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.. 

The reaction between ferrocytochrom~ £ and hydrogen 

peroxide has been studied to determine possible reaction 

mechanisms. This was done by investigating the effect 

of various physical factors, such as hydrogen ion 

concentration, ionic strength and temperature, on the 

reaction and by studying the kinetics of the reaction. 

The study of pH and ionic strength showed that an 

ionization occurred at pH 7.8 which influenced the 

reactivity of the cytochrome .£• The reaction was 

studied kinetically at pH 8.1 and pH 6~6. At pH 8.1 

simple kinetics showed an uncomplicated reaction between 

ferrocytochrome c and hydrogen peroxide. The kinetic 

studies at pH 6.6 showed that ferrocytochrome c, 

hydrogen peroxide and ferricytochrome £ (acting as a 

product catalyst) were involved in the reaction. The 

product catalysis conrplicated the kinetics and difficulty 

was experienced in fitting a suitable reaction mechanism. 

Copper ions have been found to catalyse reactions 

similar to that studied here~ The effect of a copper 

histidine complex was therefore investigated on the, 

reaction at pH 8.7. The copper complex was found to 

catalyse the oxidation of ferrocytochrome c by hydrogen 

peroxide and the kinetic studies of this oxidation 

showed that the reaction could be fitted to a simple 



mechanism which did not invoJ,.ve the formation o£ 

interm.ediate complexes. An unusual feature of the 

reaction was the ability of the cytochrome _g, after 

complete oxidation, to undergo reduction, which is 

dependent on the presence of both hydrogen peroxide 

and copper ions. 



A. C_ytochr.ou~ 2z 

Cytochrome .2 is a haemoprotein present in all 

living cell.s, where it plays an important part in the 

capture o~ energy in the mitochondrial electron 

transport mechanism. It participates in redox 

reactions as ~erricytochrome £ and ~errocytochrome £ 

corresponding respectively to the Fe(III) and Fe(II) 

oxidation states o~ the haem iron. 

The absorption spectrum o~ cytochrome. £ was ~irst 

observed by McMunn~l) in 1886, in a large variety o~ 
organisms and tissues, but this important observation 

was overl•oked for several decades. In 1930,Keilin(2) 

produced, from Del~t yeast, the ~irst puri~ied pre-

paration of cytochrome £ .. Cytochrome £ 1 unlike other 

cytochromes and haemoproteins, was found not to bind 

reagents such as carbon monoxide, nitrogen and cyanide. 

Keilin and Hartree<~ showed that this inability of the 

cytochrome £ to bind these reagents was due to the 

binding of the 5 and 6 coordination sites of the haem 

iron, to the protein molecule·. This has been supported 

by the studies of Theorell and Akessor/.4) and more 

recently Vinogradov and Harbury(5) who have investigated 

which amino acid residues are most likely involved in 
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coordination with iron. 
(6) 

Recent crystallographic work by Dickerson etal 

involving a 4A resolution X. -rFC:! study 'Of' f'erricytochrome £ 

has.helped to elucidate several structural features of 

the protein. As the structure or cytochrome s has been 

a~ost completely determined, it should soon be possible 

to relate the reactivity of the molecule to its 

structural reatures, whieh apparently alter during redox 

reactions and with changes in pH and temperatur~. 

B. Reactions of Cytochrome c 

Cytochrome £ participates in a number or redox 

reactions, both in the presence and in the absence or 

enzymes, involving such reagents as ascorbic acid, 

hydroquinone, NADH2,terricyanide, ·oXYgen and hydrogen 

peroxide. 

(1) Enzyme Qatalysed Reactions or Qytochrome A 

cytochrome £ is a substrate for several enzymes 

including cytochrome pxidase, the peroxidases and NADH2: 

cytochrrune £ reductase. The most intensively studied 

of these is ~tochrome oxidase which catalyses the 

reaction, 

4Fe2+oyt~ + 02 ~ 4Fe3+cyts + 2H20 

i.e. the terrnnal reaction of the mitochondrial electron 

transport chain. Much work has been done on the 

extraction and purification or cytochrome oxidase and on 

.... ~· 
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the mechanism of the reaction. Recent reviews by 

Lemberg(7) and Mason~) include much of the work qone on 

this enzymic reaction. 

Ferrocytochrome .2 is oxidized by hydrogen peroxide 

in the presence of horse radish peroxidase or cytochrome 

.2 peroxidase. Ohance<9), Yonetani(lO~ Beetlestone<~ and 

Nicholls(l2) have carried out kinetic and spectral studies 

on the cytochrome .2 peroxidase system. The results 

indicate that the enzyme first binds the hydrogen 

peroxide and then reacts successively with two ferro~ 

cytochrome .£ molecules which provide the necessary 

electrons for the reduction of the peroxide. The 

reaction of cytochrome _g with the peroxidase-peroxide 

intermediate is the fastest protein-protein interaction 

yet measured in solutions, havipg a second order rate 

constant o:f the order of 109l.mole-lsec':"l 

In nona of these enzyme reactions does any direct 

interaction occur between ferrocytochrome .£ and the 

other substrate. Instead cytochrome .2 acts as an 

electron donor to the enzyme, which then passes the 

electron to the bound substrate. 

{2) Non Enzymic Reduction of Cytochrome ~ 

Cytochrome .2 is directly reduced by ascorbate or 

hydroquinone in the absence of enzymes. The reactions 

have been studied by Greenwood and Palmer and by Williams. 
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In their studies of the ascorbate reduction of ferri

cytochrome .£, Greenwood and Palmer(l3,l4 ) observed a slow 

second order reaction, dominant at pH 7 and a reaction 

independent of cytochrome .£ concentration, at higher pH 

values. They have shown a pH dependent equilibrimn 

between these two reactions. They have interpreted 

these observations in terms of a fundarnental change in 

the tertiary structure of the haemoprotein, dependent on 

pH, which gives rise to two forms of ferricytochrome .£• 

Skov and Williruns(l5) have also studied this reaction 

and, although not disputing any of the findings of 

Greenwood and Pabner, they suggest that simultaneous 

changes in the ionic strength rtight have been the 

deterntining influence on the reactivity of cytochrome£ 

in Greenwood1 s experiments. 

WilliamsC 16) has studied the reduction of ferri-. 

cytochrome .£ by hydroquinone. He obtained evidence 

indicating that p-quinone, a product of the reaction, 

acts as a catalyst for the reduction of cytochrome £•. 

He also found that the effect of the hydrogen ion 

concentration approximates to a linear relationship 

between pH 6.4 and pH 7.6, which is consistant with tha 

potentiometric studies of Rodkey and Ball(l7) on cyto~me 
£, which indicate no ionization occurring between pH 1.7 

and pH 7.8. 
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(3) Oxidation of Ferrocytochrome ~ by Oxygen. 

The value of the redox potentials for cytochrome £ 

shows that the oxidation of the reduced protein by oxygen 

is thermodynamically favourable. The fact that ferro-

cytochrome c is not autoxidizable, except at extremes of 

pH must therefore be due to kinetic barriers. Boeri and 

Tosi(lS,l9) investigated the kinetics of the reaction in 

acid and alkaline conditions, showing that the 

autoxidation rate is proportional to the concentration of 

ferrocytochrome £ 1 the proton activity, the oxygen 

partial pressure and the ionic strength of the solution. 

They proposed the 

d[Fe2+cyt£] 
dt 

rate equation 

which accounted for these observationso 

Boeri and Tosi also observed that autoxidation of 

ferrocytochrome _! is substantially accelerated by the 

presence of trichloroacetate and other halogenated 

carboxylic acids. Schejter and George(20) have shown 

that triahloroacetate reversibly alters the conformation 

of ~erricytochrome c. 

Margoliash and Schejter<2~in an excellent critical 

review of cytochrome ~ point out the need for considerably 

more kinetic data than is at present available, for an 

understanding of the fun0tion of cytochrome£ and its 
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reactions. 

(4) Oxidation o~ Ferrocytochrome c by Hydrogen 
Peroxide. 

The v~lue o~ the redox potential ~or the reaction 

involving ferrocytochrome £ and hydrogen peroxide, given 

by the equation 

is AE0 = 1. 547 volts. This can be used to calculate 

the free energy of the reaction at (H+] = 1, which is 

found to be ~G = -35kcal.rnole-1 , showing that the reactiDn 

is thermodynamicallY ~avourable. 

The reaction between ferrocytochrome c and hydrogen 

peroxide has been observed during studies o~ the 

cytochrome .£ peroxidase reaction. Beetleston/ll). 

Nicholls(J2) and Yonetani(lO) noted a direct reaction 

between ~errocytochrome .£ and hydrogen peroxide when 

they were mixed prior to the addition o~ the enzyme, and 

used concentrations of ferrocytochrome £ and hydrogen 

peroxide that rendered the non-enzymatic oxidation 

negligible. 

0' Brein<22) has studied the products of the action 

of hydrogen peroxide on ferricytochrome £ and observed 

that between pH 4 and 10 there is a decrease in peak 

height for the ~, ~ and soret peaks of the ferricytoc~ 

c spectra. It is thought that this decrease in peak 
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height may involve a eonfor.mational change in the protein, 

since the cytoclU>ome c, on reduction is more autoxidizable 

than before. 

Davison and Hamil ton<23) have performed experiments 

on the effect of pH on the reaction between ferro-

cytochrome £ and hydrogen peroxide. They found that at 

suitable hydrogen peroxide concentrations, the reaction 

~ccurred throughout a wide range of pH values, although 

it became slow at pH values above 9. At the lower pH 

values, the rate curves indicated zero order reations, 

while at higher pH values, this changed to first order 

reactions. 

Shasho\aa(~) has performed the only kinetic studie-s 

reported for the ferrocytochrome £-hydrogen peroxide 

rea~tion using magneto-optical rotation spectroscopy. 

Working at pH 9 and with a ~Undredfold excess of hydrogen 

peroxide, he has observed a first order reaction with 

respect to ferrocytochrome ,;Qo Using rate constants 

measured for temperatures from 9°0 to 21°0 in the 

Arrhenius equation he has calculated an activation· energy 

of 3 - 5 kealomole-lo However when the reaction was 

performed at pH 7 in a 700 fold excess of hydrogen 

peroxide in phosphate buffer, the reaction followed 

neither first-nor second-order kinetics. In fact 1 t 

seemed to approximate a first-order reaction during the 
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initial 40 - 60% of th~ reaction followed by a transition 

period and then a sec0nd region of first order kinetics, 

with a different rate. 

He has postulated that the reaction could take 

place by two consecutive first order reactions in which 

the ferricytochrome ~gives up;one electron at a time 

through an interraediate complex. Another proposal ie 

the formation of an intermediate dimer between one 

molecule of ferrocytochrome ~ and one molecule of ferri

cytochrome ~· 

Although little is known of the reaction between 

ferrocytochrome _g and hydrogen peroxide_, the reaction 

betwee.n ferrous ions and hydrogen peroxide in solution 

has been comprehensively studied and is reviewed by 

Baxendale(25) and Weiss<OO}. It has been found that when 

the ferrous ions are in excess the reaction followed the 

simple mechanism 

However when the hydrogen peroxide is in excess, then 

oxygen ie: also evolved from the system and further 

reaction steps are necessary to explain this reaction. 

In all the kinetic studies the reaction was found to be 

bimolecular, following the simple rate equation. 
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. ~fl~2+ J = -2 d{H20zl ~- 2kl (Fe2+J IHz02l 
dt dt 

The rate constant ~or this reaction was ~ound to be of 

the order of 60 lomole-1 sec:-1 at 25°0 and the activation 

energy was found to be 10 kcals. mole-1 (27) • It has been 

found that ferric ions inhibit the reaction causing 

deviations from bimolecularity and these deviations are 

found to increase as the concentration of ferric ions 

increase, or as the pH increases. 

~he purpose of the present study was to investigate 

the mechanism of the reaction between ferrocytochrome £ 

and hydrogen peroxide, in an attempt to account for the 

zero order reactions observed by Davison and Hamilton~3) 
and the change in reactivity as the conditions were 

altered, observed by both Davison and Hamilton(Z3) and by 

Shashoua(24). Possible causes of the observed zero 

order kinetics, including substrate inhibition, 

activation by intermediates such as free radicals or 

activation by products of the reaction would all be 

investigated. Also, as the reaction between ferrous 

ions and hydrogen peroxide has been thoroughly studied, 

there exists a basis for determining the effect of the 

porphyrin-protein portion of the molecule upon the 

reaction. It was hoped to obtain the required 
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inf'ormation by st~ing the -effect of ph.ye'ical factors 

such as llyd;L"Ogerl ion eoncent~ation,.,. _j,..pnic strength and 

temperature on the X'-eaction s:nd also }J;y- observing the 

kinetic behavioUl' of the system with r.espect to the 

reactant concentrations. 

Recently interest has b~en shown in the f'unctio·n of 

metal ions present in a wide range of proteins and 

en~es<2~. Particular interest has been shown in the 

role of' copper in b~<>logical redox reactions. This 

interest has mainly centred around the autoxidation of 

ascorbic acid bY copper ions and c-opper-amino aeid 
{." . . ' . (3~2 33) 

complexes' 29, 30, 31'• Davison etal .' · have studied the 

effect of copper complexes on the autoxidation of' ferro-

cytochrome .9. and found that the coppeX' -cataly-ses the 

reaction. It was therefore decided to include an 

investigation of' the influence of a eopper-hi.st:W.ine 

complex on the f.errocytochrome ,g - hydrogen p.eroxid--a 

reaction in the present study. 
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II. MATERIALS AND MET!fODS. 

A• Buffers 

Buffer solutions were prepared using BDH 'Analar' 

grade reagents and distilled water which had been fUrther 

purified by ion exchange- The buffers used were the 

sodium dihydrogen phosphate ~ disodium hydrogen phospha•e 

buffer and the Kalthoff phosphate buffer comprising 

sodimn dibydrogen phosphate and sodimn tetraborata. 

Stock solutions of O,lM NaH2P04 and O.lM Na2HP04 w~re 

prepared for the phosphate buffer. To prepare a 

solution of pH 8.1, 19nu. of Na2HPo4 and lml. of NaH2P04 

ware mixed and dilutes to lOOnu. To prepare a solution 

of pH 6.6, 6. 5ml. of NagHID4 and 13. 5ml. of NaHgP04 were 

mixed and diluted to lOOml. For the Kalthoff phosphate 

buffer, the same stock sqlution of Q,lM NaHgP04 was used 

together with a Oo05M NaB407 solution. A buffer of 

pH 8.7 was prepared by mixing together 75m1. of the 0.05M 

NaB4o7 solution and 25ml. of the o.lM NaH~o4 solution. 

B. Hydrogen Peroxide 

The BDH 'Analar' grade hydrogen peroxid~ used was 

30% w/v and was found to be 8,.75M by titration against 

potassium permanganate. A stock solution of the hydrogen 

peroxide was prepared by adding 0.2m1. of the 8.75M 

~Ggen peroxide to lOOml. of water. Alliquots of this 
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st@ek solution we~ then injeeted into th~ rea~t,io~ 

cuvett,~~ ~o ~q:p~iate th~ reactions~ 

c. Cytochrome c 

Horse heart cytochrome _g, A grade, supylied by 

Seravac Laboratories, was 94% pure, on the basis of iron 

content'"' A cytochrome ~ solution was subjected to disc 

electrophoresis·.- using polyacrilamide gels and employing 

the method of Reisveld, Lewis and Williams(34) for the 

separation of basic proteins. The cytochrome _g migrates 

as one band on the gel, no separation being obtained. 

Gel filtration was also used, the cytochrome c being 

passed through a Sephadex G 75 column of 1 metre length. 

The cytochrome _g again migrated as one band. Further, 

a sample which was only 84% pure was used for kinetic 

~xp.eriments ..... and::'.the resul.ts' compared: with 1those obtained 

using -the ·sample·_ of- higher purity• . It was found that 

under similar conditions, identical reactions were 

·obSEfrved.- · Th~refore it was concluded that any 

impurities present' had . no adverse :i.iifiuence on the 
_., ·-. '. -. . :-

reactivity' of- the-· ~ytochrome £• 
.i_. ,_-.• • .. 

various inet.h.ocis of reducing. the cyt6chi'6me .£ were 

tried.. To 25msm~ of cytoc~ome ,.c ciiss6i ved in'"2mJ.: of - . •' 

causing rapid reduction. The solution was theh eluted 
_, ·, 

...... 
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through a Sephadex G 25 gel column to ~eparate •ff the 

unwanted products of reduction which the sodium 

dithionite produces(3~. The reduced cytochrome ~ 
produced by this method -xidized spontaneously and the 

method was not studied further. Sodi un1 borohydride was 

similarly used, but since the sodium borohydride in 

solution evolves hydrogen gas, the solution could not be 

passed through a Sephadex column to remove the products 

of reduction. These reductions were abandoned in 

favour of the reduction by hydrogen gas in the presence 

ef palladized, or better platiniz~d, asbestos, which has 

the disadvantage of being much slowej36). 

40mgra of cytochrome ~ was dissolved in 12ml. 

deionized water and placed in a reduction vessel together 

with 70 - lOOmgm platinized asbestos. The solution was 

flushed with nitrogen for 30 minutes, with hydrogen for 

four hours and with nitrogen for a further 30 minutes. 

Agitation of the solution was provide4 by a magnetic 

stirrer. The solution was finally fiitered and stored 

under nitrogen at 4°0. It appeared to be stable under 

these conditions for 2 - 3 weeks. 

D· Copper - Histidine Complex 

A copper histidine complex was prepared in solution 

by dissolving 50mgm of copper sulphate and 76mgm ~~ 

histidine monohydrochloride in lOml. of Kolthoff phosphate 



b~fer at pH 8,7. The histidine complexed with the 

copper giving a deep blue solution, and prevented the 

formation of copper hydroxide at higher pH values. When 

o. lml. of this solution was added to 2. 9mlo of reaction 

mixture at pH 8.7 it did not alter this pH value noticabl~ 

E. Assay Prodecure 

All kinetic experiments were performed on a Beckman 

DU2 spectrophotometer with a 10" recorder attached. 

Spectral studies were made on a Becbnan DB recording 

spectrophotometer. All reactions were aarried out in 

quartz cuvettes of lcm. light path, in a final volmne of 

3.0mlo Unless otherwise stated, all reactions were 

thermostatted at 25°c. 

