhI►1U1INE FROM THE NAG LIBhARY (E02AtiF ). 
03833C 
03840 INTEGER P01AAF,1FA1L,I,K2,K,ISFrX,1CUMP,J,K1EMP,KK,J1,V,K1,N 
03850 DOUBLE PRECISION SRNAt1E: 
03860 t<EAL 'LE:RU,O1 E,FUUR,TwU,P6,A, AJL(51),EB,BE(51),CLP(52),CP(51), 
038 7 0+CFSAVE(5]),CTP(51),>ELSW,UU,E(M),OM,P(K1),6(51),S1(nl),51MIN,TP(2U0) 
0388041V.,W(r.),X(r),XLP(200),XLw,XTEMF 
03890 LOGICAL L 
03900 DATA ZERU/0.0/,UNE/1.0/,FOUR/4.0/,TWO/2.0/,Pb/0.6/ 
03910 IF(ri.GT.200)1FAIL=P01AAF(0,1,SkNAME) 
03920 IF(K1.VE:.51.08.K1.Gf✓ .M)IFAIL=FO1AAF(0,2,SRNANE) 
03930 1)0 20 J=1,M 
03940 IF(w(1).LE.ZEKU)IFAIL=P01AAF(0,3,SRNAME) 
03950 20 CONTINUE 
03960 DO 40 1=2,M 
03970 Ir(X(1).LE;.X(1-1))IFAIL=POIAAF(0,4,SRNAME) 
03980 40 CONTINUF. 
03990 K2=K1+1 
04000 F.=K1-1 
04010 Ir=K 
04020 DO 60 1=1,K1 
04030 CP(J)=ZEREI 
04040 60 CONTINUE 
04050 ob(1)=ZERO 

04060 CLP(2)=ZERO 
04070 CLP(1)=ZERU 
04080 0ELS0=ZE8O 
04090 OM=7.E80 
04100 T4+=ZERO 
04110 SIMIN=ZERO 
04120 1SwX=0 
04130 CiP(1)=UNE 
04140 ICOMP=1 
04150 DO 80 I=1,14 
04160 DELS0=DELS0+W (1) *F (1) **2 
04170 TP(1)=ONE 
04180 XLP(I)=ZERO 
04190 Uh':=OM+W(I)*F(I) 
04200 '1W=Tr +w (I ) 
04210 80 CONTINUE 
04220 h(1)=0M/TW 
04230 CP(1)=S(1) 
04240 DELSF3=DELS()-S (1) *ut 
04250 XTEMP=M 

04260 61(1)=ABS(DELS0/(XTEMP-ONE)) 
04270 A=FOUR/(X(M)-X(1)) 
04280 13=-TKO-A *X(1 ) 
04290 UO 100 1=1,M 
04300 X(I) =A*X(I)+8 
04310 100 CONTINUE 
04320 DO 260 1=1,K 
04330 DU =ZERU 
04340 UU 120 J=1,M 
04350 DU =DU+4(J)*X(J)*TP(J)**2 
04360 120 CONTINUE 
04370 AL(J+1)=DU /Tv+ 
04380 XLV:=T Vi 
04390 IK=ZEkO 
04400 UN=ZE8U 
04410 DO 140 J=1,M 
04420 DU=RE(1)TXLP(J) 
04430 XLP(J)=TP(J) 
04440 1P(J)=(X(J)-AL(141))*1'P(J) -DU 
04450 T =TvJ+vi(J)*TP(J)**2 
04460 UNS=Ot,+K(J)F(J)*TP(J) 



04410 140 CONTINUE. 

04480 	E (I t 1)=Tw/XL+4 

04490 S11+1)=OF /TiI 
04500 DELSO=UELSU-S (1+ 1) *Urf, 
04510 K'TEMP=M-1-1 

04520 XTEMP=KTEMP 
- 04530 S1 (1+1)=ABS(UELS0/XTEmP) 
04540 1}(L) GO TO 200 
04550 Il•(1SwX.E0.1)GU TO 180 
04560 1E(S1(1+1).LT.S1(1))G0 TO 200 
04570 N=1-1 
04580 ICOMP=1 
04590 J Sv;X=1 
04600 SlMIN=SI(I) 
04610 00 160 J=1,K1 
04620 CPSAVE(J)=CP(J) 
04630 160 CONTINUE 
04640 GO TO 200 
04650 180 1F(SI(I+1).GE.(P64,SIMIN))GO TO 200 
04 660 1 CUf;P=0 
04670 1SwX=0 
04b80 N=K 

04690 200 00 220 J=1,1 
04700 DU=CLP(J+1)*BE(i) 
04710 CLP(J+1)=CTP(J) 
04720 CTP(J)=CLP(J)-AL(1+1)*CTP(J)-DU 
04730 CP(J)=CP(J)+S(I+1)*CTP(J) 
04 740 220 CONTINUE 
04750 CP(1+1)=S(1+1) 
04760 CTP(1+1)=ONE 
04770 CLP(I+2)=ZERO 
04780 1F(ICOMP.E0.ZEHO.OR.ISwX.E0.ZERO) GO TO 260 
04790 IF'(1.NE.K)GO TO 260 
04800 DU 240 J=1,K1 
04810 CP(J)=CPSAVE(J) 
04820 240 CONTINUE 