For each reaction, 0.3ml. of reduced cytochrome _Q, 

2ml. of buffer and sufficient deionized water to bring 

the volume to 2.9mlo, were pipetted into a cuvette. The 

reaction was initiated by injecting into the cuvette 

O.lml. of the stock hydrogen peroxide solution and 

rapidly mixing with a polythene plunger. In cases where 

the volurae of one of the reactants was varied during a 

series of experii'"ents, the amount of deionized water 

added was also adjusted to compensate for this. The 

progress ~f the oxidation of ferrocytochrame ~ was 

followed by measuring the absorbance (A) at 550mp.. The 
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absorbancy indices of :f'errocytochrom.e ,g and ferri.- ·1 •• :.:· 

cytochrome _g were assumed to be 27.6 x lo3M-1'Cm2 and 

9.0 x 103M-1om2' respectively, as given by Margoliash 
(37)~ 

and Frohwil't • 
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III. RESULTS 

The reaction curves obtained from the exper~ents 

were found to be either first order or pseudo zero order, 

under the experimental conditions employed (see fig.l'and 

figo2). The initial velocities were obtained in the 

case of the first order reactions by extrapolating the 

curves to zero time and measuring the slope of the curve 

at this point. Rate constants for the first order 

reactions were obtained by plotting log (A - ~) against 

time where ~ is the absorbance at infinite titneo The 

slope of this plot is equal to- k/2.303, where k is the 

experimental rate constant. In the case of reaction 

crurves which were roughly zero order, the maximum 

velocity, which is greater than the initial velocity, was 

used. The apparent zero order rate constants for these 

reactions were estimated by dividing the maximum velocity 

_by the initial concentration of ferrocytochrome .£• 

Since the reaction curve is linear over the region where 

maximum velocity is measured, it was considered, as an 

approximation, to be zero order. This gave the rate 

equation, 

v = k[Fe2+cytc ] -o 

where [Fe2~yt_g0 ]represents the initial concentration and 

v is the velocity. On rearranging this equation, it 



Fig .. 1. a. Typical reaction curve showing trace 

C·f Absorbance at 550mfl against time, 

for reaction in phosphate buffer at 

pH 8.1e 

b. Plot of log (A-Ax,) against time to 

determane whether reaction at pH 8~1, 

with excess hydrogen peroxide is first 

order. 
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Fig. 2o Typical reaction curve showing trace of 

Absorbance at 550nq.L against time., for the 

reaction in phosphate buffer at pH 6.6, 
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gives 
v 

k = 

indicating that the rate constant and maximum velocity of 

the reaction are interrelated. 

~ Effect of Hydrogen Ion Concentration and Ionic 
Strength 

The effect of pH and of ionic strength was studied 

so that the conditions for the reaction between ferro-

cytochrome .£ and hydrogen peroxides could be standardized. 

?hosphate buffer was used in the pH study and in most 

subsequent studies as the reaction appeared to be well 

behaved in this buffer. The hydrogen ion concentration 

was varied between pH 6 and pH 8 and the results are 

shown in fig.l3 .. The influence of the hydrogen ion 

concentration is of interest between pH 7.6 and pH 7.9 

where the reaction between ferrocytochrome .£ and hydroge~ 

peroxide undergoes a significant change. Above pH 7.9 

the reaction curves are first order. Below pH 7.6 the 

reaction curves are ap9roximate1y zero order after an 

initial induction period. 

The plot of velocity against pH indicates that the 

reaction slows down as the pH increases to pH 7.6. 

Above pH 7.9 two reactions were obtained using Kalthoff 

phosphate buffer. 
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Velocity 
-8 _l -1 

4.6 X 10 Ml. seco 

1. 4 x lo-8ML-1 sec.-1 

This indicates that the rate decreases' as the pH 

increases above pH 7.9, which was also observed by 

Davison and Hamilton(2~. 
The effect of ionic strength on the ferrocytochrome 

c - hydrogen peroxide reaction was studied at pH 6.6 

using phosphate buffer. The results of this study are 

shown in fig.t,t, where the logrithm of the rate constant k 

is plotted against the square root of the ionic strength 

11• The plot shows that the rate of reaction increases 

as the ionie strength of the solution increases. The 

plot of' log k against -.f}l , from the equation relating 

the rate of reaction to the ionia strength, 

1 

log k = log k0 + l.Ol8ZAZB}l2 

which is derived f'rom the Debye Huckel expression f'or the 

mean ionic activity coef'f'icients. The slope of the plot 

is + 0.54 which is equal to the net ionic charge zAzB 

created during the formation of' the transition state. 

From the results of the pH study it was decided to 

study the kinetics of' the reaction at pH 8.1 and at 

pH 6.6 .. The ionic strengths of' the phosphate buf~ers 

were fixed at ~ = o.o7 at pH 8.1 and }l = 0.03 at pH 6.6. 
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~· Effect of ~drogen Peroxide on Ferrieytochrome ~ 

Hydrogen peroxide has been found to act upon ferri

eytochrome ~(22). It causes a decrease in the heights of 

the o: , 13 and soret peaks of the absorption spectrum and 

also causes a loss of activity, indicated by the 

decreased ability of ferricytochrome .2 to undergo 

reduction in the presence of NADH2 l cytochrome .£ 

reductase. 

Observations of the oc and 13 peaks were therefore 

made after treating 30pM ferricytochrome £ with 

5.85 x l0-4ML-1 .hydrogen peroxide at both pH 6.6 and 

pH 8.1, in phosphate buffer. Successive scans were 

carried out on a Beckman DB spectrophotometer over the 

wavelength range 560m)l to 510m}l. The observations of 

the soret peak were similarly performed, using 5AM 

f'erricytochrome _g, and scanning the wavelength range 

420IIl)l to 400IIl)l. The peak height at time t was expressed 

as a percentage of the peak height before addition of 

the hydrogen peroxide and plotted against time in fig.5. 

From these plots it can be seen that the decrease in 

peak height is much greater at pH 6.6 than at pH 8.1. 

Also the decrease in the height of the Soret peak is 

much greater than that of' the o: and 13 peaks. 

The rate of modification of the cytochrome £ is 

negligible compared to the rate of the ferrocytochrome s 



Fig. 5. The percentage oxidized cytochrome £ present 

plotted against tima, to show effect of 

hydrogen peroxide on ferricytochrome £• 

Peak heights were measured for the Soret peak 

and at 525mll ( l indicates measurements at pH 8.1, 

t indicates measurements at pH 6.6). 
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- hydrogen peroxide reaction studied at pH 8.1 and 

although the modified cytochrome £ is produced faster 

at cpu· 6~~;. the kine-tie studies performed at this pH 

value all involve reactions which reach completion in 

less than 5 minutes during which time the production of 

modified cytochrome _g. is less than 8%. measured at the 

Soret peak. 

The modification is irreversible since the modified 

cytochrome£, when reduced using sodimn dithionite, 

produced oc , {3 and Soret peaks lower than those obtained 

before treatment with hydrogen peroxide. The oc peak 

(550m~) was found on reduction to be 85% of the original 

height at pH 6o6 and 89% at pH 8.1. The Soret peak was 

f'ound to be 69% of the original height at pH 6.6 and 91% 

at pH 8.1, on reduction with sodium dithionite. 

o. The Reaction between Ferrocytochrome c. and 
Kydrogen Peroxide at pH 8.1 -

It has already been seen in the pH studies that 

above pH 7.9 the reaction is f'irst order when hydrogen 

peroxide is in excess. A detailed kinetic study of the 

reaction at pH 8.1 was performed in order to obtain 

information about reaction mechanisms. 

The order of the reaction with respect to f'erro-

cytochrome .£ and hydrogen peroxide was independently 

determined. Initial velocities ef the reactions were 

11 



used in calculations to avoid possible product effects. 

In determining the order with respect to ferrocytochrome 

~~ the hydrogen peroxide concentration was kept constant 

at 5.85 x 1o-4M and the ferrocytochrome ~was varied 

between 8pM and 33plvl. Ghanges in the hydrogen peroxide 

concentration were therefore less than 3% and were thus 

neglected. Fig.6 .-· ebQW$ a plot of log (Initial 

Velocity) against log (Fe2+cytc]. The slope of this 

plot gives the order of the reaction, which is found to 

be one with respect to ferrocytochrome ~· This is in 

agreement with plots of log(~A~) against time, which 

gave straight lines (fig. 1). Values of the exper~tal 

rate constant k were obtained from the slopes of these 

plots and these were plotted against the initial ferro

cytochrome~ concentrations of the reactions (see fig.7). 

Straight lines were obtained from these plots, having 

small positive slopes, although they could be regarded as 

having zero slope within experimental error. One plot, 

however, did have a positive slope which could not be 

regarded as zero. The relationship between the rate of 

reaction and the ferrocytochrome £ concentration has been 

regarded as simple, although the occasional deviation 

from zero slope. in fi~7 does suggest that the relation

ship may be more complicated. 

Difficulty was experienced in determining the 



Fig. 6. Plot of log (Initial Velocity) against the. 

log (Ferrccytochrome ~ concentration) for 

the reaction in phosphate. buffer at pH 8.1. 
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Fig. 7. Plots of the Rate Constant against 

Fer.rocytochrome .£ concentration for 

the reaction in phosphate buffer at 

pH 8.1. 
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influence of hydrogen pe~oxide on the reaction since 

ferrooytochrome .Q has an absorbance greater than 2 at 

conoent~ations greater than 70p.M. The hydrogen peroxide 

concentration has to be small in comparison and 

consequently the absorption changes during a reaction ar~ 

s1na11 and the reaction is slow. Reactions were 

performed in which the concentrations of both reagents 

were such that both should influence the order of 

reaction. 53).11'.1 ferrocytochrome .Q and 23Jl,M hydrogen 

peroxide were ~sed and the reaction followed on a 

Beckman DB spectrophotometer. Plots of log (A,..l\t:;) and 

of x:lCIIIJ against time showed that a better fit was 

obtained for a second order reaction, (see fig. 8 ) but 

this result was unreliable since the fit of the f'irst 

order plot was also reasonable. 

Even when in excess of the cytochrome c concentration, 

the hydrogen peroxide concentration stil~ influences the 

rate of reaction. Therefore the dependence on hydrogen 

peroxide was found by varying its concentration, while 

keeping it in excess of' the ferrocytochrome c 

concentration. The ferrocytochrome c concentl'at'l.o.n vra.a 

kept constant at 23p.M ~nd the hydrogen peroxide 

concentration was varied between 1 x 10-~~ and 6 x lo-~. 

The results are shown in fig.9 where a plot of log 

(Initial Velooity) against log [H202]indicated a first 



Fig. 8. 
1 

Plots of log (A-Ao) and - against time 
A-~ 

to deterrn.ine whether reaction between 53 M 

ferro cytochrome .£ and 23 M hydrogen peroxide, 

in phosphate buffer at pH 8.1, is first-or 

second-ordero ( 4 indicates plot of log A-Aco 

against time, • indicates plot of .1:._ 
A-Aco 

against time.) 
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Fig. 9. Plot of log (Initial Velocity) against 

log (Hydrogen Peroxide concentration) 

for reaction in phosphate buffer at pH 8.1. 
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order dependence on hydrogen p-eroxide •. 

When the experimental rate constant k was plotted 

against hydrogen peroxide concentration, a straight line 

was obtained which passed close to the origin (see fig.lO~ 

A simple de;?endence of the rate of reaction on the 

hydrogen peroxide concentration was therefore assumed. 

Reactions wer~ also performed to see if terri

cytochrome ~, a product of the reaction, had any 

infl~ence upon the reaction. Both ferrocytochrome ~ 

and hydrogen peroxide initial concentrations were kept 

constant and small aLillunts of ferricytochrome £ were 

added. The results are swnmarized in Table 1. 

Table 1. Rate constants for varying amounts of 
ferricytochrome c added to reaction at pH 8.1 

Fe2+cytc Fe 3+eytc Exptl. Rate Const.k 

16.0IJM 1. Op.Ivl 2.14 J:lt lo-3sec:1 

16.0p.M 4. 8)llvl 1.96 X lo-3sec:-1 

20.0p.M lo 2p.M 2.78 X l0-3sec:1 

20.0p.M 2o8pJvi 3.22 X lo-3sec:1 

20. Op.IVl 2.3p.M 3.05 X lo-3sec..-1 

From the table it is observed that within experimental 

error the rate does not alter with added product. 

These results have shown that the rate constant f'or' 

the reaction is proportional to both ferrocytochrome ~ 

and hydrogen peroxide and is not influenced by the 



Fig. 10. Plot of the Rate Constant against Hydrogen 

Peroxida concentration for reaction in 

phosphate buffer at pH 8.1. 
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products of the reaction. For reactions where the 

f'errocytochrome ..£ dependence was studied, a first order 

rate constant of' 3.0 x lo-3sec;1 was obtained from 

f'ig. 7 • This rate constant does not allow for the 

hydrogen peroxide dependence as the hydrogen peroxide 

was in excess. By dividing the first order rate 

constant by the hydrogen peroxide concentration, this 

dependence is allowed for and·a second order rate 

constant is obtained of' 5.1 l.mole-1se~l. Where the 

hydrogen peroxide dependence studied, the slope of' the 

plot of' k against [H2o2] (see fig.lO) gave the second 

order rate constant of 5.9 l.mole-lse~-1. The rate 

constant for the reaction between ferrocytochrome c and .-
hydrogen peroxide at pH 8.1 was therefore found to be of' 

the order of' 5 l.mole-lsec.-1., 

D. Reaction between Ferrocytochrome c and 
Hydrogen Peroxide at pH 6.6 

The pseudo zero order reactions observed below pH 

7.6 in the study of' the effect of' hydrogen ion 

concentratio~were studied in more detail at pH 6.6 in 

an a tte1i1pt to determine the hypothetical reaction 

mechanism. 

The order of' reaction was found separately for 

f'errocytochrome c and hydrogen peroxide. The same 

technique was used for deterraining the dependence o:r 
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the rate on hydrogen peroxide as was used in the kinetic 

studies at pH 8.1. The initial ferrocytochrome £ 

concentration was kept constant at 23p.M and the hydrogen 

peroxide concentration was varied between 1 x 1o-4M and 

6 x 10-~'11. The results are represented in fig .. ll by the 

plot of log (Max. Velocity) against log [ H2o2 .J, which had 

a slope of unity, the order of the reaction with respect 

to hydrogen peroxide. The experimental rate constant k, 

calculated from the maximum velocities, was plotted 

against the initial hydrogen peroxide concentration (see 

fig. 12). This plot gave a straight line, which passed 

through the origin indicating a simple first order 

dependence of the rate on the hydrogen peroxide 

concentration. 

The influence of ferrocytochrome ~ on the rate was 

determined using a constant initial concentration of 

5.85 x l0-4:M hydrogen peroxide. This ensured that the 

hydrogen peroxide concentration did not significantly 

alter during a reaction and could be regarded as a 

constant. The initial ferrocytochrome ~ concentration 

was varied between 5~1 and 32)J.M .. The results of these 

experiments are shown in the plot of log (Max. Velocity) 

against log [ Fe2+cyt~] (see fig .. l3), where the slope of' 

the plot was found to be unity. This indicates a first 

order dependence of the rate on the ferrocytochrome £• 



Fig. 11. Plot o~ log (Maximum Velocity) against 

log (Hydrogen Peroxide concentration) 

for the reaction in phosphate buffer 

at pH 6.6. 
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Fig. 14. Plot of' the Rate Constant against 

Ferr.ocytochrome _g conce.ntration for 

the reaction in phosphate; buffer at 

pH 6.6 



.Fig •. 12. Plot of the Rate Constant against the 

Hydrogen Peroxide concentration f'or the 

reaction in phosphate buff,er at pH 6.6. 
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Fig. 13. Plot of log (Maximum Velocity) against 

log (Ferrocytochrome .£ concentration) 

for the reaction in phospha~buffer at 

pH 6.6$ 
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A plot of the experimental_ rate constant k against 

[ Fe2+cyt.£] gave a s:traight line passing through the 

origin of the graph. ( se:e f'ig,•14). These results for 

the depende.nce of rate o,n :ferrocytochrome _g suggests the 

existence of a simple relationship. However this does 

not account .for the pseudo-zero order reactio'n curves 

which are obtained eJcperimentally. Lai.dler( 38)has 

shown that Vl.hare the order of a reaction with respect to 

concentration (that is the. 'true order' ( 39)) differs from 

the order determined from a single reaction (that is the 

order with respect to time), then this difference is due 

to the: influence of' products on the reaction. In the 

case where the. 'true,' order is greater than the order 

with respect to. time, the O•bserved eff'ect is product 

acti v:ation o.f the reaction. 

The influence of f'erricytochrome s on the reaction 

was there,fore investigated. The initial concentrations 

of' both fe.rrocyto)chrome _g and hydrogen. peroxide ·Were kept·· 

constant at 17]JM and 5.85 x 10-4M resp·ective]Jy and amounts 

of i'erricytochrome _g, varying between lpM and 16pM, were 

added. The: resul.ts of these reactions are shown in 

fig.15 where a plot of' maximum velocity against [Fe3+cytc] 

shows that the reaction is product activated. A plo.t of' 

log (M~. Velocity) against log (Fe3+cyt_g] (see fig.l6) 

gave a straight line with a slope o:f 0.46 which was taken 
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Fig. 16. 

Fig. 15. 

Plot of log (Maximum Velocity) against 

log (Ferricytochrome . .£) for the reaction 

in phosphate buffer at pH 6.6. 

Plot o:f Maximum Velocity against 

concentration of added Ferri

cytochrome .Sh showing the influence 

of added product on the reaction in 

phosphate buffer at pH 6. 6 .. 
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as indicating a half order dependence of the rate on 

ferricytochrome ~· However, the effect observed when 

ferricytochrome _g is added to a reaction is superimposed . 
on the ordinary pseudo zero order reaction taking place, 

and this undoubtedly influences the slope obtained from 

fig. 16 , and consequently the observed order of the 

reaction with respect to ferricytochrome _g is of little 

value. 

It has already been shown that ferricytochrome ~ is 

modified by hydrogen peroxide. The possibility that the 

modified ferricytochrome .2. might cause the product 

activation of the reaction was investigated. 23~1 ferro

cytochrome ~ and 2.92 x 10-4M hydrogen peroxide w~re 
used in reactions to which either 6.5nM of ferricytochrolne 

c or 6.0,ulv1 of modified ferrieytochrome ~ were added .. 

In each case the maximum velocity was calculated. It was 

found that for the ferricytochrome .2. the velocity was 

9.15 x l0-7Ml;1 sec:-1 , while for the modified ferri

cytochrome .2. the velocity was 2.44 x lo-7rvn:-1sec71 

compared with a rate of 1.85 x lo-7Ml;1sec:-1 in the 

absence of added product. These results show that it is 

the ferricytochrorne c and not any modified form which is 

responsible for the product activation of the reaction. 

The results of these experililents at pH 6.6 indicate 

that the rate constant is dependent on ferrocytochrome _g 
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and hydrogen perp~id~ and that product activation occurs 

due to the ~ormation of ~erricytochrome £ during tha 

reaction. The reactions where the ~errocytochrome £ 

concentration was varied gave a first order rate 

constant o~ 1. 22 x 1o-2sea;1 (see ~ig. 14 ) • This rate 

constant must be divided by the hydrogen peroxide 

concentration of 5.8~ x 10-4M which had been regarded as 

a constant in these reactions, and is there~ore present 

as part o~ the experi~ent~1 rate constant. This gives 

a second orde~ rate constant o~ 21 1.M-1sec';1 • Where 

the hydrogen p~~oxide concentration was varied, the 

slope o~ the plot o~ the experimental rate constant k 

against (H2o2J (see ~+g. 12 ) gave a second order rate 

constant o~ 18 1. ~r1sec:1. The rate constant for the 

reaction between ~errocytochrome £ and hydrogen peroxide, 

measured at pH 6.6, was therefore found to be of the 

d .p 20 -d.. -1 or er OL l.M sec. • 
.,· ::t.·.· ,.. 

E. Atternpt to Detect Free Radical In~et•mediates in 
the Rea·ction betwean Ferrocytochrome c and 
Hydrogen Peroxide. -

Ferrocytochrome c is a single electron donor, and as 

the reaction between ~errocytochrome ..£ and hydrogen 

peroxide requires two electrons to be tvansferred, it is 

likely that the reaction proceeds by two consecutive 

singie e~~tron tran.s~er steps. This raises the 

probability o,f tJ:te ~ormation of f'ree radical intermEdiates, 
:'•',· 



45. 

due to the addition of only one eleatron to hydrogen 

peroxideG A similar intermediate has been proposed for 

the reaction between ferrous ions and hydrogen peroxide 

in aqueous solution by Barb( 40) etal who assmne the first 

step of their reaetion scheme to ba 

The detection of such fl"ee radical intermediates 

during a reaction was investigated heree The usual 

methods employed by organic chemists to detect free 

radicals involve the use of compounds whj.ch are highly 

conjugated and can gain or lose electrons, forming free 

radicals, which are stabilized by the conjugatione This 

conjugation usually gives rise to the specific coloration 

of the compound which indicates the presence of free 

radicals. Unfortunately the majority of these compounds 

are non~polar an~ therefore are only soluble in non-polar 

solvents. Proteins are polar molecules and are therefore 

insoluble in non--polar solvents, thus making it dif:ficult 

to use radicai traps for reactions involving proteins. 

·In addition there are a number of undesirable effects 

which prevent the use of radical traps in polar solvents, 

such as water. 

FridoNich and Handler( 
41

) have develo•)ed a method 
" 

for determining qualitatively the presence of free 

radicals during enzyn1ic oxidation. The method is based 
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on the ability of rree radicals to initiate a chain 

reaction between sulphite ions and dissolved oxygen and 

does occur in aqueous solution. The oxygen uptake is 

measured to detect the presence of free radicals. This 

is usually achieved by the use of a sensitive oxygen 

electrode. As such an eleotrode was not available for 

this particular study; a Warburg mano~ter was used, the 

oxygen uptake being detected by change in the heights of 

the manometric fluid. 50)ll1I Ferrocytochrome _£, Q.005M 

sodiun1 sulphite and 4ml. of phosphate buffer at pH 6.6 

were placed in a warburg flask and 5.85 x 10-~A hydrogen 

peroxide was placed in the side arm. The Vlarburg 

manometer was flushed with oxygen for 5 minutes, 

equilibrated at 25°C in a therxnostatted water bath and 

the initial readings taken. The reactions were than 

initiated by mixing the reactants and oxygen uptake was 

measured after 15 minutes. The results are recorded 

in table 2. 

The results of Table 2 show that although a 

difference in manometer readings, corresponding to 

oxygen uptake was not detected in every case, in 1uost 

of the reactions a small difference was observed. This 

suggests the presence of radical intermediates in the 

reaction. 
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~able 2. Manometric Measurement of Oxygen Uptake 
Detection of Free Radicals by Method or 

-ror 

._ -.. Fridov1 tch, 

Reaction . 
Hydrogen peroxide 
blank 

Ferro cytochrome J: 
blan1c 

Fe2+cyt_g + H202 

FeZrcyt,.£ + H202 

Fe2+cyt,.£ + H2o 2 
Fe2+cyt_£ + H202 

Initial 
Manometer 
Reading 

o.ocm. 

o.lcm. 

O.lcm. 

- O.lcm. 

o.ocm. 

o.ocm. 

Manometer 
Reading <after 

15 Minutes 

O•Ocm. 

O.lcm. 

0,6cmo 

0.7cm. 

o.ocm. 

0.6cm. 

Difference 

o.ocm 

o.ocm. 

0.-5cm. 

Q, 8Clilo 

o.ocmo 

Q,6cm. 

Fbllowing the first step of the reaction between 

ferrocytochrome £ and hydrogen peroxide, the second step 

must be a reaction involving further f'errocytochrome .2 

and the free radical pr0duced frmn the first step. The 

free radical must be unstable due to the imbalance of 

electrons and its rea~tion with ferrocytochrome £ is 

likely to be more rapid than that between f'errocytochrmae 

.£ and hydrogen peroxide. The fact that the kinetic 

studies at both pH 8.1 and pH 6.6 show a first order 

dependence for ferrocy'bochrome ..Q is evidence that the 

second step of the reaction is fast and therefore 

kinetically inaccessible. 

An atten~t was made to generate the free radical 

intermediates of the hydrogen peroxide, by ultraviolet 



48. 

irradiation, to see if any increase in the rate of 

reaction could be observed, Reactions were run using 

23pM ferrocytochrome £ and 2.92 x 10-4M hydrogen pe~oxide 

in phosphate buffer at pH 6.6, and irradiated by an 

ultraviolet lrunp for a short period inlmediately after 

the reaction was initiated. The results are shown in 

Table 3 which shows that the ultravoilet radiation does 

increase the rate of reaction. This can be attributed 

to the dissociation of hydrogen peroxide into free 

radicals which react more rapidly with the ferrocytochrane 

~ than the hydrogen peroxide itself. 

Table 3. The Effect of Ultraviolet Radiation on the 
Reaction between Ferrocytochrome c and 
Hydrogen Peroxide at pH 6.6 

Amount of Irradiation 
after Iniation of 
Reaction. 

1. None 

2. 1 minute (high 
wavelength u. v. 
irradiation) 

3. £ minute (low 
wavelength u. v. 
irradiation) 

4. * minute (low 
wavelength u.vo: 
irradiation) 

Total Tirile 
f'or 

Reaction 

2~ minutes 

2-i minutes 

2 minutes 

~ minutes 

Maximmn Velocity of' 
Reaction 

-7 -rl -1 2.42 X 10 M ..u. seco 

F. The Effect of' Copper on the Reaction between 
Ferrocytochrome c and Hydrogen Peroxide 

The effect of a eopper histidine complex on the 
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reaction between ~errocytochrome £ and hydrogen peroxide 

has been investigated to determine whether the copper 

catalyses the reaction. 

The reaetions were performed in Kolthoff phosphate 

buffer at pH 8.7, since under these conditions the 

reaction in the absence of copper was found to be slow. 

The presence of copper - histidine complex was found to 

increase the rate o·f oxidation of ferrocytochrome ;£ 

considera'bly. When this exidation was complete, a slow 

reduction ef the oxidized cytochrome £ was observed, 

which ceased after the cytochrome c was 60 - 70% reduced. 

(see fig. 17 ). This reduction of the cytochrome£ was 

observed by scanning the absorption spectru.r;1 over the 

wavelength range 560m~ to 510mp. These scans showed the 

formation of~ and~ peaks, identical with those of 

native ferrocytochrome £, eliminating the possibility of 

the reduced protein being some modified form of cytochJ:>ane 

£• When either only hydrogen peroxide or only copper -

histidine complex was added to ferricytochrome _g at 

pH 8.7 no reduction occurred, but when both were added to 

ferricytochrome £ reduction occurred. This indicates 

that the reduction of ferric;:,rtochrome c at pH 8. 7 is 

dependent on both hydrogen peroxide and copper - histidine 

complex. 

Kinetic studies of the oxidation rea~tion were 



Fig. 17. Typical reaction curve o~ Absorbance 

at 550mf.&,against time, for the reaction 

catalysed by copper ions in Kalthoff 

phosphate buffer at pH 8.7. 
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out in which the initial concentrations of each reactant 

were varied independently. The effect of ferrocytochl'xme 

c was determined, using 3. 3 x 10-~I cop1)er - histidine - ~~ 

complex and 2.92 x 10-4M hydrogen peroxide and varying 

the fer~ocytochrome £ concentration between ll~I and 

33~~. The results are shown in the plot of log (Initial 

Velocity) against log [Fe2+cytc} (see fig.l8) which 

indicates a first order dependence on ferrocytochrome c .. 

The plot of the experimental rate constant k against 

(Fe2+cytc] (see fig.19) has a negative slope which could 

indicate product inhibition, but this was disregarded 

because of insufficient evidence. 

The evidence of both hydrogen peroxide and copper -

histidine complex were determined, using the method 

previously adopted for determining the influence of 

hydrogen peroxide at pH 8.1 and pH 6.6. For the 

determination of the influence of hydrogen peroxide, 

23p.M ferrocytochrome £ and 3. 3 x 10--\1 copper - histidine 

complex were used and the hydrogen peroxide ooncentration 

was varied between 1.17 x 10-4M and 5.85 x 10-4M.. The 

results are shown in fig. 20 where the plot of log 

(Initial Velocity) against log (H2o2]indicates a first 

order dependence on hydrogen peroxide. A plot of the 

experiii1ental rate constant k against (H2o2]( see fig. 21), 

gave a straight line passing through the origin,indicating 



Fig. 18. Plot of log (Initial Velocity) against 

log (Ferrocytochrome_£ concentration) for 

the. reaction catalysed by copper ions in 

Kolthoff phosphate buffer. at pH 8.7. 
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Fig. 19. P1ot of the Rate Constant agains~ 

Ferrocytochrome .£ concentration fol' 

the reaction catalysed by copper ions 

in Kolthoff phosphate buffer at pH 8.7. 
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of' activation might be determined. 

The reaction at pH 8.1 was studied using 25p@I 

ferro cytochrome c and 5. 85 . x. .1o-4M b.;1drog-~n·.t:l@roxiQ.~ :The 

temperature wss varied between 25°0 and 40°0. The 

results were graphed in the Arrhenius plot of' log k 

against TSK (see fig. 24 ). The slope of' this graph 

was found to be - 3.5 (!0.5) which gave an activation 

energy Ea:::: 16 k.cals.mole:-1 and an entropy of' 

* activation · 6 s298 == -Be. u. The graph (f'ig. 24 ) shows 

a wide scatter of the points and·the straight line was 

fitted by linear regression. An alternative 

interpretation is possible if' separate lines are drawn 

f'or the points below 33°0 and above 33°0, however this 

was only justified for one set of data. (fig. 24 set.&). 

The ten~erature study at pH 6.6 was performed using 

20~~ f'errocytochrome ~ and 5.85 x 10-~~ hydrogen peroxide. 

The temperature was varied between 25°0 and 45°0.. The 

results are 

. t 1 agaJ.nr:: . ---a-
T K 

slope - 2. 5. 

recorded in the Ju-rhenius plot of' log k 

(see fig. 25 ) which gave a straight line of' 

From this the activation energy was 
. -1 calculated to be Ea = 11.5 k.cal.mole .. and the entropy 

* of' activation was found to be I:J. s298 = -15e. u. 

The reaction at pH 8.7 was carried out in Kolthoff' 

phosphate buf'f'er, using 23p.M ferrocytochrome _£, 

2.92 x lo-4M hydrogen peroxide and 3.3 x 10-4M copper 
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Fig. 23. Plot of the Rate Constant against 

Copper ion concentration for the 

reaction catalysed by copper ions 

in Kalthoff phosphate: buffer at 

pH 8.7 .. 
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Plot of log (Initial Ve1oeity) against 

log ( GOl)per ion concentration) for the 

reaction catalysed by copper ions in 

Kalthoff phosphate· buffer at pH 8.7. 



a simple relationship between the hydrogan peroxide 

eoncentration and the rate of the reaction. 

The effect of copper - histidine complex on the 

reaction was deteri.i1ined using 25).l.M ferro~ytochl'ome .£ 

and 1.4 x ~~ hydrogen peroxide, the copper - histidine 

concentration being varied between 1.6 x 10-4M and 

The results (see fig. 22 ) show a first 

order dependence of rate on co~per - histidine complex. 

A plot of the experimental rate constant k against 

[ cu2+- histidine), (see fig. 23 ) , gives a straight line 

passing through the origin, indicating a simple 

dependence of rate on copper - histidine complex. 

These kinetic results indicate that the reaction, 

catalysed by the copper complex, has a simple first order 

dependence on each of ferrocytochrome _£, hydrogen peroxide 

and copper - histidine complex. The third order rate 

constant for the reaction was determined frmn these 

experimental results and found to be of the order of 

5 4 2 .-2 -J. 
X 10 lo :b/L sec. o 

G. The Effect of Temperature on the Reaction betwee,n 
Ferrocytochrome ~ and Hydrogen Peroxide. 

The effect of temperatul"e on the reaction between 

ferrocytochrome .£ and hydrogen peroxide at pH 8.1, pH 6.6 

and on the reaction catalysed by copper at pH 8.7, was 

studied so that the activation energies and entropies 
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Fig. 21. Plot of the Rate Constant against Hydrogen 

Peroxide concentration for the reaction 

catalysed.by copper ions in Kolthoff' phosphate 

buffer at pH 8.7. 
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Fig oo. Plot of log (Initial Velocity) against 

log (Hydrogen Peroxide concentration) 

for the reaction catalysed by copper 

ions in Kolthoff phosphate buffer at 

pH 8.7. 



and pH 7.9 the order of the reaction changes. Davison 

and Hamilton( 23), using Theorell-Ste1ihagen buffer< 42) in 

their study of pH effects on the reaction, observed that 

the order of reaction changed above pH 7.8. However, 

while they found that the rate of reaction decreased as 

the pH increases above pH 7.8, they noted an increase in 

rate with increasing pH below pH 7.8 and an optimum pH 

at which the maxir11UJ.11 rate was greatest, at pH 8o This 

result is in conflict with those obtained in this study, 

the difference possibly being due to the different buffer 

systems used in the two studies. 

The effect of pH on the reaction rate might be due 

to neutralization of the hydroxyl ions being formed 

during the reaction, by the presence of the hydrogen 

ions,. Ho\vever the ionic s·trength study indicates that ·· 

little charge. is created before the rate determining 

step, therefore it is unlikely that the hydroxyl ion is 

formed before the rate determining step, as this involves 

the creation of charga. Hydrogen ion concentration is 

known to influence reactions of cytochrome ,g since the 

different ionized forms of the molecules differ in their 

reactivity towards many reagents. Evidently hydrogen 

ions can be excluded as a reactant in the reaction, which 

is in contrast with the autoxidation studies of Boeri and 

Tosi(lg) who found a dependence of rate on the hydrogen 
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IV. DISCUSSION 

~· Physical Factors 

(1) Effect of Ionic Strength and Hydrogen 
_ __.Ion _Qg_ncen tra lli<.,;n~§:.----------

The study of the influence of ionic strength at 

pH 6.6 shows that the rate of reaction increased as the 

ionic strength of the solution was increased1 over the 

range of ionic strengths studied. This increase was 

small, the maximum velocity of the reaction increasing 

.p -7-- 1-1 -1 7 1 1 .~.rom 2. 38 x 10 iV1 • sec. to 2. 84 x 10- M 1:: sec:: for 

a corresponding change in ionic strength fror;1 Jl. :::: 0.013 

to :u = 0.170. The net charge created during the 

formation of the transition state is given by the. s1011e 

of the plot of log k against¥~ (see fig. 4 ) and this 

was found to be+ 0.5. This is a sr.~ll value for the 

total charge formed. The increase in velocity does not 

suggest a direct dependence of rate on the ionic strength1 

t 
. ( 19) 

such as hat found by Boeri and Tos1 for the 

autoxidation of ferrocytochrome .Q• The low value of 

+ 0.5 for the total charge created in the formation of 

the transition state, suggests that the rate determining 

step of the reaction occurs early in the reaction, before 

the hydrogen peroxide has been able to dissociate into 

ions and radicals. 

It has been observed that as the pH increasesy the 

reaction rate decreases and that between pH 7.6 and 
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Fig. 26. Arrhenius plot of log k against 10~ ~-1 
T 

for the reaction catalysed by copper ions 

in Kolthoff phosphate buffer at pH 8.7o 



.histidine complex. ·The temperature was varied between 

25°0 and 43°0. The Arrhenius plot of log k against ~ 
T K 

(see fig. 26 ) shows the results obtainedo This plot 

gave a straight line of' slope - 2 from which an 

activation engergy Ea = 9 k.cal.mole-:"1 and an entropy 

o:f activation of 1::. s~2'<ao = - 8eo Uo was calculated. 
;>C) 
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Fig., 25. 
3 

Arrhenius plot of 1og k against 1Q_ o~l 
T 

for the reaction in phosphate buffer at 
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ion concentration, as well as the ionic strength. 

The changes in ferrocytochrome c which inf'luence 

its reactivity have been attributed by some workers, 

including Greenwood(l4), chiefly to changes in pH, 

while other w~.s, Skov and Williams< 15) have suggested 

that these changes are determined rather by the ionic 

strength of the solution. It was therefore of interest 

to know whether the changes in reactivity observed in 

this study, between pH 7.6 and pH 7.9, were due to 

either pH or ionic strength or both. The ionic 

strength has been found to have only a sro.a.ll influence 

on the rate at pH 6.6, and when increased from g = 0.013 

to ).l = o.l7, no measurable change in the order of the 

reaction was observed. When the pH value was chang~ 

from pH 6.6 to pH 8.1, the accompanying change in ionic 

strength was }l = 0.03 to }J. = 0.07, which is a much 

smaller change than that for which no change in the 

reactivity was observed at pH 6.6. Further, the 

reaction was carried out in Kalthoff phosphate buffer, 

over the Saiile pH range and the changes in reactivity 

occurred at the same pH values. This tends to favour 

the hydrogen ion concentration as the main contributing 

influence on the change of reactivity., al.though the 

influence of ionic strength cannot be dismissed and 

might have a secondary effect. 
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The influence of the hydrogen ion concentration in 

the range pH 7.6 - 7.9 is of interest since a change in 

the order of reaction is noted in this range. This is 

probably caused by the ionization of an amino acid 

residue situated elose to the reactive site of the 

cytochrorile _Qo None of the usual ionizations of free 

amino acids (such as those of carboxylic groups, amino 

groups or ring nitrogens) have pK values in the region 

of pH 7 to 8, the nearest being the imidazole of 

histidine, pK = 6 and the- SH of cysteine, pK = 8.3. 

However in proteins, the pK values of the runino acids 

are altered by their enviroilll1ent and accessibility to 

solvent. The calculated pK values for imidazole, and 

for the te~minal alpha NH2 of proteins are 7.0 and 7.8 

respectively. In ribonuclease these values have been 

experimentally deterlilined by Tanfol""d( 43
) to be 6. 5 and 

7.8 respectively. Rodkey and Ball( 17) have studied 

the redox potentials of cytochrome _Q and observed a 

change of slope fox• the plot of Eb against pH occurring 

at pH 7.8. This observed ionization is consistent 

with either a hydrogen ion dissociating from, or a 

hydroxyl ion being added to cytochrome .!1, the pK value 

for either such process being 7.8. 

This ionization could be responsible for the ehange 

in reactivity which occurs. It is possible that the 
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cytochrome .£ has a site which is blocked and therefore 

inactive, when a hydrogen ion is associated to it, but 

which becomes active on dissociation of the hydrogen io·n. 

Thus the cytochrome ..£ might be associated to the hydrogen 

above pH 7.8, preventing the ferricytochrome .£ from 

acting as a catalyst, while below pH 7.8 the hydrogen 

ion dissociates from the cytochrome .£ and the ferri

cytochrome ..£ is in an active form, having a site 

available for catalysis of the reaction. 