04830 260 CONTINUE 
04840 CLP(1)=1 
04850 CPSAVE (1)=1 
04860 P(1)=CP(1) 
04870 1)U 280 1=2,K1 
04880 CLP(I)=1 
04890 CPSAVE(I)=b CPSAVE(1-1) 
04900 1-'(1)=P(1)+CP(1)*CPSAVE(1) 
04910 280 CONTINUE 
04920 D0 320 J=2,K1 

04930 CLP(1)=CLP(1)*A 
0494u P(J)=CP(J)*CLP(i) 
04950 nK=2 
04960 J1=J+1 
04970 I1 (J1.GT.F.1)GU TO 340 

04980 DU 300 1=J1,K1 
04990 CLP(KK)=A*CLP(KK)+CLP(KK-1) 
05000 P(J)=P(J)4CP(I)*CLP(KK)*CPSAVE(KK) 

05010 KK=KK+1 
05020 3u0 CONTINUE 
05030 320 CONTINUE 
05040 340 A=UNE:/A 
05050 DO 3b0 I=1,t 

05060 X(I)=(X(I)-Ef)*A 

05070 360 CONTINUE UE 

05080 PETURN 

05090 ENO 
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Appendix 3.1 

Alnoite Analyses. 

PHN3541 PHN3543 PHN3544 PHN3545 PHN3552 
Autolith 

PHN3553 PHN3553 
Mica 

PHN3565 

La 91.8 83.4 82.6 85.4 125. 76.1 1.78 101. 

Ce 201. 184. 195. 199. 304. 174. 1.87 229. 

Nd 82.6 80.5 65.4 71.9 102. 73.8 - 92.9 

Sm 16.3 14.8 14.9 15.6 21.7 13.7 0.172 5.39 

Eu 4.88 4.39 4.65 4.73 7.05 4.16 0.059 5.39 

Tb 1.82 1.69 1.84 1.74 2.62 1.57 - 1.96 

Ho 1.15 n.a. n.a. 1.16 1.99 1.15 - 1.52 

Yb 1.86 1.68 1.93 1.79 2.69 1.72 0.06 2.15 

Lu 0.28 0.28 n.a. 0.21 0.32 0.23 - 0.30 

Co 57. 53. 98. 53. 65. 48. 92. 71. 

Cr 415. 377. 595. 639. 567. 386. 23.5 681. 

Sc 14.9 13.5 15.6 15.0 17.9 12.4 2.75 15.0 

U 3.8 4.2 2.6 2.5 4.4 2.5 0.3 3.4 

Th 13.2 12.7 11.6 13.5 19.6 10.7 0.5 15.0 

Cs 0.3 0.6 1.5 1.5 0.5 0.5 1.2 1.8 

La/Co 1.61 1.57 0.84 1.61 1.92 1.59 0.02 1.42 

La/Sc 6.16 6.18 5.29 5.69 6.98 6.14 0.65 6.73 

Cr/Co 7.28 7.11 6.07 12.1 8.72 8.04 0.26 9.59 
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Lamprophyre Analyses. 

AR.lb AR.2a AR.3 Ar.5 AR.6 

(1) 
AR.6 

(2) 
AR.7 AR.8 

(1) 
AR.8 

(2) 

La 133. 197. 113. 108. 190. 181. 118. 204. 200. 

Ce 266. 402. 249. 248. 391. 390. 250. 454. 455. 

Nd 118. 180. 104. 110. 178. 173. 104. 203. 209. 

Sm 19.3 30.6 18.8 19.4 30.1 29.3 17.8 32.6 33.7 

Eu 4.55 6.67 4.68 4.67 6.64 6.73 4.19 7.78 8.30 

Tb 1.61 2.17 1.56 1.55 2.15 1.96 1.49 2.49 2.65 

Ho 1.35 1.60 1.10 1.35 1.51 1.53 1.04 1.92 1.59 

Yb 1.62 1.77 1.62 1.36 2.06 1.86 1.41 1.95 1.98 
* 

Co 32. 31. 44. 47. 26. 76. 47.' 
* 

Th 44. 60. 25. 24. 55. 29. 57. 

* 
Sc 16. 14. 16. 17. 15. 14. 24. 

AR.9 AR.11 AR12 AR.12 AR.13 AR.15 AR.15 AR.16 AR.16 
(1) (2) (1) (2) (1) (2) 

La 228. 179. 156. 155. 155. 183. 171. 114. 117. 

Ce 331. 388. 362. 355. 357. 394. 369. 253. 252. 

Nd 141. 166. 148. 147. 146. 170. 155. 105. 106. 

Sm 22.5. 29.3 24.2 24.9 23.2 28.1 27.1 21.2 16.2 

Eu 5.29 6.32 5.89 6.11 5.54 6.48 6.21 3.73 3.90 

Tb 1.85 2.04 1.77 1.87 1.85 2.17 1.99 1.10 1.20 

Ho 1.68 1.63 1.39 1.62 1.35 1.75 1.43 1.25 1.25 

Yb 2.05 2.02 2.02 2.15 1.77 1.94 1.85 1.50 1.43 

* 
Co 45. 33. 42. 42. 37. 47. 