The effect of hydrogen ions on the reaction rate 

did not follow a simple order of l"eaction, and the 

results were therefore analysed on the assU?IPtio.n that 

a pH dependent equilibrium existed between a reactive 

(protonated) form, represented as Fe2+cytc Ir+ and an 

unreactive, dissoqiated form, represented as Fe2+cyt_£. 

consequently 

The total concentration of ferrocytochrome £ equals the 

smn of the concentrations of the associated and 

dissociated forms, 1. e.· 

. ,. 
These two equations are comb'ined wi·th the rate· equation 

v ~ k (Fe2+cyt_£ H"'"l 



to give the equation 

Ka 
= + 

[ H-+:) 

v lc[Fe
2
+ cyt.£tot] 

If this relationship is valid then a plot .£.Ir:l against 
v 

[H~ should give a straight line whose intercept with the 

[~] axis is equal to - Kao The results from fig. 

did indeed form a straight line when plotted in this 

way (see fig. 27) and the intercept was found by a linear 

regression of the results·, to be - 1. 9(~ o. 2) x 10-8 

which is equivalent to a pK value of about 7.7. The 

linearity of the relationship supperts the hypothesis 

that the cause of the change in the reactivity between 

pH 7.6 and 7.9. is a dissociation of a hydrogen ion from 

a site in the cytochrome.£ molecule having a pK equal to 

7.8. The agreement, within e~)erimental error, with 

the value ef Rodkey and Ball(l7) further sUggests that 

protonation of the same reactive site is also important 

in deterrnning the redox potential ef the molecule. 

( 2) The Influence of Temperature on the Reaction 
betwean Ferrocytochrome .£ and Hydrogen Peroxide 

Increasing the temperature at which the reactions 

were carried out was found to increase the rate of 

reaction for the studies at·pH 8.1, pH 6.6 and for the 

copper catalysed reaction at pH 8.7. From Arrhebius 



Fig. 27. Plot of .[JI+] against [If+'] to determine v 
the effect of hydrogen ion ooncentration 

and to obtain the value off Ka• 
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plots for all these reactions, acti vat.ion energies, 

enthalpies of activation and entropies of activation 

were calculated. These results are SUlll.i.narised in 

Table 4. 

Table 4, Surnmary of Values for Activation Energies 
and Enthalpies and Ent_ropies of Activation 

pH Reaction Ea * t.H298 

( k. c;i. mole:-1 (k. caL mole:-~ 

8.1 Fe2+cytc + H202 16 15 

6.6 Fe2+cytc + H2o2 11.5 11 

8.7 Fe2+cytc + H2o2 
+ cu2+ 9 8 

-----· ·---

* ~8298 

(e. Uo) 

- 5 

-15 

- 8 

The enthalpy of activation represents the amount of 

ener~J required to form the transition state from the 

reactants. In the reactions studied, it is improbable 

that the enthalpy of activation represents simpl~ 

interactions, particularly as catalytic influences are 

present at both pH 6.6 and pH 8.7. The value for the 

enthalpies of activation therefore represent the energy 

necessary to overcome the highest of' sev:eral such 

barriers in the system. This prevents the assigrunent 

of the enthalpy of activation to any particular event 

occurring during the reactiono 

Sim~ilarly, the entropy of activation, for systems 

as complex as those studied here, is the sum of 
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contributions from several occurrences during the 

formation of the transition state. This precludes any 

meaningful anal~rsis of the calculated entropies of 

activation. 

It is, however, interesting to compare the values 

obtained for the activation energy under the various 

conditions used in this study, and also to compare these 

values with others obtained for similar systems by other 

workers. 

The reaction at pH 8.1 has a higher activation 

energy than the reaction at pH 6.6 or the reaction at 

pH 8.7. Catalysts function by lowering free energies 

of' activation. The reaction at pH 6.6 is thought to 

be autocatalytic and was found to have a lower 

activation energy than the reaction at pH 8.1. 

Similarly, the reaction at pH 8~7 catalysed by copper 

was found to have a lower activation energy. Presumably 

therefore the catalytic effects at pH 6.6 and in the. 

presence of copper are due more to effects on tha 

enthalpy term in the free energy of activation than to 

effects of entropies of activation, which do not appear 

in the Arrhenius activation energies calculated here. 

However, in contrast, Shas~J.oua< 24) has obtained a value 
. -1 

of 3.5 k. cal.:moleo for the activation energ'IJ of the; 

cytochrome .£ - hydrogen peroxide reaction at pH 9. It 
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is conceivable that the activation energy decreases as 

the pH increases from pH 8 to pH 9 for the uncatalysed 

reaction, and that the decrease reported above for 

copper at pH 8.7 is not solely due to the copper. 

The value of the activation energy for the reaction 

at pH 8.1, where no catalytic influences are thought to 

be present, can be compared with the activation energy of 

10 k. caLmole:"1 obtained by Baxendale ( 27 ) etal for the 

ferrous ion - hydrogen peroxide reaction. This 

suggests that the protein - porphyrin portion of the 

cytochrome £ molecule tends to increase the height of 

the energy barrier, presmnably because the iron is 

found in the cytochrome c molecule in such a way that - . 

it is less accessible than the ferrous ions, to 

oxidation by the hydrogen peroxide. The physiological 

function of cytochrome .Q in energy production is 

dependent on this property, that ferrocytochrome c is 

not easily oxidized, except in the presence of the: 

enzyme cytochrome oxidase. When a molecule of 

cytochrome _g is oxidized in a cell by cytochrome oxidase, 

a molecule of ATP is generated which the cell can use to 

provide energy for its life processes. 
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B. Mechanisms for the Reaction between 
Ferrocytochrome c and Hydrogen Peroxide 

. --__........,._~ .. -----~------

The ltinetic consequences of the reactions at pH 8.1, 

pH 6o6 and for the copper catalysed reaction were 

determined and an attempt was made to fit suitable 

reaction mechanisms to the observed results. This was 

limited to reasonably simple mechanisms since the result~ 

with the exception of those at pH 6.6, did not require 
; 

the use of more complex mechanimi1s. 

In comparing maximurn rates, a first order 

dependence on ferrocytochrome .£ was found. This 

indicates that enly one molecule of ferrocytochrome .£ 

was involved in the rate determ.ining step of the reaction. 

However the overall reaction involves a two electron 

transfer from ferrocytochrome .£ to the hydrogen peroxide 

and therefore two molecules of ferrocytochrome ..£ must be 

involved in the overall reaction. The reaction between 

ferrous ions and hydrogen peroxide can be eompa~ed ~th 

the reaction studied here. As was noted in the 

introduction, this reaction involves the two reaction· 

steps 

Fe2+ + Hg02 ---?) Fe3+ + •oH + OH- •ooe(l) 

F 2+ •oH Fe3+ ..L OH-e+----~ ...- ... 0 0 (2) 

and was found to obey the rate equation 
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= • ••• ( 3) 

The rate equation (3) for the reaction suggests that the 

reaction step (2) is rapid and therefore kinetically 

inaccessible. This assumes that the i:ntermediate 

hydroxyl radical formed as a product of (1) is a highly 

active species which will undergo rapid interaction with 

a ferrous ion. This assurnption can similarly be used 

in the case of the reaction between f'errocytochrome ..2 and 

hydrogen peroxide. One of the products of the initial 

reaction between the protein and hydrogen peroxide is 

likely to be a hydroxyl radical which will undergo a 

rapid reaction with f'errocytocrwome £ since it is a 

highly active intermediate. As this step is rapid it 

will be kinetically inaccessible. 

The observed acceleration of the reaction by 

ultraviolet irradiation supQorts this proposal. The 

effect of ultraviolet radiation on aqueous solutions of' 

hydrogen peroxide has been studied by P. Srnith< 44) 1 who 

proposed that the first step of the resulting 

decomposition is the homolytic cleavage of hydrogen 

peroxide into two hydroxyl radicals. 

Thus the eff'eet of' ultraviolet radiation on the reaction 

between ferrocytochrome £ and hydrogen peroxide is to 

increase the concentration of' hydroxyl radicals in the 



solution and thus to increase the overall rate of the 

reaction. 

The reaction between ferrocytochrome £ and the 

hydroxyl radical was thus regarded as a rapid interaction 

and was kinetically inacceosible. This accounts for 

the dependence of the rate on ferrocytochrome s. being 

first - and not second - order. 

(1) The Reaction at pH 8.1 

The analysis of the kinetic studies made at pH 8.1 

indicates that the rate of reaction has a simple first 

order dependence on both the reactants, ferrocytochrome 

_2 and hydrogen peroxide o Also the reaction does not 

appear to be subject to either product inhibition or 

product activation. 

equation 

d[ Fe2+ cyt s.J 
dt 

The results obey the simple rate 

= 

A simple mechanism can therefore be fitted to the 

experimental results of the kinetic analysis. The 

mechanism proposed was 

• OH 

which although a~)pearing satisfactory is very likely 

an oversimplification of what actually occurs during 
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the reaction. This is suggested by the occasional 

deviation from a slope of zero observed for the plot of 

the experimental rate constant k against [Fe2+cyt_£] 

(see fig. 7). 

(2) The Reaction at pH 6.6 

The kinetic studies of the reaction between ferro

cytochrome .£ and hydrogen peroxide at pH 6.6 indicate 

that a simple first order dependence holds for both 

ferrocytochrome ~ and hydrogen peroxide. The reaction 

is, however, more complicated as suggested by the 

difference between the true order of the reaction with 

respect to ferrocytochrome .£ and the order with respect 

to time~ 

Three possible explanations of why this difference 

should occur in the kinetics are inhibition by substrate, 

activation by intermediate, probably free radicals, or 

activation by products of the reaction. The substrate 

inhibition seems unlikely since increasing the substrate 

(ferrocytochrome .£) concentration, increases the rate 

proportionally, which would not be expected if substrate 

inhibited the reaction. The hydroy~l radical has been 

proposed as a very active intermediate and therefore: is 

unlikely to accuraulate to a suitable concentration to 

allow it to activate the reaction. Product activation 

is proposed by Laidler< 38) as a likely explanation for 
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such observed diffel ... .ences in the kinetics. When :rerri-

cytochrome .£ was added to the reaction, the rate 

increased proportionally to the amount addedo (see figol5} 

Thus product activation is responsible for the di:f:ferences 

arising between the 'true order' and the order with 

respect to tir.1e observed "l.t pH 6.6. 

Thus all mechanisms proposed to explain the kinetics 

must account for product activation and must be able to 

produce a plot of [Fe2+cytc] against time similar to the 

experimental reaction curves (see fige 2). Although 

several mechanisms were tried, none of those tested were 

found. to fit the experimental results cmnpletely 

satisfactorily .. The mechanisms which were tested and 

gave the best fits are discussed below. 

(a) r:r the rapid formation of an intermediate 

between :rerrocytochrome .£ and hydrogen peroxide takes 

place and this is followed by an interaction between the 

intermediate and ferricytochrome _£, then the mechanism 

can be written as 

This mechanism gives the rate equation 

~Fe2+cyt_£] _ k (Fe2+cyt_£] [Fe3+cytc] [H
2

0
2

]o 
dt - +2 

When the hydrogen peroxide is in exoess, its eoncentration 



ean be treated as a constant and be included with tha 

rate constant to give 

d[ Fe2+ cytc] 0 · 3 
dt ::: k~ 2 [Fe <Jot" cytc] [Fe + cyt_£] 

The total concentration of cytochrome .£ in the reaction 

system at any given time is constant and equal to the 

sum of the f'errocytoclu>ome .£ and f'erricytochrome .£ 

present, i.e. 

[Fe
2

+ cytctot] :;; [Fe2+ cyt.Ql + [Fe 3+ cyt_Q] 

d(Fe2+cyt_g] 
= . " 

dt 
2+ ]2 - k 1

2[Fe cytc 
+ -

Integration of this rate equation gives the relationshi~ 

between the ferrocytochrome £ concentration and time as 

t == 
2. 303 

log 
k! 2 (Fe

2
+ cytctot] 

where C is a constant of integration. 

+ c 

Using experimental values for the concentration of 

ferrocytochrome £, corresponding time values were 

calculated and with a suitable value for the constant of 

integration were plotted and compared with the experi-

mental reaction curves (see fig. 28 ) • This mechanism 

produces a good fit for the intermediate region of the 

reaction, but the extremes show deviation from tha 



Fig .. 28. Plot of Ferroeytoehrome: £ concentration 

against time. to compare. results 

calculated from a proposed mechanism 

with those. obtained by experiment. 
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experimental results. This mechanism was thus only 

consistent with the portion of the reaction in which 

steady state conditions might be expected to prevail. 

(b) Other mechanisms were considered which produced 

sirrdlar results to the one above. A mechanism similar 

to that tried above, but including direct reaction 

begween ferrocytochrome c and hydrogen peroxide was 

triedo The mechanism was represented as 

F 
2+ t H 0 fast, (F 2+ t H 0 ) e cy c + 2 2 e cy .£• 2 2 

Using steady state approximations the following rate 

equation was derived f'rora the proposed mechanism 

d[Fe2+cyt.£] 
dt 

= {k:1+k! 2 [Fe
2

+ cyt.£tot]) [ Fe
2

+ cyts] 

2+ 2 
- k:2[Fe cytc] 

which on integrating gave the following relationship 

between [Fe2+cyt_£] and time 

This equation produces calculated curves similar to thosa 
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of (a) and therefore suf:t'ers f'ro:m the same disadvantages. 

The proposal of Shashoua< 24) that the reaction 

might involve the combination of ferrocytochrome .£ and 

ferricytochrome .£ to form an active dimer was considered 

here. The mechanism proposed was 

Fe,2+cyt_g + H2o2 k+l > Fe 3+cyt_£ + products 

2+ 3+ kt 2 ~ 2+ 3+ Fe cytc + Fe cytc ~2~(Fe cytc• Fe cyt.£) 

2+ 3+ k+3 3+ (Fe cyt_£•Fe cyt£)+ H2o2 > 2Fe cyt_£ + products 

which, after steady state approximations, gave the rate 

equa-tion 

On integrating this equation a relationship between 

[Fe2+cytc] and time is obtained 

where K 
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This equation is similar to those obtained from the 

previous two Iaechanisms and produces a similar plot of 

[ Fe2+cytc] against time, having good agx•eenient with the 

experimental reaction curves in the intermediate range, 

but deviating at the extremes. 

All these mechanisms, whose integrated rate equations 

contain a term of the form 

all produce similar curves, which have deviations from 

the experimental reaction curves at the extremes. 

(c) The previous mechanisms involved binding of 

ferrocytochrome £with either hydrogen peroxide or 

ferricytochrome £o However it is more likely that the 

ferricytochrome c will be capable of binding hydrogen 

peroxide, to form an active intermediate. A mechanism 

is investigated here which involves such an interaction. 

The mechanism considePs direct interaction.between 

ferrocytochrorne .£ and hydrogen peroxide and also the 

formation of an intermediate corn:plex between ferri-

cytochrome£ and hydrogen peroxide which reacts with 

ferrocytochrome c The reaction sequence is as 

follows 



I 
-1 

84. 

1{+3 3 
-~) 2 Fe + cytc + products 

Applying steady state approximations to this reaction 

sequence a rate equation is derived, incorporating the 

hydrogen peroxide concentration which is constant, into 

the rate constants ~1 and k+2• 

_, _____ _ 
= -----

dt 
1 + 

Since this equation is complex it was riot integrated to 

give the relationship between (Fe2+cytc] and time. 

Instead the experimental reaction curves were used to 
. ( 2+ ] 2 

obtain a curve of _ d Fe cyt£ against [Fe +cyt~] and 
dt 

this was used to test the rate equation derived from 

the proposed Ele chani sm. The rate equation as stated 

above is in the form of a hy-perbolic function 
. 2 

a X+ bX 
y = 

.... l. +_ex· 
: .-._ r.· 

·~·-· ; 
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where Y is the rate of the reaction, X is the rerro

cytochrome ~ concentration and a, b and c represent the 

terms containing the combinations of' rate constants. 

Values for the rate of' reaction at different ferro

cytochrome ~ concentrations were measured from an 

experi~mental reaction curve and then by numerical 

regression the best fit of the above equation was made 

to obtain values for the constants a, b and c. The 

values of a, b and c obtained, were used together with 

values for the ferrocytochrome concentrations to calculate 

the corresponding rates of reaction. These calculated 

curves of rate of' reaction against ferrocytochrome .£ 

concentration were plotted and compared with the 

e.xperimentally obtained curves (see fig .. 29 ) • The 

calculated curves corresponded closely to the 

experimental curve except in the region of low ferro

cytochrome c concentration, representing approximately 

the. last quarter o~ the reaction. In thi.s·-.r..egion.,Q,Doriations 

occur between the cal.culated and experimental curves. 

If the second step in the reaction sequence is 

considered to be irreversible, steady state kinetics can 

no longer be applied, but it is likely that the 

mechanism might give a better fit. The derivation of 

the rate equation for this mechanism involves the 

solution of three differential equations with respect to 
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time, and di~~ieulty is experieneed in obtaining 

n~rical solutions. Aleo, the mechanism predicts that 

at the completion of the reaction all the ferricytochrome 

.£ sho1.1ld he complexed to the hydrogen Pf3.roxide .and no 

evidence was found to support this. 

Although none of the mechanisms discussed here gave 

complete correlation with the experimental results, they 

give an indication of the complexity of the system 

involving product activation. It is likely that 

mechanisms which do not involve steady state approximatiDns 

might give better correlation, particularly at the 

extremities of the reaction, where steady state 

approximations are least likely to apply. 

The com~rison of this reaction with that at pH 8.1 

indicates a surprising increase in complexity resulting 

from the ionization of the cytochrome £ molecule. 

Possibly a different mechanism is operative~ ~ 

alternatively, steps subsequent to what was previously 

the rate determining step may become kinetically 

significant at lower pH values. Finally, it is 

dif:ficul.t to relate the reaction studied here with that 

studied by Shashoua< 24) at pH 7 where he observed two 

consecutive first order reactions, of different rates 

taking place during a single reaction. Evidently 

different experliaental conditions, such as buffer 
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strength or reactant concentration, are responsible ~or 

the differences between the two reactions. 

(3) The Reaction Catalysed by Copper.o 

The kinetic studies of the reaction between ferro-

cytochrome £ and hydrogen peroxide in the presence of 

copper ions at pH 8.7 indicate that the rate has a simpLe 

first order dependence on each of ferrocytochrome £, 

hydrogen peroxide and copper ions. A simple rate 

equation which foll.ows from this result is 

-- = 
dt 

.Among reaction mechanisms which are consistent with this 

simple rate equation is 

cu2+· + Fe2+cyt£ 

cu+ + k+2 2+ 
H2o2 --->~ ou + products 

which is analogous to that proposed for the autoxidation 

of ascorbic acid in the presence of copper ions< 45 , 46). 

The mechanism does not involve the formation of 

kinetically significant intermediate complexes, and 

these were also not suggested by either spectral evidence 

or saturation effects for the copper ions or cytochrome 

_g, which might be expected if conrplex formation were an 

important part of the reaction. Although a simple 
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mechanism satisfies the observed kinetics for the copper 

catalysed reaction, this is an oversi~plification of the 

reaction. The plot of the experimental rate constant k 

against Fe&.-cyt_£ (see fig.l9) has a negative slope, 

suggesting that product inhibition of the reaction 

probably occurs. 

Of particula~ interest in the study of the copper 

catalysed reaction was the rereduction which followed 

the oxidation of :t'errocytochrome £• No detailed study 

o:r this reaction was carried out and therefore no 

attempt was made to :t'it any mechanisms to the reaction. 

Preliminary studies showed that the rereduction required 

the simultaneous presence of ferricytochrome c, hydrogen 

peroxide, and copper in the reaction mixture. It is 

interesting to consider what could occur in this 

reaction, especially since the reduced cytochrome c 

being fo~ned does not undergo immediate re-oxidation. 

Conceivably the cytochrome .£ might be modified during 

the reduction, but this was not suggested by the 

spectral evidence and after the reaction was completed 

the cytochrome .£ could be :t'Ully reduced by sodium 

dithionite. 

Boeri< 47 >etal have observed that ferricytochrome £ 

in weak alkaline solutions becomes reduced after several 

hours in the absence o:r oxygen and Keilin and Hartree(4S) 
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have observed that ferricytochrome £ is slowly redu~ed by 

dilute hydrogen peroxide in weakly alkaline phosphate 

buffer, i.e. 

2Fe3
+' cytc + H2o2 ~== 

It is possible that the copper is capable of catalysing 

this reaction and that this is the reduction reaction 

observed. In the reactions at pH 8.1 and pH 6.6 howeTe~ 

the reaction proceeded until complete oxidation of the 

ferrocytochrome E had occurred. The presence of copper 

might change the redox potential of one of the reagents 

sufficiently for a new position of equilibrium to occur, 

with about 60 - 70% of the cytoclU'ome .£ in the reduced 

state. Assuming this, it i.s then surprising that the 

oxidation of cytochrome c proceeds beyond the equilibrium 

position (virtually to completion) and then returns to• 

the equilibriura position. Evidently the change in redox 

potential. caused by interaction of the reagents does not 

occur effectively until after the. :ferrocytochrome .£ has 
. 

corapletely oxidized. An alternative explanation involves 

an oscillating system, such as described by Chance and 

co-workers< 49), but the time scale of the events renders 

this unlikely. 

FUrther investigation of this phenomenon is of some 

interast, but it. was considered to be beyond the scope 

of this thesis .. 
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V. CONCLUSIONS. 

The discussion of the results obtained from this 

study enables several conclusions to be drawn about the 

reaction between ferrocytochrome ~ and hydrogen peroxide. 

The hydrogen ion concentration was found to 

influence the reaction, an increase in pH causing a 

decrease in the rate of reactiono The change of 

reactivity of the cytochrome.£ between pH 7.6 and pH 7.9 

is attributed to the effect of pH on the reactiono It 

is probably caused by an ionization taking place in the 

cytochrome c roolecule, the roost likely ionization being 

the dissociation of a hydrogen ion, mentioned by Rodkey 

and Ball(l7). 

An increase in the ionic strength of the solution 

causes a small increase in the rate of reaction. The 

net charge created fn the formation of the transition 

state is only + 0.5, indicating that not much charge is 

fo~aed before the rate deternuning step of the reaction. 

The rate of the reaction was found to increase with 

increasing temperature, at pH 8.1, pH 6.6 and at pH 8.7 

in the presence of copper ions. The activation energie~ 

enthalpies of activation and entropies of activation were 

ealculated and are summarized in Table 4 (page 71). 

The kinetics of the reaction between ferrocytochrorm 

.£ and hydrogen peroxide were studied at pH 8.1, pH 6.6 
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and at pH 8.7 in the presence ol' copper ions. At pH 8.1 

the kinetics were found to be simple~ the rate of 

reaction having a rirst order dependence on ferro-

cytochrome .2 and hydrogen peroxide. 

equation 

d (Fe2+cyt,£] 

dt = 

The simple rate 

was proposed and the rate constant for the reaction was 

found to be of the order of 5.5 lomole-1 sec;1
o 

The kinetics of the reaction at pH 6.6 gave a sim~ple 

first order dependence of rate on both :f'errocytochrome .£ 

and hydrogen peroxide. Product activation was found to 

occur at this pH, the ferricytochrome .£ which was formed 

during the reaction, acting as a catalyst. A rate 

equation could not be found which accounted for the 

catalytic effect of ferricytochrome c,and fitted the 

obsez-ved kinetics. The experimental rate constant for 

the reaction was found to be of the order of 19.5 l.mole-l 

-1 see. • 

A copper - histidine complex was found to catalyse 

the oxidation of ferz-ocytochrome ~ by hydrogen peroxide 

at pH 8.7. The kinetics of the reaction showed a simple 

first order dependence on all three reactants and a 

simple rate equation was proposed 
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2+ 
d [Fe cyt_£] 

dt 

The rate constant for this reaction was measured and 

found to be of the order of 5 x 104 ~2mole-2sec71 o 
The reaction involving copper catalysis was unusual as 

the ferrocytochrome .£, after complete oxidation, was 

found to undergo reduction, which was dependent on the 

sirmiltaneous presence of both copper and hydrogen 

peroxideo However insufficient experimental detail 

precluded a detailed analysis of this reaction. 
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ABSTRACT 

A suite of 228 ultrabasic rocks has been studied, of whioh, 

101 peridotites and 23 eclogites are kimberlite xenoliths, and 

73 are kimberlites. 

Determinations of K, Li, Rb, Cs, Zn, Th and U in the ultra-

basic material are presented. The analyses have been carried 

out using carefully standardised instrumental methods. 

An optical spectrographic procedure for the determination 

of Rb, Cs and Li simultaneously in ultrabasic rocks has been 

developed. Detection limits of<: O.lppm. have been obtained 

for Rb and Cs. 

Evidence is presented to shovr that most nodules in kimber

lite have been contaminated. K, Rb, Cs, Li and some Zn contamina-

ti on is reported. Many trace element studies on the nodules 

have limited significance, as a result of this cont<1mination. 

Very constant zinc contents have been found in peridotites, 

and it is suggested that the zinc content of a garnet peridotite 

mantle would be close to 34ppm. 

Thorium and Urani1ID determinations in kimberlites are 

reported. 

It is suggested that minor mineral phases, including 

phlogopi te, are probably present in the mantle. A potassium rich 

phase may be essential to the apparently low temperature emplace

ment of ldmberlite. 



The association of diamond and eclogite is discussed, 

High K/Cs ratios are reported for olivine melilitite, the 

highest ratio being 47,000. 



CHAPTER ONE 

INTRODUCTION 

There is much current interest in the chemical composition 

of ultramafic rocks. This is due in part to the fact that 

geophysical, geochemical and petrological argument~ have led 

many workers to the conclusion that the mantle is ultramafic 

in character, and probably closely corresponds to a four phase 

spinel or garnet peridotite in composition. The actual compo

sition can best be estimated by the study of rocks of supposed 

sub~crustal origins. Such material is represented in many 

alkali olivine basatts by nodules of peridotite, garnet perido

tite and eclogite and examples are known of inclusions in thole

itic basalts. Kimberlite diatremes, too, contain xenoliths, 

many of which are ultrama£ic in character, and it is these 

which are the primai.y object of study in this thesis. 

The mantle comprises 68.1% of the weight and 83% of the-

volume of the earth. In addition to its sheer bulk, it is 

important because of the role it has had to play in the differ

entiation history of the earth, and the evolution of the crust 

as it is today. There is abundant evidence that basalt magma 

generation has its origins in the upper mantle. Indeed, the 

crust of the earth is so relatively thin (~35km. in continen

tal areas and~8km. in oceanic areas) that explanations of 

most of the major geological features of the earth's crust 

2/' ••• 
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must take into account some influence derived from the mantle. 

Here it is necessary to outline the observations and ideas 

which have led to the conclusion that the ultramafic xenoliths 

found in kimberlites are likely to have been transported from 

the region of the upper mantle. There are currently four 

independent methods of obtaining an estimate of the composition 

of the mantle. These are seismology, heat flov.r, petrology, 

(field and experimental) and geochemistry (cosmic and terres

trial). 

The number of rock compositions that have seismic veloci

ties equal to those observed for the upper mantle is limited 

to ultramafic and eclogitic compositions (BIRCH, 1960). 

Further, it has been shown, (BIRCH, 1964) that ordinary dunites, 

bronzitites, diabases and eclogites with 8-10% FeO roughly 

follow the expected density distribution in the lower mantle. 

Empirical observation of the earth's surface heat flow 

indicates a rough equality for the heat flow in the oceanic 

and continental areas, which in turn implies a difference in 

the potassium, thorium and uranium content of the sub-continen-

tal and sub-oceanic mantle (BIRCH, 1964). The more differen-

tiated sub-continental mantle is probably also more impoverished 

in the low melting silicates rich in Na2o, K2o, CaO, FeO, Al2o3 

and H
2
0. However, the absolute heat flow values tell us 

little about the major element chemistry of the mantle, for 

these major elements are non-radiogenic. 

3/ .•• 
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The petrological approach limits the composition of the 

upper mantle to lie between a basalt and a peridotite, primarily 

within the five component system Mg0-Ca0-Fe0~12o3-sio2 • Other 

components· such as Cr20y Na2o, K20, and Ti02 will be present in 

lesser quantities and generally these constituents have been 

treated as dilute solutes in phases already present, namely 

forsteritic olivine, enstatite solid solution, diopside solid 

solution and garnet or spinel. However, small amounts of such 

minerals as phlogopite or ilmenite may also occur. 

O'HARA (1967), has devised a petrogenetic grid making use 

of the chemical compositions of clinopyroxenes coexisting -vri th 

olivine and orthopyroxene. The results of this confirm the 

apparent derivation of nodules in kimberlite from an environ

ment consistent with equilibration at depths of 100 to 140km. 

on the Precambrian shield geothermal gradient. Thes.a nodu.les 

appear to have been transported from greater depths than any 

other material available at the earth's surface for study. 

Assuming that the chondritic meteorites are representa

tive of average cosmic material, UREY (1952), McDONALD (1959) 

and RINGiWOD ( 1959), amongst others, have proposed a carbona

ceous chondrite composition as a reasonable model for the 

composition of the earth. Some aspects of heat flow evidence 

support the proposal but limitations are imposed by the compa

rative distribution of certain trace elements in the crust and 

4/ ... 
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upper mantle of the earth, GAST ( 1960). RDWvTOOD ( 1966) has 

compared the composition of the ·whole mantle from a chondritic 

model with a composition for the upper mantle calculated from 

his "pyrolite" model, an arbitrary mixture of three parts 

duni te. and one part basalt. Whilst concluding that it was 

possible that the earth had retained the primordial abundances 

of elements which are not readily volatile under high tempera

ture reducing conditions, it appeared in contrast, as though 

the earth had suffered strong depletion in a large number of 

volatile elements such as sodium, potassium, rubidium, cesium, 

zinc, cadmium, bismuth, silver, thallium and lead. 

These conclusions were drawn from data for the relative 

abundances of volatile elements in the upper mantle and in 

Type I carbonaceous chondrites. It was pointed out that this 

data was both sparse and of poor quality. 

Throughout the present investigations, in which the geo

chemical distribution of a number of elements, including some 

of these same volatile elements, have been studied, the author 

has been mindful of the fact that the need is for data on 

ultramafic material which is precise and accurate. Trace 

e 1 em en t data for ultramafic rocks was reviewed by TUREKIAJ.\f 

and WEDEPOHL (1961) and VINOGRADOV (1962). Much of this in-

formation was obtained using spectrochemical techniques, often 

working near the sensitivity limit, and is of doubtful signi-

5/ ... 
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ficance. Sinch then, additional data has been published, much 

of it determined by more accurate and precise methods, such as 

isotope dilution or neutron activation analysis. 

A more recent review (GOLES, 1967), whilst revising abun

dance data for 26 elements in ultramafic rocks in general, 

emphasises the paucity of reliable t~ace element,analyses in 

ultramafic inclusions in kimberlite, and the doubtful signifi

cance of an average value obtained for all ultramafic rock 

types grouped together. 

Potassium is an example of an element for which improved 

methods of analysis at low concentration levels have recently 

been developed, and applied. An indication of the unrelia

bility of much of the older data published on this element is 

contained in Table I. 

Until quite recently the majority· of potassium analyses 

were carried out using the wet chemical J. LAWRENCE SMITH 

procedure. The results were generally systematically low, 

due to occlusion of potassium on precipitates and toloss cOf 

potassium, when volatilising ammonium salts. However, at 

low concentration levels of alkali, the method appears to yield 

high results, possibly due to the presence of a blank. (AHRENS 

PINSON & ~RNS, 1952). It is clearly shown in Table I that 

the older data, extracted from WILLIAMS (1932) is unsatisfac

tory, both for sodium and potassium, a conclusion also reached 

6/ ... 
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CHA.PTER TWO 

SAMPLES AVAilABLE FOR ANALYSIS AND THEIR PREPARATION 

Samples available for analysis. 

These comprised a total of one hundred and one peridotites, 

twenty three eclogites and seventy three kimberlites. They 

represent material from eleven South African occurrences and one 

in Tanzania. 

Thirty eight peridotites ~1d thirteen kimberlites are from 

the Bultfontein Mine. The samples from Wesselton~ De Beers~ 

and Du Toit's Pan bring the number of samples from the major 

group of kimberlites in the Kimberley area to one hundred and 

fifteen. The collection therefore contains samples from a 

geographically large area and a comprehensive suite of samples 

from one locality. 

It had been recognised that any study of the xenoliths, 

and particularly of their alkali metal conten~would be invalid 

ifi thout taking into account the influence of the host kimberlite, 

which has a high potas$ium content and a high potassium to so-

dium ratio. Wherever possible the kimberli tes, from v>hich 

nodules were obtained, were sampled. Both nodules and kimber-

lite are available from Bultfontein, Du Toit's Pan, De Beers, 

Wesselton, Jagersfontein and Roberts Victor Mines. 

8/ ... 
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Many specimens were provided from the Williams Collection 

described by WILLIAMS (1932). These were augmented by G.W. BERG~ 

who undertook a field trip with the full assistance of the Geolo

gical Section of Anglo-American Corporation in Kimberley. Other 

samples were obtained as opportunity presented itself. In addi

tion samples of related ultrabasic materials were obtained. 

A total of two hundred and twenty eight rock specimens were 

available for analysis. The sources of the material have been 

acknowledged at the end of the thesis. 

Sample Classification 

In this study the petrographic description of the srunples 

is brief. It will be covered in greater detail by G.lT. BERG 

and J.C. SIEBERT. SIEBERT will be submitting a study of the 

mineralogy and petrology of much of this material in fulfilment 

of the requirements of an M.Sc. degree at the University of 

Cape Town. 

It vras felt that a relatively simple approach would suffice 

in this study 9 in which only whole rock analyses are presented. 

Details of the samples~ their locality of occurrence, classifica

tion and size are contained in the Appendix (Section A). 

Modal analyses of the four major primary phases, olivine, 

enstatite, garnet and diopside in many of the nodules, have 

kindly been mad.e available by J. C. SIEBERT, and are included·· in 

Table A l. 

9/ ... 
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The samples design~ted eclogite are all essentially garnet 

and omphacitic pyroxene assemblages. One has accessory corundum, 

and another accessory kyanite. All have garnet modes greater 

than 30%. None have olivine as a constituent. 

Samples in which two pyroxenes appear and constitute more 

than 80% of the rock, have been designated pyroxenites, whilst 

the rest of the xenoliths all fall into a group in which olivine 

predominates over the two pyroxenes, and garnet is always less 

than 20% of the whole. These peridotites have been assigned to 

one of the four subdivisions:-

lherzolite, garnet lherzolite, harzburgite and garnet harzburgite. 

No d'unites were available (olivine>9o%). No attempt has been 

made to classify the kimberlites, which is in any case, very 

difficult. 

Sample Preparation 

It was the intention that, ultimately, a detailed study of 

the samples would be undertaken, far beyond the scope of the 

present investigation. A scheme was drawn up which would pro-

vide sufficient material for a complete geochemical investiga

tion. This would include a geochemical study of the individual 

minerals of the xenoliths, as well as of the sample as a whole. 

It was recognised that there were serious sampling problems 

to overcome. The xenoliths are coarsely crystalline, and the 

minor mineral phases are irregularly distributed. In the 

10/ ••• 



- 10 -

eclogites, banded samples are lmown, t'Thilst individual portions 

of a sample are often richer in one of the two principal phases 

than the average for that sample. In both eclogite and perido

tite, the accessory minerals may be scattered irregularly through

out the rock, or may be concentrated in a particular part of it. 

This was particularly true of the phlogopite mica, which was ex

pected to account for a considerable proportion of the potassium 

content of some of the xenoliths. Study of a thin section from 

one peridotite sample_indicated the presence of mica to the extent 

of approximately lo% of the whole. Two other thin sections, from 

different portions of the same sample, were practically devoid of 

the mineral, which was seen in hand specimen to occur as occasional 

irregular blebs throughout the rock. 

~rthermore, many of the xenoliths had suffered seoondar,y 

alteration to their exterior surfaces. This could be due to the 

effect of the kimberlite matrix and its related fluids, or to 

secondary alteration due to oxidation at or near the surface. 

Many of the xenoliths analysed here were collected from the mine 

waste dumps, v!here they may have lain for as long as 60 years. 

Many more were probably originally found in the zone of secondar,y 

alteration of the kimberlite, which often extends to depths of 

many tens of feet below the surface of an outcrop. Finally, 

the xenoliths are of a· finite size, and whilst large samples 

weighing up to 50kg. have been seen, the average size is much 

less. 
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The problems of sampling kimberlite in a representative manner, 

are even greater than those for the nodules. However, >rith kim-

berlite,there is only a practical limitation on the size of a 

sample collected, which is a compensation. In hand specimen kimber

lite has a porphiri tic texture, and contains large commonly rounded 

crystals and nodules of olivine, enstatite, phlogopite mioa 9 chrome 

diopside, garnet and ilmenite embedded in a serpentinous ground 

mass. 'lrihilst the "cognate" inclusions, thought to be derived 

from the deeper layers of the earth are scarce, accidental inolu-

sions are common. These consist of representatives of the sur-

rounding country rooks; mainly basalts, shales, sandstones and 

mudstones in the Kimberley region, with occasional granite and 

gneiss, brought up from the basement complex of that ~rea. These 

accidental inclusions are clearly not a part of the kimberlite 

rock itself. Geochemically the two are unrelated to each other, 

yet it is often not possible to obtain samples of kimberlite 

which do not contain small inclusions of the accidental type. 

Kimberlite weathers easily, and this occurs in the form of 

chloritisation and carbonatisation of the basic rock-fanning miner

als. Carbonates of calcium and magnesiwn, derived from the break

dovm of silicates, impregnate the mass, which in its ultimate form 

is a soft, yellowish, speckled mass, known as 11yellow ground". 

Partly weathered, dark-coloured kimberlite, is lmown as "blue 

ground". At depth, beyond the influence of supergene weathering, 
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the blue gr{)und passes gradually into kimberlite rock. 

A sample preparation scheme w-as evolved, which made the best 

possible use of the material available. A complete record was 

kept, in which the whole procedure, as applied to each sample, 

was noted. Included in this were details of the initial size 

of the sample, the amount crushed for mineral separation work, and 

the amount crushed for whole-rock analysis. Also included were 

details of the crushing apparatus used, as this had a bearing on 

the problem of contamination. 