* 
Th 66. 54. 63. 90. 57. 54. 
* 

Sc 17. 16. 20. 21. 15. 16. 
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AR.17 	AR.18 

1 	2 

La 	128. 	130. 	152. 

Ce 	280. 	289. 	317. 

Nd 	119. 	118. 	137. 

Sm 	19.2 	20.3 	21.5 

Eu 	4.24 	4.53 	5.23 

Tb 	1.41 	1.51 	1.83 

Ho 	1.32 	1.34 	1.42 

Yb 	1.43 	1.54 	2.12 

* 
Co 	38. 	42. 
* 

Th 	75. 	46. 
* 

Sc 	14. 	19. 

* 
Data from S.W.Bachinski, (pers. comm.) Using techniques as described 

in chapter 2 of this work. 

Nos. 1 & 2 above columns refer to duplicate analyses carried out during 

different irradiations. 



Kimberlite Analyses. 

PHN1334 PHN1598 PHN1725 PHN2827 PHN2827 
(dup) 

PHN3008 

La 98.5 47.9 51.5 91.8 88.6 70.9 

Ce 196. 96.8 105. 179. 178. 147. 

Nd 68.8 37.2 43.3 71.4 70.8 56.9 

Sm 9.64 5.89 7.41 10.9 11.2 9.86 

Eu 2.53 1.64 1.94 2.87 2.87 2.59 

Tb 0.71 0.50 0.70 0.78 0.83 0.92 

Ho 0.47 0.42 0.57 0.52 0.59 0.64 

Yb 0.71 0.63 0.82 0.76 0.78 1.17 

Lu 0.08 0.08 0.10 0.12 0.11 0.13 

Co 81. 86. 70. 87. 89. 78. 

Cr 1460. 1110. 1330. 1610. 1520. 1020. 

Sc 13.0 14.7 14.0 12.9 13.1 15.5 

U 2.71 1.54 1.57 2.57 2.73 2.34 

Th 13.7 6.34 6.57 11.2 11.7 9.94 

Cs 1.13 1.12 1.01 1.15 0.93 

PHN1334 - Kolo. 

PHN1598 - Thaba Putsoa. 

PHN1725 - Ramatseliso. 

PHN2827 - Liqhobong. 

PHN3008 - Abbotsford. (E. Griqualand) 
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PHN2811 PHN2201 PHN2384 PHN2731 PHN2732 PHN2779 PHN2796 PHN3249 

La 23.4 169. 170. 88.7 98.8 151. 187. 189. 

Ce 46.7 352. 333. 196. 204. 294. 352. 358. 

Nd 18.4 122. 118. 75. 84.9 107. 109. 124. 

Sm 2.87 14.0 17.0 11.0 13.5 13.6 11.8 17.6 

Eu 0.70 3.06 4.04 3.06 3.37 3.77 2.37 4.35 

Tb 0.26 0.75 1.18 1.03 1.10 1.05 0.53 1.28 

Ho 0.21 0.52 0.80 0.60 0.74 0.53 0.42 0.80 

Yb 0.48 0.73 0.94 1.07 1.11 0.63 0.51 0.91 

Lu 0.10 0.10 0.14 0.09 0.13 0.07 0.08 0.06 

Co 88. 94. 88. 67. 71. 79. 85. 79. 

Cr 1150. 2380. 1960. 1390. 1250. 1490. 2090. 1810. 

Sc 7.3 17.5 16.2 12.4 12.8 14.7 18.2 16.4 

U 0.94 4.53 4.33 3.09 3.22 4.65 2.22 4.49 

Th 4.2 28.2 20.5 12.0 13.2 17.7 29.5 22.7 

Cs 1.80 2.38 1.47 11.3 9.0 1.74 10.9 1.94 

PHN2811 - Jagersfontein. 
PHN2201 - Star Mine. 

PHN2384 - Frank Smith Mine. 
PHN2731 - Wesselton 
PHN2732 - 
PHN2779 - Frank Smith Mine. 
PHN2796 - Bellsbank. 
PHN3249 - Frank Smith Mine. 



PHN1867 PHN1870 

La 147. 107. 

Ce 255. 201. 

Nd 111. 81.2 

Sm 16.7 12.1 

Eu 4.63 3.42 

Tb 1.42 0.97 

Ho 0.89 0.46 

Yb 1.01 1.18 

Lu 0.14 0.16 

Co 93. 87. 

Cr 1120. 850. 

Sc 16.7 14.5 

U 3.40 2.64 

Th 18.9 13.8 

Cs 0.91 1.00 
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PHN1867 & PHN1870 - Monastery Mine, Orange Free State. 
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Appendix 4.1 	Major and trace element analyses of the ultrabasic 

xenoliths.  

Analyses performed by XRF at the University of Leeds by Alan Gray. 

H2O , H2O , CO2  and Ferrous iron determined by wet chemical methods; 

analyst D. T. Richardson, University of Leeds. 