As can be seen from Table A l', only large kimberlite sam-

ples were prepared. Large peridotites and eclogite samples were 

studied, 1-<hen available, but in order to have a representative 

selection, it was necessary to include smaller samples. It may 

be relevant to consider the sample size when assessing the data 

presented later. 

vlhen crushing a kimberlite, a minimum of l.Okg. was broken 

into pieces in a vice and taken down to i inch chips in a carbon 

steel rotary jaw crusher. This amount was quartered, and then 

ground finer to -40 mesh in a steel ball mill, with a rotatory 

grinding motion. This quartering was repeated, and approximately 

130gm. taken do~m to -120 mesh, in the smne vessel. Any small 

residue not ground sufficiently finely, was reduced to the required 

size in an agate mechanical grinder, and the fine material care

fully re-mixed. A hand specimen of the sample 1-vas always 
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retained, and this and any other material was carefully packed and 

stored. Thin sections were prepared where possible. Samples 

containing large, obviously accidental xenoliths, were avoided. 

The procedure adopted for peridotites and eclogites was slightly 

different. First, the exterior surface was sliced off, leaving an 

approximately rectangular block of fresh material, which was ori

ginally the centre of the usually rounded nodule. Thin sections 

were then made. The number depended on the importance of the 

sample, and was at the discretion of G.W. BERG. After washing in 

acetone to remove the oil from the diamond saw and scrubbing clean 

in de-ionised water, the nodule was dried at 120°C. The rectan-

gular block was then broken into smaller pieces of approximately 

25gm. each, and 500gm. (total weight) of these were selected ran

domly. This amount was reduced to t inch chips in the carbon 

steel rotary jaw crusher, and reduced to -40 mesh in the ball mill. 

Upon ~uartering approximately 130gm. was reduced to -120 mesh, 

in the same vessel. Any small ~uantity of material, found to be 

over-sized, was fine ground in a mechanical mortar machine, using 

an agate grinding vessel. 

When a sample weighed less than 500gm., the whole sample, 

except for one small hand specimen, was crushed. Suitable propor

tions of -40 mesh and -120 mesh material were obtained by the method 

outlined above. 

separation work. 

The -40 mesh material was intended for mineral 
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Handling of the material was avoided wherever possible, and 

the powdered samples were well mixed after crushing. The powders 

were stored in clean glass bottles, and these were shaken vigo

rously before any of the contents were removed. The crushing 

apparatus was kept scrupulously olean and every effort was made to 

avoid contamination of any sort. 

No evidence of contamination has been found for any of the 

elements studied in this thesis. Iron contamination was detected, 

but does not affect the data sought here. 

Certain samples, amongst them the eclogites and those peri

dotites which formed part of the Williams Collection, were crushed 

early in the project 9 before the mechanical ball mill or the 

rotary jaw crusher were available. In terms of quantity, the 

s~me scheme outlined here applies to these srunples, but the 

material was crushed in a hand mortar and pestle, also made of 

carbon steel. 

The whole of the section of the work relating to sample pre

paration, was undertaken as a joint project ~<rith a.v.. BERG. The 

contamination aspect concerns elements studied in his thesis, 

and will be dealt with there. 
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CEAPrER THREE 

A SURVEY OF THE POSSIBILITY OF USING COMBINED ION-EXCHANGE 
ENRICBMENT AND OPriCAL SPECTROGRAPHIC TECHNIQUES IN THE 
ANALYSIS OF TRACE ELEMNiJTS IN ULTRAMAFIC SILICATE ROCKS. 

In this chapter, the results of a survey on the suitability 

of ion-exchange pre-enrichment method~ as an aid to subse~uent spec-

trographic analysis of ultramafic rocks,are reported. The initial 

work was a logical extension of that carried out by BROOKS (1960) 

and EDGE (1960) and reported in a series of publications which 

appeared in Geochimica et Cosmochimica Acta in the period 1959 to 

1961. These papers formed the basis of an analytical scheme, 

details of which have been described by AHRENS, EDGE and BROOKS 

( 1963). 

It may be recalled from the Introduction that the volatile 

elements, potassium, rubidium, cesium, bismuth, cadmium, tin, 

lead, zinc, thallium and silver, were of interest. Considering 

the trace elements only, and not potassium, it >v!:l.S shown experi-

mentally that existing optical spectrographic methods were only 

sensitive enough for the determination of zinc in most samples of 

ultr~1afic rocks. This was in agreement with the information 

derived from the abundance data of TUREKIAN and 'VTEDEPOHL (1961) 

and VINOGRADOV ( 1962), when taken in conjunction vfi th the ~uoted 

detection limits of D~~ arc spectrographic procedures (AHRENS and 

TAYLOR, 1961). As the D.C. arc spectrographic procedure was the 

most sensitive analytical teclu1i~ue available to the author, it 
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is pertinent to consider the enrichment factors which -vwuld appa

rently be re~~rired for the determination of this suite of elements. 

Table 3 swnmarises the relevant information. It should be noticed 

that the enrichment factors necessary for bismuth and cadmium de

terminations are extremely high, and their determination would 

necessitate using large initial amounts of sample in any pre

enrichment techni~ue. 

These techni~ues are discussed in two sections concerned -vri th 

cation and anion exchange respectively. 

A. Cationic Ion-exchange Procedures. 

R.A. EDGE (1960) has developed an ion-exchange enrichment 

techni~ue combined with optical spectrograplric analysis for trace 

constituents in common silicate rocks. In particular rubidium, 

cesium and the rare earths have been studied, and a procedure for 

analysis proposed. Furthermore a modified procedure, specifically 

designed for basic rocks, and an even more sensitive method, which 

had been applied to chondrites were available from this work. 

Although a great amount of information was available in the 

literature on ion-exchange separations of the alkali metals, no 

other application of these techni~ues to the estimation of rubidium 

and cesium in silicates 1vas kno-vm. The procedure recommended by 

EDGE (AHRENS, EDGE and :BROOKS, 1960) for basic rocks -vras considered, 

therefore, to be the best starting point in this investigation. 

However, as the method was found to be unsuitable for this author's 
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purposes, it is not proposed to describe it in detail. Instead, 

a brief outline will be given, together with the results obtained, 

and the reasons for not adopting the procedure for further deter

minations. 

In the proposed method, the ultramafic samples were first 

attacked and decomposed with hydrofluoric and perchloric acids in 

platinum vessels. Af~er evaporation the residue was taken up in 

20 ml of 2N HCl, and soaked into a column of Dowex 50 ion-exchange 

resin. Elution >vi th 260 ml 3H HCl was commenced at a flow rate 

of 20 ml/hr. The eluant fraction from 160-260 ml was expected to 

contain the potassium, rubidium and cesium fraction from the sam

ple, together with calcium. However, as will be discussed later, 

this was not always the case. 

A second column elution, using 180 ml 12N hydrochloric acid 

as eluant at a flow rate of 25 ml/hr was required to remove the 

alkali metals whilst leaving the calcium behind. After evapora-

tion of this second eluant fraction to dryness and treatment to 

ensure a common matrix, the residue was loaded into graphite elec

trodes and arced at 5 Amps on a Hilger Spectrograph. (Glass 

optics). 

This method for basic rocks was applicable to the determina

tion of rubidium and cesium in eclogites without alteration. It 

was not suitable for the determinations in peridotite or kimber-

lite, however, This was due to the extremely high concentration 
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of magnesiu'11 in the latter, with v•hich the column chromatographic 

procedure was unable to cope. As illustrated in Figure 1, magne-

si urn t s position in the elution sequence in HCl on Do1vex 50 resin, 

was .just ahead of the alkali elements, potassium, rubidium and 

cesium. In the case of high magnesium rocks, the magnesium and 

the alkalis were eluted together and in a greater volume of effluent. 

This effect is not unexpected, and according to theoretical consi

derations increasing the aspect ratio of the chromatographic column 

(i.e. the ratio of the length to the diameter) should improve any 

separation. However, although an improvement was obtained, it was 

not sufficient to offer any hope of successful cesium determina

tions for peridotites. 

Ion-exchange separation and pre-concentration usually fall 

into one of three categories. The most favourable group is that 

where the matrix is not adsorbed on the ion exchanger at all. In 

such column operations, a large amount of sample solution can be 

introduced into a small column, having low exchange capacity, 

without fear of breakthrough of the desired elements. The ad

sorbed trace elements are then eluted from the column with a small 

amount of an appropriate eluant. The anion-exchange procedure of 

BROOKS (1960) falls into this categor,y and is discussed later. 

The second type of process is the reverse of the first. Here 

the matrix is absorbed and the trace elements are not. The main 

consideration is the breakthrough of the matrix elements from the 
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column, due to the saturation of the resin. The third group con

tains those methods in which both the trace and the matrix elements 

are adsorbed on the column. 

The procedure dealt with here for determining rubidium and 

cesium falls into this third category. It is the most unfavoura-

ble case. Although separations can be carried out, it is generally 

found that careful manipulation is required to adsorb the elements 

quantitatively and separate them chromatographically. In these 

separations changes in the matrix radically affect the elution 

characteristics of the resin column, and this is exactly what oc

curred in this study. A peridotite contains approximately 40% MgO, 

whilst the geological material for which the method was designed 

contains much less. The magnesium chromatographic peak tailed 

excessively and a separation of the alkali metals, potassium, rubi

dium and cesium, .:from magnesh:tm, could not be obtained. 

The method suffered from further disadvantages. It was 

necessary to regenerate the columns with 6N HCl a~d to conduct one 

of the elution processes with 12N acid. This was physically un-

:pleasant, and as the procedure takes a considerable time, leads to 

the building up of a corrosive atmosphere in the laboratory, 

Uliless the operation is carried out in a fume cupboard. Further

more the resin was continually swel~ing and contracting, in re

sponse to the widely differing acid concentrations used (3N, 6N 

and 12N). This gives rise to constantly reducing flow rates, 

20/ ••• 

~=--------=-=.:...::...._ __ - ______ ._-:.._. -- . --------------··· ----~------



- 24 

B. Anion-Exchange Enrichment Procedures 

BROOKS (1960) developed a procedure, combining anion-exchange 

enrichment and spectrochemical analysis, for the quantitative de

termination of m~~y trace elements including zinc, bismuth, tin, 

thallium and cadmium. Silver ru~d lead were also enriched in the 

ion-exchange process .• Using this technique, zinc, bismuth, tin, 

thallium and cadmium were de.termined quantitatively in a suite 

of t1venty-nine rocks. Subsequently BROOKS and AHRENS ( 1961) es

timated cadmium, thallium and bismuth in forty-four samples. 

Amongst the analysed materials were several ultramafic or ultra

basic specimens (Table 6). 

A preliminary investigation was carried out to test the 

applicability of the procedure as a general analytical method for 

a large nvmber of Sa.L1ples. The basis of the determination is 

the dissolution of the sample in hydrochloric acid and the 

sorption, onto an anion-exchange column of the chloro-complexes of 

the trace elements in the s&nple. The sample matrix is allowed 

to pass through the column, after which the trace elements are 

removed by elution. Fortunately not one of the major constituents 

of rocks is strongly adsorbed under the conditions used. The 

separation of iron from the trace elements is particularly advanta

geous as this element has a complex emission spectrum ·which can be 

a source of spectral interferences in optical spectrography. 

The method has the advantage that the enrichment factor can be 
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increased at will, by simply dissolving more material and introdu

cing 'it in solution on to the column. 

The recommended procedure was followed in its entirety. Two 

peridotites (lOg.m.), two eclogites, (5gm.), a kimberlite (2g.m.) 

and a synthetic 11 eclogi te 11 containing no trace elements ( 2g.m.) were 

dissolved in hydrofluoric, nitric and sulphuric acid mixtures in 

Teflon beakers. After evapo:ration, the soluble residue was taken 

up in hydrochloric acid solution and absorbed onto the anion-ex

change column, After absorption, the column was washed with hydro

chloric acid and eluted vti th ni trio acid. 20mg.m. of sodium chlo

ride in acid solution was added to the eluant, to serve as a car

rier. This liquid concentrate was evaporated to dryness, and 

the residue exmnined spectrographically. Reagent blanks vrere also 

examined in the same way at the same time. 

Silver, tin, zinc, lead and thallium were detected in all 

samples, cadmium was detected in the kimberlite and the eclogites, 

but the positive identification of bismuth was obscured by inter-

ference on the most sensitive spectral line of bismuth. This was 

due to a series of lines in a weak band spectrum occurring in the 

bismuth lines' wavelength range. Silver, lead, zinc and tin 

were detectad in the reagent blanks, and this was due to contamina

tion. Although Analar reagents were used at all times, and 

despite the precautions taken in the operation of the method, 

and the manipulation of the apparatus, this contamination could 
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not be prevented. Zinc, for example -vms found to be present in 

the ion-exchange resin. The amount of contamination was ~guiva-

lent to approximately 0.3ppm. of silver, 3ppm. of tin, 3ppm, zinc 

and more than 5ppm. of lead in a 2g.m. sample of material. 

The band structure which interferes with Bi 3067.7~ and which 

was mentioned previously, was present on every spectrogram taken 

during this preliminary study. The interference had previously 

been noted by c.o. OOSTB.UIZEN and J.P. viiLLIS (1964) whilst ap-

plying the same analytical technique to manganese nodules. They 

had assumed it to be an OH band without positively identifying 

it. 

A positive identification was made, The band is sensitively 

emitted by a D.c. arc in the presence of water vapour, even if the 

concentration of the water vapour is very lovl (JACK, 1927). 

An examination of a large number of spectrograms showed the 

presence of-OH band components in every case. The band is 

degraded towards the red and has a head at 3063.4~. 

Interference of the-OH band component with Bi 3067 may be 

illustrated by the enlargement shown in Plate 1 where self

reversed Bi 3067 is superimposed on to the-OH band spectrum; 

the interfering-OR component is clearly seen in the centre of 

the self-reversed line. On the original photographic plate a 

second line of the OH band could be seen towards the longer wave

length side of the gap of the self-reversed line and this will · 

also interfere with the bismuth line. These two lines of the 
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band are part of a triplet, the third .member of lvhi ch may cause 

additional interference. 

Two sources of water vapour have been found, namely, the arc 

atmosphere and the electrodes plus sample. The first source is 

the major contributor. Further work has shown that dr.ying the 

sample at 120°c for four hours and arcing in a dry atmosphere 

removes all traces of the band, which is always present if these 

precautions are not taken. It has been found that a most conve-

nient means of obtaining a d~- arcing atmosphere is to use a 

Stall wood type jet and to obtain gas mixtures from cylinders. 

Use of dry argon or dr.y argon/ oxygen atmospheres has the advantage 

that the bismuth line is enhanced under these conditions (INGA-

MELLS and SUHR ( 1963); NORRISON, RUPP and KLECAK ( 1960). Other 

dry atmospheres do not produce this latter effec~. 

Making use of pre-enrichment and a modified arcing technique, 

bismuth was detected in a kimberlite, but not in an eclogite, nor 

in two peridotites. 

An assessment of the infonnation obtained so far show·ed that 

this approach could well yield useful data on thallium and might 

also be applicable to the detennination of bismuth and cadmium 

in certain samples. It could not be used for the determination 

of zinc, lead, silver or tin, due to the relatively·large reagent 

blanks. One of the principal advantages of the original method 

had been the fact that a number of elements could be determined 
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simultaneously. This now largely fell away. Furthermore, the 

enrichment factor required necessitated the use of at least 5gm. of 

material (in duplicate) for each peridotite and eclogite, and often 

more. As ultrabasic material is at a premium, and as it was un

likely that the data obtained would be significantly better than 

that already available, it was not felt desirable to proceed with 

quantitative detenminations by this pre-enrichment spectrographic 

technique. 

BROOKS (1960) did not perform full replicate analyses. His 

duplicate determinations referred to the spectrographic procedure 

only, and did not reflect any error which might arise from the 

column and dissolution procedures. AHRENS, WILLIS and 

OOSTHUIZEN (1967) who performed full replicate analyses, report 

relative standard deviations of about 20% for the method. This 

is not satisfactory, and confirms the experiences of this author 

in the determination of cesium in eclogites, by the pre-enrichment 

technique of EDGE (1960), which were reported earlier. 

As a result of this reconnaissance study, it was the author's 

opinion that it v<as not justifiable to apply these methods to the 

analysis of ultramafic materials. Apart from the shortcomings 

of the methods themselves, it seemed likely that alternative 

approaches to the analytical problems could provide superior 

results. 

The uork of MORRISON, RUPP and KLECAK ( 1960), ( 1960a), 
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JOE:llrSUU and SUHR (1962) and INaAr.'fELLS and SUHR (1963) had substan

tially lowered the detection limits of the elements lead, (0.3ppm,) 

bismuth, (O.lppm.), silver (O.Olppm.), tin (0.3ppm,), zinc (O.lppm.) 

and thallium (0.3ppm) in direct optical spectrographic determina-

tions. These methods made use of atmospheres such as argon and 

argon/oxygen and relatively high temperature arcing conditions. 

They largely avoided contruaination problems. 

Using an argon/oxygen atmosphere and similar operating condi

tions' zinc was detected in peridotites' eclogites and kimberli tes. 

Thallium was detected in kimberli tes and some eclogites by a method 

in which lithium carbonate was mixed with the sample in a 1:3 ratio 

and the arcing was carried out at 3.5 Amps in an argon/oxygen at

mosphere, using a Stallwood type jet. 

The original application of the ion-exchange, pre-enrichment 

techniques to provide geochemical abundance data where this was 

either scanty or missing, was a valid one. It was this author's 

opinion, hov-Tever, that .such methods could not fulfil the rather more 

stringent requiren~ents of the proposed study of trace element dis

tributions in potential mantle materials. Accordingly this pre

liminary investigation was discontinued. 
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CHAPTER FOUR 

THE DEVELOH.IENT AND STA...WDARDISA.TION OF AN Hi
PROVED SPECTROGRAPI~C TECHNIQUE FOR THE 
DErERl'\ffiJATION OF RUBIDIUM, CESIUM and LITillUM 

The determination of rubidium, lithium and cesium has often 

been carried out by optical spectrographic techniques. The opera-

ting conditions, analysis lines, internal standard lines and other 

parameters differ from method to method, according to the particu-

lar problems £aced by each analyst. The literature prior to 1960 

is reviewed by ABREHS (1961). The most recent alkali metal 

determinations using the optical spectrograph are those of 

MAKSH10VIC ( 1967), -v;ho has estimated the amount of the elements 

sodium, potassium and lithium in Yugoslavian ultramafic materials. 

The average level of concentration of the alkali metals in 

ultrabasio rooks is low. It was the aim of this study to develop 

a method which could be used for the determination of the three 

trace elements, lithium, rubidium and cesium simultaneously in 

these materials. The concentration ranges for which the method 

was required were g-

Li 1 - 20ppm. 

Rb 0.1 25pprn. 

Cs 0.1 - lOppm. 

Previously reported work using an optical spectrographic 

D.C. arc tecQ~ique has usually been carried out using the glass 
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optics of a prism spectrograph. The dispersion of a glass prism 

in the wavelength range of the spectrum in which the most sensitive 

alkali lines appear is extremely poor (--40[ /mm.). The conven-

tional optical system also has other inherent defects. The net 

result is a procedure in which poor line shape, possible line 

interference, and 9ad background characteristics militate against 

obtaining accurate and precise results at low levels of concentra

tion. 

The detection limits quoted for instruments of this type are 

Li -- 0.5ppm. 

Rb ,..;:_,.1. Opprn • 

Cs ,_.2.0ppm. 

(AHRENS and TAYLDR, 1961). 

The quoted detection limit for Li would be satisfactory for 

our purposes were it not for the fact that the most sensitive line 

of lithium (6707K) is liable to show self absorption at concentra

tions greater than 5ppm. Ca 6102.7 interferes with the next most 

sensitive lithium line at 6103.6 in a glass prism spectrograph. 