Composition of garnet lherzol•ite, and some garnet harzburgite nodules from kimberlltes in Southern Africa.Pyrolite quoted `r.= F.ingwood (1966) 

PUN 
wt% 

1569 2492 2759 2764 2766/6 2782 2814 2823 	2848 2860 2862 2713 2771 2780 2819 	2829 2838 283 3040 pyrolite 

SiO2  6.55 42.46 45.75 44.03 45.14 42.30 40.55 45.04 	45.00 40.73 45.20 45.03 40.04 37.37 42.71 	43.45 43.19 41._: 41.93 45.16 

TiO2  0.02 0.24 0.01 0.02 0.04 0.19 0.04 0.02 	0.01 0.06 0.07 0.09 1.27 0.18 0.10 	0.14 0.26 o.:: 0.15 0.71 

A1203  1.07 1.23 1.80 1.13 0.97 1.41 0.92 0.96 	0.64 0.71 0.50 1.91 2.08 2.85 2.78 	2.64 3.83 0.:E 2.31 3.54 

Fe203  1.35 3.00 1.52 1.82 1.99 2.18 2.14 1.88 .7.26* 2.40 1.94 1.81 2.04 3.73 20* 	8.58* 11.16* 1.55 2.60 0.46 

Fe0 4.79 4.14 4.32 4.36 4.18 4.15 4.33 4.22 4.07 6.86 4.90 4.51 7.24 6.2: 5.49 8.04 

Mn0 0.11 0.11 0.11 0.11 0.11 0.10 0.10 0.09. 	0.11 0.09 0.12 0.12 0.11 0.12 0.12 	0.12 0.14 0.12 0.13 0.14 

Mg0 43.77 42.22 41.53 43.24 43.57 41.82 42.97 42.72 	44.17 43.32 42.80 39.82 37.05 39.29 38.81 	39.95 36.59 44.3: 40.05 37.47 

Ca0 0.84 1.16 1.00 0.95 0.95 0.83 0.45. 0.54 	0.54 0.29 0.46 1.58 5.68 0.94 2.31 	2.80 2.71 0.8_° 2.26 3.08 

Na20 0.06 0.02 0.09 0.10 0.19 0.10 0.03 0.02 	0.10 0.02 0.05 0.14 0.52 0.15 0.18 	0.32 0.30 0.11 0.29 0.57 

1(20 0.01 0.11 0.12 0.11 0.28 0.11 0.14 0.02 	0.10 0.23 0.01 1.99 1.14 0.04 0.04 	0.10 0.15 O.:: 0.05 0.13 
P205  0.03 0.05 0.05 0.05 0.07 0.06 0.03 0.01 	0.03 0.15 0.08 0.04 0.14 0.07 0.01 	0.03 0.02 0.C1 0.29 

H20-  0.06 0.14 0.14 0.12 0.08 0.16 0.20 0.20 0.24 0.01 0.14 0.22 0.22 0.C9 0.22 
1.120+ 1.49 4.58 3.03 3.73 2.99 5.33 6.44 3.36 1.19+ 6.84 1.13 2.48 4.23 6.19 4.37+ 	1.09+ 1.17+  2.1E 4.96 
CO2  n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.22 0.20 n.d. n.d. 

ppm 

100.15 99.46 99.47 99.77 100.56 98.74 98.34 99.08 	99.15 99.15 99.23 100.05 100.25 98.59 	99.63 99.22 99.52 98._: :03.73 

Cr 2826 2495 3166 3090 2716 2392 1919 2535 	2356 2075 2430 3364 5734 1952 2895 	2817 2919 34::. 2285 
Co 90 96 87 95 84 86 95 96 	101 99 117 88 67 126 101 	111 99 1C: 96 

Ni 2009 1926 1805 2076 2061 1914 2027 2111 	2201 2121 1300 1885 1518 2096 1846 	1936 1781 215C 2065 

Zn 16 27 23 23 51 24 24 22 	27 22 70 29 24 61 31 	35 57 36 34 
Rb <3 5 5 4 7 5 5 2 	5 8 <3 17 87 2 3 	<3 9 _ <3 
Sr 17 47 36 46 92 35 32 11 	33 27 15 51 240 18 10 	46 31 29 
Zr 7 18 18 13 15 13 < 3 4:3 	9 4 <3 24 27 19 6 	12 13 c 9 
Nlo 3 11 5 5 9 6 7 4 	6 5 4 5 16 3 2 	4 2 1 <3 
Ba <3 51 30 37 57 151 36 27 	15 38 (Pb<3) 47 171 58 9 	29 75 _ 9 



Appendix 5.1 Whole rock trace element analyses of the granulite 

Group 1 Granulites 

MAT12 	L20 

(High La 

PHN 

1646 

and pyroxenite xenoliths 

PHN 

2852 L6 

/Yb) 

PHN 

1919 
PHN 

2533 
PHN 

1670 M1 

La 17.8 16.1 14.9 - 5.25 4.53 4.11 3.07 0.77 

Ce 44.6 38.3 35.2 13.8 7.19 12.4 10.9 7.74 1.33 

Nd 25.2 18.9 20.0 8.1 2.33 4.88 5.50 4.25 

Sm 5.46 4.78 4.95 2.30 0.63 0.97 1.32 1.39 0.15 

Eu 1.93 1.57 1.52 1.20 0.718 0.956 0.64 0.966 0.31 

Tb 0.88 0.75 0.77 0.40 0.16 0.18 0.24 0.22 

Ho 1.00 0.90 0.88 - 0.46 - 0.32 0.25 - 
Yb 2.87 2.62 2.49 1.30 1.32 0.56 0.90 0.77 0.06 

Lu 0.41 0.36 0.37 0.20 0.22 0.06 0.13 0.13 

Co 60. 74. 60. 53. 38. 63. 62. 37. 57. 