The only other lithium line in the red or infra-red region of 

the spectrun, Li 8126, is normally not sensitive enough for the 

purposes of this investigation. 

The quoted detection limits for rubidium and cesium were 

clearly not satisfactory for our purposes. 
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ARrum~S (1954) has developed a general method for the determina

tion of potassium, lithium, rubidium and cesium in common rocks and 

minerals. The analysis lines used include K 6939 and 6911; 

Li 6103, 6707, and 8126; Rb 7800 and 7947; and Cs 852ti. Sodium 

is used as a variable internal standard, However, it is also 

pointed out that :potassium can be used similarly, and this was 

favoured in this study. Rubidium and cesium are closely associa-

ted geochemically with potassium. Similarly, their behaviour in 

the arc follows that of potassium more closely than that of sodium, 

and potassium should be the superior internal standard. Some 

rubidium determinations obtained by a method using sodium as in

ternal standard, have been shown to be subject to error. This is 

due to the fact that the Rb/Na ratio tends to change during the 

period of alkali distillation, so that erroneous concentrations 

will result if the exposure is terminated before all the alkali 

elements have distilled. (TAYLOR, ERLA.NK and GURNEY (1967). 

An attempt to increase the sensitivity of the existing pro

cedure by the use of a buffer was made. RUSANOV and KHITROV 

(1959) and IVANTISHIN et al., (1960) have reported success with 

this approach. It was found that the buffer, in general, tended 

to increase the background in the vicinity of the cesium line. 

Using a prism spectrograph, 1nth glass optics, the background 

problem is already severe in this region, and adversely affects 

the precision and the detection limit. Buffering alone, there-
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fore, did not seem likely to provide the added sensitivity w·hich 

was sought. 

The plane grating spectrqgraph is generally more sensitive 

than a prism instrument. Less of the energy of the signal is 

absorbed by the optical system within the instrument. The dif-

fraction grating which operates by reflection is superior in this 

regard to a prism, which disperses incident light by transmission. 

Less light scattering occurs, and the intensity of background 

radiation in the infra-red region, is much low·er than that in a 

prism instrument. Furthermore, a diffraction grating has a 

constant dispersion for all wavelengths, which is a function of 

the number of lines per unit length ruled on its surface. 

However, despite these advantages, the only previous use of 

a grating spectrograph for the determination of the alkali 

metals, was that of ANNELL (1964), who reported a detection limit 

of lppm. for cesium in tektites. Greater use had not been made 

of the diffraction grating spectrograph for the determination of 

rubidium and cesium, probably because of the existence of second 

and third order interfering iDon lines. However, these can be 

eliminated by using the Spex Industries red filter, Catalogue No. 

9023R, which absorbs light of wavelengths shorter than 6000.i
9 

and 

hence absorbs all second and third order spectra in the red and 

infra-red regions. 
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A comprehensive investigation of the potential of a method 

utilising this filter was carried out. The recommended optimum 

arcing conditions which were derived, are summarised in Table 7• 

The method is a D.C. arc technique, carried out on a Jarrell~sh 

3.4m. plane grating spectrograph, and has been used to determine 

rubidium and cesium at concentrations lower than O.lppm. Lithium 

may be determined simultaneously. 

Optical Alignment, Line Focus and Lens Arrangements 

At the outset, the optical alignment of the spectrograph was 

checked and adjusted, to ensure that the instrument was operating 

at its maximum sensitivity. Optimum focussing of the instrument 

was obtained by visual inspection of the spectra obtained,over 

a range of focus settings. 

Various lens systems designed to focus the emission from 

the arc onto the slit of the spectrograph, were studied with 

reference to the intensity and reproducibility of the spectral 

lines produced. Ideally, maximum intensity of the spectral line, 

with uniform illumination of the spectrograph slit, is desired. 

Although it was not possible to attain this, a suitable compromise 

can be made. 

The length of the spectrograph slit (i.e. wedge setting) 

was enlarged to 20mm. compared to the normal l~m. Test spectra 

were taken for each of a variety of lens systems recommended by 
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the Jarrell-Ash Company. The intensity of the most sensitive rubidium 

and cesium lines (780oi~ 7947~ and 8521i) were measured both in the 

centre of the line, aMd at its top and bottom ends. It was quickly 

recognised that the maximum intensity was always obtained in the cen-

tre of the exposure. .Furthennore spectral lines obtained from two-

lens systems, whilst having satisfactory intensity, shorred pronounced 

non-uniformity longitudinally. They also gave poor reproducibility 

due to arc wander; the im~e of the arc not always being focussed 

on the spectrograph slit. 

Three-lens systems were clearly superior, and tvro of these 

are outlined in Figure 3. System (ii) is recommended for maximum 

sensitivity with a reasonable line shape, whilst (i) is recommended 

where sensitivity is not critical. The longitudinal intensity 

distribution of Rb 7947 for each of these two systems is represen

ted in Figure 4. 

Electrodes 

\rlide ranges of type and size of electrode were investigated 

in an attempt to impDove sensitivity and precision. Electrodes 

with cavity sizes ranging from 2.3 x 2.5mm. to 4 x 8mm. were used. 

Increase in capacity generally improved the line intensity of the 

spooti-a. However, this was off-set by a loss in precision when 

using the larger electrodes due to the erratic behaviour of the 

arc. Scribner-Mullin carrier type electrodes were more stable, 
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but excessive cyanogen interference arising from the burning away 

of the side walls caused interference on Cs 8521 and Li 8126. 

Interference on Rb 7947 has been reported (AHRENS and TAYLOR 

1961) but the other interferences have not been previously men

tioned. 

The use of carbon electrodes as compared to graphite was 

unsuitable for the same reasons of cyanogen band production. 

Centre post electrodes, undercutting, and varying wall thicknesses 

were all investigated. Ultimately it was found best to use a 

conventional type of electrode, Extra sensitivity could be ob

tained by exposing the photographic recording plato to two or 

more arcings of the sample (i.e. by superimposing). 

The electrode selected as being most suitable had a 3.15 x 6mm. 

cavity.size with a wall thickness of o.80mm. It was packed to 

lmm, from the top of the crater. The electrode was large enough 

to give a low detection limit and yet not so large as to intro-

duce excessive arc wander and give poor precision. Superimposing 

gives added sensi ti vi ty when required and improves precision. The 

only limitation on the number of superimposings: is the production 

of the interfering cyanogen bands with repeated arcings. A de

tection limit of less tha..."l o.·lppm. has been obtained with three 

superimposings. 

The detection limit is dependent upon the sample matrix, 
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in as much as a refractory matrix, containing little total alkali 

metal, tends to arc at a high temperature. This leads to the 

production of cyanogen bands in the emission spectrum. Cyanogen 

emission lines interfere with Cs 8521, Li 8126 and one of the 

rubidium lines, and affect the detection limit adversely. 

In this study the lowest detection limits have been obtained 

-vri th olivine melili ti tes, eclogites and basalts. 

Carriers~ Buffers and Fluxes 

A wide variety of buffers, carriers, and fluxes were inves-

tigated, with particular attention to their effect on the sensi ti-

vity, precision, and accuracy of the alkali trace element deter-

mination. 

Of these, t·wo, CaF2 and SrF2, gave encouraging results. 

Addition of CaF2 was studied in detail. The presence of this 

substance in the arc brought about several desirable effects. 

The period of distillation of the alkalis was appreciably 

shortened. The intensities of all the alkali metal lines were 

enhanced. 

The enhancement was greatest for lithium. This meant that 

the relatively insensitive line,. Li 8126, became a usable analysis 

line at the concentration levels where the most sensitive line, 

Li 6707 is almost always self-absorbing. 

Figure 5 shows the selective volatilisation curves of the 
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alkali metals·in a pure sample, The time interval of the plotted 

points is 15 seconds. The alkali burn lasts for two minutes. 

Figure 6 represents the selective volatilisation curves of 

the alkali metals in the sample used in Figure 5, arced under 

identical conditions, but mixed with 20% CaF2• The time interval 

was not the same as in Figure 5 and this should be borne in mind 

when assessing the relative intensities of the lines in Figures 

5 and 6. Nevertheless, it can clearly be seen that the distilla

tion period is appreciably shortened, a factor of importance when 

superimposing several arcings on each other. Figure 6 also 

illustrates that the end of the alkali metal burn is followed by 

a short period in which calcium is the predominant cation dis

tilling into the arc. This is distinguishable easily and is a 

convenient point at which to end the burn, preventing recording 

of excess cyanogon, the cyanogen emission being much greater after 

the end of the alkali phase. 

Figure 7 shows the intensity .enhancement effect of calcium 

fluoride on the alkali metal lines. The diagram shows the 

relative intensities of the lines obtained when 5, 10, 15, 20, 25 

and 50% CaF2 are added to the sample, These intensities are 

normalized 1ri th respect to those obtained from arcing the pure 

sample where the intensity of each line is taken as unity. From 

this figure the striking enhancement of lithium can be seen. 

39/ ••• 



I 
I 

I 

- 39 -

• Potassium, rubidium and cesium are also e~hanced by decreasing 

factors, in that order. 

The approximate factors for the enhancement are 4 to 5 for 

:Jithium, 2 for potassium, and 1.5 for rubidium and cesium. The 
I 

·hechanism of these enhancement effects is not clear. 
I 

It was decided to add 2o% calcium fluoride to each sample. 
I 
In addition to producing the enhancement effects shown in Figure 

1/1, this amount was also sufficient to act as a conventional buffer 

in removing matrix effects. 

Cyanogen Interference 

Cs 8521 and Li 8126 are liable to cyanogen interference, 

However, there are several lines in the o,yanogen band spectrum 

close to and slightly greater in intensity than the interfering 

lines. These lines can be used to indicate whether or not a 

correction should be made for cyanogen interference, 

An attempt w<J.s made to arc in an atmosphere free of nitrogen 

using a Stallwood jet. The only promising results were obtained 

with argon or argon/oxygen mixtures. Hovmver, as there is a 

line in the argon spectrum at 8521, this work was not pursued 

further. Heliwa or helium/oxygen atmospheres suppress the inten-

si ty of the alkali lines as well as reducing fractional distilla-

tion. 

Standards 

There is a lack of satisfactory natural rock standards at 
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the concentration levels required; synthetic standards were 

utilised. The preparation of these is described in detail in the 

Appendix, 

The use of the synthetic standards has been found to be 

satisfactory as long as an internal standard, such as potassium, 

is used, Straight intensity plots are systematically displaced' 

due to the difference in density between the ultra-basic materials 

and the synthetic standards vrhich leads to different weights of 

each being packed into the same size of electrodes. 

This is illustrated in Figure 8 where the intensity of the 

Rb line 7947 is plotted against concentration for both natural 

and synthetic standards. 

Precision and Accuracy 

The method has been used to determine the lithium, rubidium 

and cesium contents of a variety of basic and ultrabasic mater-

ials. Precision, expressed as the relative standard deviation, 

is indicated in Table 8, using data derived by arcing one sample 

12 times and by arcing a series of sam~les in duplicate. Also 

shovm are precision data calculated without the use of potassium 

as internal standard, as it is possible to use the method without 

internal standardisation by simply plotting intensity against 

concentration if the potassium contents of the samples are not 

knovm, The differences in precision between columns (b) and (c) 
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in Table 8 provide a direct indication of the efficiency of potas-

sium as an internal standard. The precision obtained by the 

proposed method may be considered satisfactory and is attributed 

to the use of potassium as an internal standard, the technique 

of superimposing three arcings per exposure, the use of an elec

trode packing machine (Elpac) for filling the electrodes, and the 

addition of CaF2 to the sample to promote a more effective dis

tillation of the alkali metals into the arc. 

To assess the accuracy of the method, the u.s. Geological 

Survey standard diabase rock W-1 (FLEISCHER & STEVENS 1962) was 

analysed as an unknown sample. Values of 2?.8ppm. rubidium and 

0.8ppm. cesium were obtained. The rubidium figure is close to 

the recommended value of 22ppm.? while the cesium figure, although 

lower than the recommended value of 1.08ppm, was in better agree

ment with the most recent determinations available. (Table 9). 

More recently, additional .analytical data has been obtained 

as the method has been applied to the analysis of basic and ultra-

basic silicates. 

Rubidium 

Some of this is presented below. 

Table 2 lists rubidium data in some mafic and ultramafic rock 

types. The optical spectrographic data 1vere obtained using 

the experimental conditions described previously, including th~ 

use of three superi1:1posings per exposure and the synthetic stan

dards used in that study. The isotope dilution - mass spectro-
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metric measurements were carried out on aliquots of the same pow-

ders. It is important to note that the isotope dilution measure-

ments were obtained after the optical spectrographic measurements 

were calculated, each set of results being obtained independently 

of the other. The general agreement of the two sets of data 

~lith concentrations of as low as 0.2ppm. is note>vorthy. The 

relative difference (i.e. percentage mean difference) of the 

optical spectrographic data from the isotope dilution data is 

approximately 5% and serves to demonstrate the accuracy of the 

method, as the isotope dilution technique is generally considered 

to be amongst the most accurate of thos·e available, 

These analyses -vrere carried out by A .J. ERLANK and have been 

reported elsewhere, ERLA.NK, DANCHIN and FULLARD (1968). Inspec

tion of the results contained in Tables 18 and 19 shows that 

agreement between the optical spectrographic and X-Ray fluores

cence methods is likewise very good over the range 2-20ppm. 

Cesium 

Three new determinations of cesium in W-1 have been published 

since the figure of o.8ppm. obtained by the spectrographic pro

cedure was published. (GURNEY and ERLA.NK, 1966). They appear 

in papers by NICHOLLS et al., (1967), GORDON et al., (1968) and 

GAST (1968). These have been listed in Table 9, together with 

previously published determinations. 

43/ ••• 



- 43-

Although the figure of 0.80ppm. is slightly lovrer than the 

average of o.86ppm. calculated from the four newer determinations 

it lies well vdthin the spread exhibited by the latter. Hence 

it may be concluded that the accuracy of the method for Cs is not 

seriously in question. It is also worth noting that the average 

of 0.86ppm. given above is some 20% lower than the previously 

recommended figure of l.08ppm. (CABELL and S~~LES (1957)). 

Lithium 

Comparison of results obtained by atomic absorption with 

those obtained by the optical spectrographic method suggest that 

lithium values of reasonable accuracy have also been obtained~ 

Here, however, the position is less clear due to the fact that 

the synthetic standards prepared contain a lithium blank, which 

adversely affects both the useful detection limit and the accuracy 

of the determinations. The atomic absorption method utilised 

solutions of known Li concentration made up from a pure lithium 

salt. The spectrographic values were based on VT-1 ( 12ppm.) and 

synthetic standards, in which the Li blank had been determined by 

atomic absorption. 

Discussion 

The results are presented in Table 10. 

Although there is only limited verification of the accuracy 

of the method for Li, and although evaluation of accuracy for Cs 

is based on one analysis, the Rb data presented suggest that the 
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accuracy of the method is adequate for most geochemical purposes, 

Coupled with the speed, precision and simplicity of analysis, 

the method has obvious advantages. Provision of accurately 

analysed natural rock standards would further improve the accuracy 

of the method as matrix affects would be reduced. 
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CHAPrER FIVE 

SUMMARY OF ANALYTICAL PROCEDURES AND TECHNIQUES 

The spectrographic procedure outlined in Chapter Four w-as 

used to obtain geochemical data on the ultrabasic material 

available. Although it appeared that sufficient sensitivity 

had been successfully achieved, the analytical data was checked 

by alternative methods, where these became available. Potassium 

and zinc quantitative results are also presented here, and the 

sc>..me cautious approach was used, although no optical spectrographic 

work was involved in their determination. A summary of the ana-

lytical methods used is best discussed element by element. 

Potassium 

The potassiwn content of ultrabasic xenoliths is low, 

whilst that of the host rock
1
kimberlite, is comparatively high. 

The range of concentration is approximately O.Ol% to 3.5%· No 

natural rock standards of peridotite, eclogite or kimberlite with 

concentrations of potassium within this range, were known. No 

rock standards at all with potassium contents less than that of 

vl-1 at 0.54% were available. The instruments available on 

which potassium determination could be carried out, were a flame 

photometer, an X-Ray fluorescence spectrograph and an atomic 

absorption spectrophotometer. The flame photometer lacked 
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sensitivity and is prone to inter-element effects in the excitation 

flame, which could become particularly significant at low concen-

trati ons in highly magnesian sat11ples. (COOPER 1963, HA!~LTON 1965). 

There were a number of X-Ray techniques, which could be investiga

ted, but these were of unknown accuracy, whilst atomic absorption 

had not been used for the determination of potassium in ultramafic 

materials. 

The accurate analysis of potassium was essential, both for 

its own importance, and as it was used as an internal standard in 

the optical spectrographic technique. Table 1 has shovm that 

the older wet chemical analyses were not accurate, and no reliance 

was placed on these values (see AHREN's, PINSON and KEA.RNS, 1952). 

A number of flame photometric analyses for peridotites, 

eclogites and kimberli tes were kindly made available by G. i:J. BERG. 

Separate portions of some of these samples had been analysed by 

K. HEIER (1963), using both a refined flame photometric tech

nique and gamma spectrometry. The agreement was good, but none 

of the samples had potassium contents less than lOOOppm. Addi

tional analysed ultrabasic material was provided by DR. P. HA.BN

WEINHEIMER, DR. A.l\-L STUEBER, and A.J. ERWTK, and these samples 

covered a range from 300ppm. to lOOOppm. Three ultramafic rock 

powders 9 low in potassium content 9 were sent to Dr. I. McDOUGALL 

of Canberra University, where they -vrere analysed by the flame 
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photometric procedure of COOPER et al. (1966). The standard 

peridotite, PCC-1, and the standard dunite, DTS-l.completed a 

suite of samples which was to provide the nucleus of the standards 

for the X-Ray fluorescence technique, which was ultimately adopted 

for analysis of all the ultrabasic samples. 

No absolute method of potassium ostioation 1-ms available. The 

successful determination of this element depended on obtaining 

good standards. It l-ras resolved to investigate tho possibi1i ty 

of using an atomic absorption method of analysis. Potassium 

analyses by the atomic absorption method have been reported to be 

quite accurate in silicates. Sodium ionisation interference 

occurs, but this can be eliminated by buffering w·hen necessary. 

(BILLINGS and ADAMS, 1964; BILLINGS 1965). 

How·ever, no detennination of potassium in ultrabasic materials 

had been reported, and the author's approach was, therefore, 

cautious. 

Substances possess the property of being able to absorb 

characteristic radiations when dispersed as a vapour. These 

radiations are the same as those which the same substance can 

emit, and this is the basis of atomic absorption spectroscopy. 

Compared to other spectrographic or spectrophotometric 

procedures, the general lack of spectral or chemical interferences 

is a primary advantage of the method. Although problems do 
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exist in the analytical method, they are usually amenable to 

solution. Excellent spectral resolution results in a high degree 

of element specificity and sensitivity is good. 

One difficulty often encountered is curvature of the cali

bration graph with increasing concentration of the element deter-

mined. This vms overcome by always diluting solutions sufficient-

ly to ensure that the measured absorbance fell on the low·er, 

straight, portion of the calibration curve. The cause of the 

curvature is often resonance broadening of the line, but it may 

also be brought about by having too broad an emission line, or 

by the increase in viscosity of the solution, w~th increasing 

con centra ti on. 