Cr 197. 186. 189. 104. 125. 342. 216. 370. 217. 

Sc 34.4 31.0 31.3 28.8 41.3 14.3 19.0 20.5 3.2 
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Group 2 Granulites 

PHN * 
LQ4 	2532 

(Low La/Yb) 

L12b 	L12a 
OVK 

10303 
PHN 
2588 

+ 
LT2 

La 7.27 6.99 1.84 1.76 1.39 0.55 27.3 

Ce 24.6 21.5 4.32 3.84 4.29 - 58.4 

Nd 21.5 9.63 5.07 2.97 1.74 - 21.2 

Sm 7.42 2.98 1.99 1.38 0.68 0.58 3.71 

Eu 2.96 1.26 0.79 0.65 0.44 0.64 1.48 

Tb 1.63 0.81 0.48 0.33 0.18 0.15 0.59 

Ho 2.23 1.19 0.73 0.45 0.22 0.22 0.80 

Yb 6.61 3.34 • 2.11 1.21 0.67 0.68 1.72 

Lu 1.04 0.51 0.31 0.22 0.12 0.10 0.25 

Co 72. 80. 83. 56. 51. - 30. 

Cr 27. 257. 771. 245. 310. - 15. 

Sc 39.4 40.7 41.9 28.8 22.9 - 16.5 

Eclogite 

Felsic granulite 
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Garnet Pyroxenites. 

PHN 
2495 L9 L17 L16 

La 20.0 5.73 4.33 4.07 

Ce 60.6 15.9 10.9 8.62 

Nd 34.3 7.70 6.97 7.49 

Sm 8.32 2.56 2.22 2.38 

Eu 2.19 0.87 0.82 0.70 

Th 1.16 0.54 0.49 0.42 

Ho 1.27 0.67 0.50 0.55 

Yb 3.33 1.81 1.30 1.40 

Lu 0.48 0.29 0.24 0.22 

Co 85. 82. 72. 64. 

Cr 1380. 707. 452. 3220. 

Sc 31.5 61.3 43.2 49.3 
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Appendix 5.2 

Garnets:- 

PHN 

Trace element analyses of separated minerals 

Pyroxenites. Granulites. 

PHN PHN OVK PHN PHN 
1646 L20 1919 1919 L13 10303 2588 2533 L9 L17 	L16 

La 2.58 0.52 0.28 0.29 0.60 0.27 0.01 0.43 0.3 0.25 	0.60 

Ce - - - - - - - - - - 	- 
Nd - - - - - - - - - - 	- 
Sm 3.43 2.87 1.62 1.67 1.07 0.69 0.44 0.46 1.09 0.83 	0.82 

Eu 1.65 1.36 1.09 1.05 0.72 0.54 0.68 0.81 0.65 0.55 	0.52 

Tb 1.48 1.35 0.72 0.71 0.50 0.26 0.32 0.27 1.09 0.69 	0.80 

Ho 2.32 2.28 1.12 1.07 0.78 0.59 0.52 0.67 2.49 1.34 	1.71 

Yb 6.41 5.73 2.95 3.46 2.11 1.52 1.87 2.93 7.36 3.24 	4.91 

Lu 0.87 0.97 0.45 0.46 0.35 0.24 0.23 0.43 1.17 0.53 	0.75 

Co 67. 64. 70. 72. 67. 56. 63. 48. 65. 68. 	69. 

Cr 178. 196. 105. 96. 220. 241. 185. 72. 661. 533. 	2750. 

Sc 53.2 50.4 46.9 47.8 45.5 40.1 36.5 46.8 75.3 50.2 	74.3 

Duplicate PHN1919 garnet analyses are included to illustrate precision. 
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Clinopyroxenes:- 

PHN 

Granulites. 

PHN OVK PHN PHN 

Pyroxenites. 

1646 L20 1919 L13 10303 2588 2533 L9 L17 L16 

La 21.5 15.4 9.9 1.59 1.90 1.39 9.32 7.14 5.03 4.92 

Ce 64.8 55.7 30.0 8.00 10.2 3.32 15.7 21.4 13.8 16.6 

Nd 43.7 39.0 17.0 8.30 7.59 3.83 5.93 16.6 - 12.1 

Sm 10.4 9.67 4.42 2.25 1.43 1.32 1.19 3.59 3.55 3.34 

Eu 2.53 2.42 1.32 0.72 0.59 1.02 0.91 1.11 1.10 1.00 

Tb 0.55 0.49 0.23 0.15 0.10 0.14 - 0.38 0.30 0.40 

Ho - - - - - - - - - - 
Yb 0.36 0.18 0.18 - 0.05 0.07 0.20 0.17 0.16 0.16 

Lu - - - - - - - - - - 
Co 49. 41. 41. 29. 23. 31. 36. 35. 37. 31. 

Cr 166. 191.. 105. 360. 340. 240. 119. 543. 515. 2560. 

Sc 37.6 38.1 34.0 21.2 17.0 24.4 46.7 68.5 42.7 49.7 

Plagioclases:- 

PHN 
1646 L20 

PHN 
1919 L13 

OVK 
10303 

PHN 
2588 

PHN 
2533 

Orthopyroxenes:- 

L9 	L16 
La 12.8 9.09 6.60 2.40 3.1 4.1 

Ce 14.3 13.2 6.0 3.5 2.8 - 1.8 

Sm 0.70 0.34 0.20 0.08 0.08 0.04 - 
Eu 0.68 0.54 0.47 0.23 0.18 0.18 0.22 

Co - - - - - - - 111. 102. 

Cr - - - - - - - 99. 785. 

Sc 3.8 0.4 2.2 0.22 1.6 1.2 1.6 4.78 5.23 
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Comparison of Rare-Earth Element Data 
Obtained by Neutron Activation Analysis 
Using International Rock and Multi-
Element Solution Standards 

G.D. BORLEY 

Departement of Geology, Imperial College of 
Science and Technology, London SW7, England 

N.ROGERS 
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University of London Reactor Centre, Silwood 
Park, Sunninghill, Ascot, Berks SL5 7PY, England 

The authors have used a high-purity multi-
element solution, containing known quantities of 
individual rare earth elements, as a reference 
standard in neutron activation analysis of rare 
earths in several international standard rocks. 
The data obtained by the authors have been 
compared with those obtained using the intera 
national standard rock Basalt BCR-1 as a refe-
rence material. The authors' data compare favou-
rably with those obtained by other workers, 
particularly for the more basic rock types, and 
encourages the authors to suggest that a multi-
element solution standard can be used success-
fully for neutron activation analysis of rare 
earth elements. High values obtained for Ce in 
Basalt BCR-1, however, might indicate that the 
behaviour of Ce in solution needs further 
investigation. . 

It is common for analysis of silicate 
materials to be made using international rock 
standards as reference samples. This procedure is 
not always possible; firstly, because there is a 
shortage of reliable data for some standard 
rocks; secondly, many of the standard rocks are 
in short supply or are no longer obtainable. This 
study was made in order to determine to what 
extent a standard elemental solution of known 
composition could be used as a satisfactory 
substitute for international rock standards in 
Instrumental Neutron Activation Analysis of rare 
earth elements. Basalt BCR-1 and several other 
standard rocks were analysed against a multi-ele-
ment standard solution, after which two standard 
rocks, Basalt JB-1 and Knippa Basalt, were 
analysed against BCR-1 and the standard solution 
(information about distributors of these rock 
standards are given at the end of the paper). 

PREPARATION AND IRRADIATION OF SAMPLES 

The standard rock powders were used as 
received from the distributing agencies. Prepara-
tion of the multi-element standard rare earth 
solution was by mixing, in the appropriate 
proportions, aliquots of high-purity standard 
solutions of the individual rare earth elements 
that had been prepared by Johnson Matthey 
Chemicals Ltd. (address at the end of the paper). 
The dilution was such that l00µ1 of the 
multi-element solution contained similar amounts 
of the rare earths as approximately 100mg of 
BCR-1. Certain elements, however, were added to 
the solution in slightly greater quantities in 
order to improve counting statistics, e.g. Ho, Lu 
and Tm. 

In preparation for irradiation, approxi-
mately 100mg of each rock powder was weighed into 
a small polythene capsule and sealed. The rare 
earth standards were prepared by evaporating 
l00µ1 of the multi-element solution onto 1.3cm 
diameter filter papers; the filter papers were 
then sealed into small polythene capsules in the 
same manner as for the rock powders. Eight or 
nine rock powder samples and three standard 
samples were then sealed into polythene core 
tubes. The three standards were arranged at each 
end of the outer tube with one in the middle to 
allow for the later correction of any systematic 
variation in the observed count rates attri-
butable to neutron flux gradients within the 
reactor. The capsules were irradiated for 30 
hours in a thermal neutron flux of 1 x 1012 n 
crr2  s-', in the University of London Reactor at 
Silwood Park, Ascot. Although analytical errors 
might possibly arise from the self-shielding of 
neutrons in rock powders as against evaporated 
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Element Euclid. 	t, 	Energy of photopeake 	Optimum decay 
used (keg) 	irradiation after 

(before counting) 

La 	140L. 	40.3 hours 	 4 - 5 dove 328.8, 487.1, 

32.5 dare 

11.1 days 

46.7 hours 

12.2 years 

242 days 

72.3 days 

26.8 hours 

128 days 

30.7 day. 

6.75 dare 

Ce 

8d 

Sm 

Eu 

Gd 

Tb 

so 

Tm 

Yb 

Lu 

1417. 
14788 

~53ga 

152,. 

153Gd 
160Tb 

166Ho 

170T. 

169Th 

177Lu 

1596.5, 815.7 

145.4 

91.4 

103.2, 69.7 

121.8 

97.4, 103.2 
86.8 

80.6 

84.4 

63.1 

208.4 

2 - 4 weeks 

2 - 4 weeks 

4-5 days 

2- 4 week. 

2 - ;months 

2 - 4 weeks 

4 - 5 day. 

2 - 4 weeks 

2 - 4 weeks 

1 - 2 week. 

90 

solutions, the authors consider that self-shield-
ing is only likely to be a significant problem in 
rocks containing abundant elements of large 
neutron cross-section, e.g. boron. 

COUNTING CONDITIONS 

After four or five days decay, the samples 
were counted for up to 5 x 103 secs. on a 42cm3 
Ge(Li) detector (resolution 1.81KeV FWHM at 
1.33MeV) to determine La and Lu. They were also 
counted for a similar length of time on a lcm3 
intrinsic Ge LEPD (resolution 500eV at 122KeV) to 
detect the short-lived activities due to Sm and 
Ho. The samples were then allowed to decay for a 
further 1-3 weeks. This reduces the contribution 
to the continuum of S9Na, reduces the dead-time 
and increases the peak to background ratio of the 
rare earth element activities. After this decay, 
the samples were again counted on the LEP 
detector for 3 x 103 to 2 x 104 secs. to 
determine Yb, Tm, Tb, Nd, Eu and Ce. Information 
on the nuclides and photopeak energies used is 
summarised in Table 1. 

Table 1. Data on nuclides and photopeaks used 

The peak area integrated counts were ini-
tially corrected for background and, for the rock 
powders especially, interfering nuclide peaks, 
e.g. the 130Tm photopeak at 84.4KeV was corrected 
for a 182 Ta interference estimated (from standard 
spectra) to be equivalent to 17% of the 
100.3KeV 1 B2Ta photopeak counts. Following these 
corrections the rare earth concentrations were 
calculated using a computer program that corrects 
for.• peak integral decay, and neutron flux 
variations along the length of the core tubes 
during irradiation (details of the computer 
programs are available from the authors). 

RESULTS 

Table 2 lists the average of 10 determina-
tions of the rare earth elements in BCR-1 with 
their respective 1 a values expressed as percen-
tages (these percentages apply to other new data  

presented in the paper). It can be seen that, for 
most elements, the values agree well with those 
of Flanagan (1) and the compilation of Taylor and 
Gorton (2), although the standard deviation of Tm 
is large. It is considered that this is caused by 
having to use the 84.4KeV peak of 170 Tm which is 
not very intense, in terms of peak area counts, 
and for which a correction due to the large 
interference from 182 Ta has to be made. The high 
value obtained for Ce in BCR-1 using the 
multi-element solution as standard is the other 
obvious feature of the data in Table 2. It is not 
clear why the value is consistently high; a 
possible answer could be that Ce in the solution 
standard might become oxidised over a period of 
time and precipitate from solution to a slight 
extent, thereby enhancing the apparent Ce level 
in samples being analysed against it. However, it 
could be that the values of Ce in BCR-1 currently 
being used are too low. The behaviour of Ce in 
solution may need further investigation. 

Table 2. REE data (ppm) for BCR-1 Basalt, using 
and elemental solution standard (ESS) 

BSE Concentration 	BCE-1 
in ESS 	This 	Other data 

(4/1004) 	work 	ref. 2 ref. 1 

La 
	3.0 	25.1 ± 6% 24.2 

Ce 
	6.o 	56.2 = 6% 53.7 

Nd 
	5.0 	27.o ± 7• % 28.5 

Ss 
	0.60 	6.77 ± 4% 	6.70 

Eu 	0.200 	1.95 ± 3

• % 

	1.95 

Tb 	1.0 	1.11 ± 7% 	1.08 

Ho 
	1.0 	1.27 ± 7% 	1.33 

Ts 	1.0 	0.60 ± 1

• 

4% 0.51 

Yb 
	0.50 	3.46 ± 596 	3.48 

Lu 
	1.0 	0.53 ± 10% 0.55 

Flanagan (1), Taylor and Gorton (2) 

Table 3 gives data for other international 
standard rocks run against the multi-element 
solution standard. The average of five analyses 
of G-2 Granite shows that although the data do 
not agree particularly well with those of 
Flanagan (1) they are well within the range 
quoted for other NAA analyses reported by 
Govindaraju and Roelandts (3). Like the earlier 
Granite G-1 and the more recent Granite JG-1 
samples, G-2 is coarser grained than the various 
standard basalts that are available, and it may 
be that the granites will be less satisfactory as 
a consequence for trace element analysis. Results_ 

26 

53.9 

29 

6.6 

1.94 

1.0 

1.2 

0.6 

3.36 

0.55 



Table 3. REE data for international standard rocks using an elemental solution standard* 

G-2 data (ppm) W-1 data (ppm) AGV-1 data (ppm) 

REE This Others (Ref) 	This Others (Ref) This Others (Ref) 
work(a) (1) (3) 	work(b) (1) (4) work(b) (1) (3) 

La 84.4 96 75-102 	10.6 9.8 11.1 36.8 35 37.3 

Ce 179 150 110-180 	24.5 23 25 73.2 63 68.2 

Nd 51.7 60 46-69 	14.8 15 <30 32 39 38.1 

Sm 7.4 7.3 5.4-10 	3.4 3.6 3.4 6.07 5.9 5.79 

Eu 1.35 1.5 1.05-2.4 	1.12 1.11 1.08 1.65 1.7 1.68 

Tb 0.55 0.54 0.30-0.75 0.72 0.65 0.67 0.65 0.70 0.64 

Ho 0.35 0.4 1.18 0.69 ND 0.76 ND ND 

Yb 0.84 0.88 0.56-1.3 	2.1 2.1 1.9 2.2 1.7 1.6 

Lu 0.21 0.11 0.05-0.32 0.31 0.35 0.36 0.24 0.28 0.26 

(1) Flanagan; (2) Govindaraju & Roelandts; (4) Laul & Rancitelli 

a - 5 analyses; b - 1 analysis 
* 
Concentrations in elemental standard as given in Table 2 
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for Andesite AGV-1 and Diabase W-1 were obtained 
from single analyses only as lack of material did 
not permit replication. New data for AGV-1 are 
not wholly satisfactory on a comparative basis, 
but they compare well with many of the "usable" 
values quoted by Govindaraju and Roelandts (3), 
and they come well within the range obtained from 
other NAA determinations given by the latter 
authors. Apart from the data given by Flanagan 
(1) there are few rare earth element analyses 
available for W-1, an exception being a recent 
analysis by Laul and Rancitelli (4) using neutron 
activation. Their data are also given in Table 3, 
and, considering that the present authors' data 
were obtained from a single analysis only, the 
two sets of data are seen to be in good 
agreement. 

Table 4 gives results obtained for Basalt 
JB-1 and Knippa Basalt using, firstly, BCR-1 and, 
secondly, the multi-element solution as stan-
dards. In the absence of compiled NAA rare earth 
element data for BCR-1 the values used for this 
rock were those obtained by Gast et al (5), who 
analysed it by an isotope dilution method at the 
same time as they analysed Knippa Basalt. As the 
latter rock has also been analysed by the present  

authors it seemed useful to use the BCR-1 data of 
Gast et al (5) for comparison as a standard. Two 
elements, Ho and Tb, were not determined by Gast 
et al (5) and the values used for BCR-1 for these 
elements were taken from Flanagan (1). The data 
obtained for JB-1 and Knippa Basalt using BCR-1 
and the solution standard respectively, are 
considered to compare well, particularly in view 
of the problem of separating interfering peaks 
from the rare earth element peaks in the rock 
powder spectra, a problem that does not exist for 
the solution standard. Results for Tb, Ho and Lu 
are least satisfactory but counting statistics 
for these elements are poor on the rock powders, 
and impracticably long count times would probably 
be necessary to improve the data further. Other 
rare earth element data on these two rocks are 
sparse, especially so on the Knippa Basalt; the 
Flanagan (1) averages on JB-1 are given and, as 
well as the data obtained on Knippa Basalt by 
Gast et al (5), the average of eight NAA 
determinations of Knippa Basalt by Jacobs et al 
(6) are given in Table 4 for comparison. The data 
sets are considered to be in reasonable agreement 
but more data generally on these two rocks are 
clearly desirable. This is particularly important 
for Knippa Basalt as Jacobs et al (6) suggested 
that the rock may be heterogeneous. 



92 

Table 4. 	REE data for JB-1 Basalt and Knippa Basalt using BCR-1 Basalt and elemental solution standards 
(ESS)* 

BCR-1 values 	JB-1 data (ppm) 	Knippa Basalt data (ppm) 

(PPm) 
used 	This work using 	Others 	This work using Others (Ref) 

REE 	Ref. 5 	BCR-la 	ESSb 	Ref. 1 	BCR-lc 	ESS° 	(5) 	(6) 

La 26.2 38.6 37.6 36 52.7 53.1 54.7 53.1 

Ce 54.9 69.1 67.1 67 119 116 111 111 

Nd 28.8 27 28.3 25 53.7 53.5 54,3 ND 

Sm 6.74 5.2 5.3 4.8 11.1 11.7 11.2 11.3 

Eu 1.97 1.58 1.48 1.52 3.36 3.43 3.42 3.34 

Tb 1.0 (Ref.1) 0.84 0.76 0.5 1.05 1.32 ND 1.31 

Ho 1.2(Ref.1) 0.81 0.93 ND 0.77 1.11 ND ND 

Yb 3.69 1.82 1.91 2.1 1.39 1.43 1.71 1.51 

Lu 0.59 0.28 0.31 0.31 0.26 0.26 0.216 0.242 

(1) Flanagan; (5) Gast et al; (6) Jacob et al. 
a - 6 analyses; b - 7 analyses; c - 4 analyses. 

Concentrations in elemental standards are given in Table 2. 

SUPPLIERS OF STANDARD MATERIALS 
CONCLUSION 

Use of a multi-element solution standard for 
rare earth element analysis by NAA has produced 
encouraging results. Data obtained on several 
international rock standards compare well with 
data obtained by other techniques and with other 
data obtained by NAA. 
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RESUME 

Les auteurs ont employe une solution multi-
ēlementaire de haute purete (SME), contenant des 
quantites connues d'elēments de terres rares, en 
tant qu'echantillon de reference en analyse par 
activation neutronique de terres rares dans 
plusieurs standards geochimiques internationaux. 
Les donnēes ainsi obtenues sont comparees avec 
celles obtenues en utilisant le Basalte BCR-1 
coinne ēchantillon de reference. Cette comparaison 
s'avēre être favorable et encourage les auteurs 
de suggērer la SME pour l'analyse de terres 
rares. Toutefois, la valeur élevée enregistrée 
pour Ce dans Basalte BCR-1 semble ifidiquer 
qu'un examen plus approfondi est nécessaire pour 
comprendre le comportement de Ce en solution. 
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