In the determinations reported here no evidence of either 

physical or chemical interferences was encountered. Such pro

blems as arose 't'lere concerned v·:i th cmtaminati on of the solutions. 

The determinations were carried out on a Perkin Elmer 303 

Atomic Absorption spectrophotometer. The conditions were opti-

mised and the instrument settings are listed in Table 11. (They 

were determined by M.J. OP.REN', Department of Geochemistry, U.C.T). 

A sui table weight of sample vras decomposed by hydrofluoric 

and perchloric acid attack. The residue remaining on evaporation 

was taken up in 50ml. of 2N hydrochloric acid to yield a solution 

of 5-lOppm. potassium, if possible. The results were read off 
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a calibration curve obtained from accurately weighed out standard 

solutions of potassium salts. 

Contamination was experienced from glass volumetric flasks. 

Ultimately the analyses were performed from solutions made up 

to the required volume by pipetting the appropriate amount of HCl 

directly into the platinum vessels in which the initial decompo

sition was carried out. 

Potassium values in excellent agreement vTi th the recommended 

figure for '!ti-l >-rere obtained. The agreement between the values 

obtained for ul trabasio materials, and those obtained elsewhere 

using different methods for the same samples~ was also good. 

(Table 12). 

A total of forty six additional potassium detorrninations were 

then performed by this methodj covering the complete range of 

rock types and potassium contents. These determinations were 

used to check the whole rook X.R.F. method discussed next. 

(Tables 13, 14 and 15). 

An investigation of the possibility of using a simple X-Ray 

fluorescence technique for the potassium determinations yielded 

positive results. It was found that, provided tho rock powder 

was extremely finely ground (-300 mesh), particle size effects 

were eliminated. Further, if the standards and the unknown 

samples wore of the sa.'Uo rock type, mineralogical effects and 
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the difference in mass absorption coefficient were likely to be 

small. In practice, as can be seen in the results set out in 

Tables 13, 14 and 15, a potassium value obtained by this X-Ray 

fluorescence whole-rock technique varied from the average value 

by greater than 5% of the amount present in only one case. No 

more can be claimed for the other methods investigated. As the 

whole rock technique is the simplest, quickest and most sensitive 

available, it was used for all samples. 

The sample ponder Has fine-ground to -300 mesh and briquetted 

under a load of 15 tons with a bakelite-boric acid backing, after 

the method of VOLBORTH (1963). The potassium line intensity 

and the background radiation were measured. Separate straight 

line working curves were obtained for eclogites, peridotites, 

kimberlites m~d melilitites. However, the curves for peridotite 

and eclogite were close to each other, whilst the standard diabase 

W-1 fitted on the melilitite curve. No mass absorption correc-

ti on was applied, as the major element analyses were not yet 

available. However this should not influence the results greatly. 

Machine operating settings are set out in Table 16. 

As an additional and final check, fifty samples were deter-

mined for potassima, using a technique similar to that of WELDAY 

e t al. , ( 1964) • 

0 The sample of -120 mesh powder preheated at 950 C to constant 
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weight (approximately 1 hour) was mixed with lithium tetraborate 

(lgm : 4gm), and fused in aPt-Au 5% alloy crucible. The fusion 

0 temperature was 1050 c, and the sample and flux wore maintained 

at this temperature for tl'ronty minutes, swirling the melt every 

five minutes. The melt was poured into a red-hot, shallow, 

Pt-AuS% dish heated over a bunsen. The dish was removed from 

the flame and allowed to cool on an asbestos pad placed on a hot-

plate at 260°C. The resultant disc fell free from the dish after 

a few minutes and was annealed on the asbestos pad for thirty 

minutes. The samples were analysed for potassium by X-Ray 

fluorescence, with reference to W-1~ treated similarly, as a 

standard. The instrumental settings will be found in Table 16. 

This particular fusion technique was chosen because of its good 

sensitivity and small blank which permitted the determination 

of potassium down to levels of less th~~ 50ppm. 

The object of the fusion is to remove mineralogical dif-

ferences and to reduce differences in mass absorption coefficient. 

The method should be superior to the whole-rock technique, parti-

cularly when, as in this case, the major element composition of the 

samples is not known. However tho agreement between all the 

methods was such that it is felt that the results presented in 

Section B of the Appendix are likely to be within 5% of the 

correct values. The preferred value is an averag~ of those 
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obtained by the methods outlined here, together with the value of 

BERG vrhere available. It should be noted that in the cases of 

the kimberlites and the melilitite basalts that it -vras necessary 

to apply a dead time correction to the counting signals of the 

X-Ray method, due to the generally high potassium concentrations 

in these rocks. 

The fusion technique gave excellent results for most samples. 

However, certain kimberlites yielded low values. In every such 

case there w-as evidence that sample was lost by volatilisation 

in the preheating to 950°C. These apparent losses should be 

investigated further, and led to tho results reported below:-

SAMPLE ATOMIC AB- GAMMA FLAME X.R.F. X.R.F. 
SORPriON SPECTROMETRY PHOTOMETER W.R. FUSION 

KDT 24 0.92 0.88 0.91 0.96 0.62 

KDT 28 1.27 1.27 1.24 1.31 0.95 

KDB 9 1.20 1.24 1. 21 1.20 0.92 

KEEL 2 1.59 1.36 

In those four cases a brown film on the inside surface of 

the containing vessel, and a similar stain in the lip implied the 

creation of a dense gaseous phase in which some iron, and presu-

mably potassium as well, had beon carried out of the crucible, 

whilst it was being heated. Five determinations of potassium 
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in kimberlites, in which material loss did not appear to occur, 

yielded results in excellent agreement vrith other determinations:-

SAMPLE NO. PREFERRED VALUE X.R.F. FUSION 

KRV 14 3.26 3.26 

KJAG 11 1.36 1.38 

KK 2 0.43 0.42 

XSF 7 2.28 2.28 

KBEtf 1 0.22 0.23 

Rubidium 

This element was determined in all the samples available~ 

The spectrographic procedure was used for rubidium determina-

tion in the ultrabasio xenoliths. These vrere oheok;ed wherever 

possible oy the less sensitive, but accurate, X-Ray fluorescence 

method. 

In the X.R.F. method the sample powder was fine-ground to -300 

mesh, and briquetted under a load of 15 tons, vrith a bakelite 

and boric acid backing after the method of VOLBORTH (1963). The 

mass absorption coefficient (Table C 1) was estimated by the 

method of measuring the intensity of the Compton scattered por-

tion of aMoK primary beciu (REYNOLDS 1963). 
0( 

Great care was 

taken in the measurement of the background radiation at the wave-

length of the rubidium excitation to ensure that, even at low 
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levels of rubidium, the difference betvreen the two could be accu-

rately determined, Instrumental settings and further details 

are contained in Table 16. 

In order to obtain sufficient accuracy, the samples with 

low concentration levels of rubidium were determined more than 

once. For instance, the values quoted for peridotites w·ith 

less than 3ppm. are the average of ten individual values. 

The detection limit of the X.R.F. teclmique was 0.7ppni, 

( WILLIS, 1968) , Values less than 1.4ppm. 1-vere not considered 

in computing the preferred values quoted in the results. 

from these cases the preferred values are averages of those ob

tained by t.he optical spectrographic and X-Ray methods. Agree

ment betueen the t-vro methods is considered to be good. (Tables 

18 and 19), 

In the o.s. determinations if the potassium content of the 

sample was so 101-v that the internal standard· analysis lines were 

not visible, the rubidium determinations were calculated from the 

intensities of the rubidiu~ lines alone. Comparison with samples 

where it was possible to determine rubidium by both methods in

dicates that these results are of satisfactory accuracy (Table 19, 

Columns (a) ru~d (b)). 

In the spectrographic procedure the tw·o rubidium lines 7800 

and 7947 are self-absorbing 'tvhen more than 20ppm. of rubidium is 
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present in the sample. Samples with a high rubidium content were 

determined by X.R.F. analysis only. 

Cesium 

Cesium was determined by the optical spectrographic technique 

in all samples. No other suitable alternative method was availa-

ble. The accuracy of the results is not well established, but 

was discussed in Chapter Four. 

Cesium has been determined in all the eclogites, all the 

melilitites and a number of peridotites and kimberlites. The 

operating conditions were not identical for these various rock 

types, due to their widely differing alkali metal contents. 

The method outlined in Chapter Four was used for determination of 

the cesium, rubidium and lithium in the eclogites and peridotites. 

Kimberlites and olivine melilitites were arced under modified 

less sensitive conditions; these are summarised in Table 20. 

The ultramafic peridotites behave very erratically in the 

arc, and those with low alkali content show no alkali metal phase 

of arcing. This is particularly so when the sample is serpenti-

nised, as mentioned by A~rs (1991). HOLYK (1952) suggests the 

addition of two parts of carbon to improve the burning quality 

of the discharge, but this is not applicable in the determina

tions under discussion, as a cyanogen line interferes with the 

cesium line at 8521R. In the peridotitic samples, the appearance 
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of this cyanogen interference was, in any case, a problem. The 

results ~uoted a~e for samples in which the cyanogen band spectra 

did not appear. No attempt was made to correct for the inter-

fering line in spectra where it did appear. In such samples, 

the cesium line intensity was usually so lo~r that such corrections 

would have been impossible to make with accuracy. 

The kimberlites were difficult to arc. This was due to the 

presence of serpentine and carbonates in the samples. Heating 

the loaded electrodes to 450°C and making use of a pre~ignition 

period in the arcing procedure improved the arcing characteris-

tics. Nevertheless many samples extruded. Pre-heating to 

higher temperatures might improve these characteristics further, 

but care must be taken not to lose a volatile element such as 

cesium. .At higher temperatures, too, the graphite electrodes 

tend to oxidise. 

Lithium 

Li thi urn 1vas determined spectrographically by the same 

method as rubidium and cesium. Potassium is not as ideal an 

internal standard for lithium as it is for rubidium and cesium. 

Sodium would be better. Figure 6 illustrates that lithium takes 

longer to distil into the arc than potassiwn and that lithium 

line intensity will be reduced if the photographic exposure is 

not long enough. If the exposure is slightly too long cyanogen 

interference occurs. .A high degree of operator skill is 
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required if accurate lithium analyses are to be obtained. 

The spect~al line Li 8126 could not be used to determine lithium 

in many peridotites where the lithium concentration was less than 

2ppm. In these samples cyanogen interference all-rays occurred. 

The cyanogen line intensity was usually greater than that of 

the lithium line and no correction was attempted. 

The results obtained were checked by a number of indepen-

dent determinations by atomic absorption. (Tables 10 and 21). 

Agreement between the two methods was usually satisfactory. 

Zinc -
It may be recalled that zinc was one of the elements which 

an initial attempt was made to determine by the ion-exchange 

pre-enrichment optical spectrog~aphic procedure of BROOKS (1960). 

A simple procedure making use of X.R.F. analysis has been used 

in this study. The method, which has successfully been applied 

to basic rocks(B.M. ~m 1966) was similar to that used for 

rubidium~ in the manner of mass absorption coefficient correction 

and sample preparation. The instrumental operating conditions 

are set out in Table 16. 

There are t>vo features which are worth noting. 

Firstly the gold target tube contains Zn impurities, and 

a correction has to be made for- this. This is done by measuring 

the intensity of the zinc peak obtained for a sample kno·wn to 

contain no zinc. This intensity will then be due to the impurity 
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in the target tube. The magnitude of the intensity is related to 

the intensity of a nearby characteristic line of the target tube. 

Measurement of the intensity of this characteristic line for each 

sample enables a prediction to be made of the amount of the ob

served zinc line intensity 1..-hioh is due to the target tube impu

rity. 

Secondly~ it -vms noticed that a newly prepared standard sample 

emitted a zinc line intensity some 6% lower than a sample of the 

same standard, which had been used many times. This was traced 

down to the presence of zinc in the oil used in the vacuum pump 

of the spectrograph. During the course of repeated use~ the 

standard materials had become coated with a thin film of oil, 

and this was the cause of the added intensity. It -was not 

possible to establish whether the zinc contaminant was an original 

constituent of the oil, or had been picked up from the atmosphere. 

The oil was replaced 1vi th a olean supply, zinc-free~ and the appro

priate correction made. 

The zinc results i~ere checked by atomic absorption spectro

photometry. BILLINGS (1967) reported that serious molecular ab

sorption effects interfere vri th the determination of zinc in sili

cate rooks. 

No such effects were observed in the analysis of amphibolite~ 

(BURRELL 1965) • In view of tho excellent agreement between the 
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two techniques used in this study, it would seem that any absorp-

tion effects were minimal. (See Table 22). 

Contamination of zinc solutions in plastic bottles was 

thought, after investigation, to be due to the use of zinc stearate 

as a lubricant in plastic moulds during manufacture of the con-

tainers. The contamination continued over an extended period and 

no amount of leaching seemed to be able to clean the bottles 

completely. 

Atomic absorption makes use of extremely dilute solutions and 

storage of the dissolved samples prior to analysis was a major 

problem. It was overcome here by removing the storage step. 

Analyses were carried out on solutions made up to volume by 

pipette in the same platinum crucibles in vrhich the HF/HClo
4 

attack was performed. After stirring and alloHing to stand, t:his 

solution was analysed directly. A standard reference sample was 

always determined simultaneously. 

The only draw·-back of this method -vms that it limited the 

number of determinations at one time for each element to the 

number of platinum vessels available. 

An attempt to determine zinc by an addition plot method 

using X.R.F. analysis was unsuccessful. Although good straight 

line working curves were obtained, the agreement with the other 

t-vro methods was not satisfactory. (Table 22). 

60/ ••• 



- 60 -

Thorium a..Yld Uranium 

The kimberlite samples were analysed for potassium thorium 

and uranium by means of gamma ray spectrometric measurements of 

natural radio-activity. The sample preparation was limited to 

crushing and weighing. No chemistry was involved. The tech

nique used was similar to that of A~MS et al. (1958). 

The analyses and the computing of the results were carried 

out by Dr. R.D. CHERRY and J.B.M. HOBBS of the Physics Department, 

Cape To-vm University. The p_otassium analyses were not considered 

to be as accurate as other methods reported here, but a compari

son of the values obtained by this and other methods shows a 

generally fair agreement. (See Table 17). The thorium and 

uranium analyses are considered to be more accurate. 

This method could not be used to determine the same elements 

in the peridotites or eclogites as the levels of concentration 

of the elements uas generally too low to permit accurate analysis. 

The more sensitive oc counting technique (CHERRY 1963) was tried 

as an alternative but two difficulties have not been overcome. 

Firstly standardisation of the method has proved difficult 

because of the absence of reliable thoriu~ and uranium standards 

at low levels of concentration. Secondly, it has not been found 

possible to grind silicate material finely enough to remove all 

particle size effects. If these two problems can be resolved 
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satisfactorily, there is no reason why the technique should not 

be applied successfully. 
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CHAPTER SIX 

DISCUSSION OF TI-I8 UEH DATA 

The discussion of the nevr data is presented in a series of 

sections and sub-sections. 

Section one deals with the potassium rubidium and cesium 

determinations. Brief discussions of the relevant geochemistlJr 

of the three elements are followed by sub-sections dealing with 

the results obtained for the various rock types. 

Section two is confined to a discussion of the zinc deter

minations and is sub-divided along similar lines to Section one. 

Section three deals vri th the lithium results obtained and 

Section four with the thorium and uranium ~nalyses of kimberlites. 

SECTION ONE 

(a) Potassi urn 

Potassium, a strongly lithophile element, is enriched in 

the crust relative to the whole earth or the mantle. It is 

mainly contained in feldspar, mica and feldspathoidal minerals. 

Its concentration increases with fractionation and this increase 

is relatively greater than· that of sodiUli1, resulting in an in

creasing K/Na ratio. The potassium content of ultrabasic ma

terial, thought to be derived from the mantle, is usually lou. 

RAI'IILTON and MOUlifT.JOY ( 1965) have reported that the average 

content of 42 alpine ultramafic rooks was 340ppm, K2o. MORGAN 
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and GOODE report much lower values for ultrabasic material as does 

MAKSIMOVIC ( 1967) for Yugoslavian ultramafic rocks. MURTHY and 

STUEBER (1967) report generally low potassium contents for a 

variety of ultrabasic rocks with the kimberli tic inclusions having 

rather larger amounts than the other rocks studied. 

(b) Rubidium and the K/Rb Ratio 

Rubidium does not form any mineral of its own, but is almost 

always found to substitute for potassium in potassium minerals. 

It is seldom considered on its own geochemically and far more 

interest is attached to the K/Rb ratio than to the absolute abun-

dance of rubidium itself, Potassium and rubidium provide such 

a good example of geochemical coherence because of the similari

ties in ionic charge, ionic size and bonding properties of these 

elements. AHRENS et al., (1952) were the first to demonstrate 

the general coherency existing between potassium and rubidium. 

TAYLOR et al. 9 (1956) revised the earlier data, and the geo

chemistry of the alkali metals including potassium and rubidium 

was reviewed by HEIER (1964). 

Several important conclusions were reached in these papers 

and the geochemical significance of the two elements was empha

sised. Firstly it was suggested that the K/Rb ratio in common 

igneous rocks does not vary greatly. Most values fall in the 

r&nge 115 - 460, and a crustal average of 230 was proposed and 
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is generally accepted. In addition the K/Rb ratio in basic rocks 

was thought to be slightly higher than in acid rocks, vihilst the 

ratio shovred a marked decrease only in the final ';stages of differ

entiation, or in highly fractionated granitic rocks. 

Finally, the K/Rb ratio of basic rocks was similar to that 

observed for the chondrites, ("'-300), and this was taken to support 

the chondritic earth model concept. 

However, more recent data indicates that the K/Rb relation

ship in basic rooks is not so simple as was previously thought •. 

High K/Rb ratios of greater than 500 have been reported in lavas 

from oceanic islands 9 (LESSING et al., 1963; McDOUGALL and 

COMPSTON 1965), whilst still higher ratios, up to 2000, and 

similar to those of achondritic meteorites, have been reported 

for oceanic tholeitic basalts (GAST 1965, TATSUMOTO et al., 1965). 

It has been shown that these high values are also present 

in some continental areas (ERLA.NK and HOFMEYR 1966 and 1968; 

ERLl'.J.~K et al., 1968; PAYNE and SHA.W 1968). 

The importance of mineralogical control of the K/Rb ratio 

has been demonstrated (HEIER 1965; TAUSON 1965; HA.RT and 

ALDRICH 1967; ERLA.NK 1967; ERLA.NK et al., 1968). It has been 

suggested that this aspect may be of particular importance in 

rocks where there are no primary potassium minerals present. In 

such cases K +and Rb+ may have to substitute in Na+ sites 
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in the minerals }lresent and Rb + on account of its larger size 

may be preferentially excluded. STUEBER and 1<IDRTifY 1966, have 

produced accurate potassiwn, rubidium and K/Rb data for a variety 

of ultramafic materials. The K/Rb ratio in potentially mantle 

derived rocks has been revievred (MURTifY and STUEBER 1967), 

However, at the present time no clear picture has emerged. 

The observed variations of the K/Rb ratio in basalts have 

not been explained in terms of processes of magma generation which 

are knovm to have their origins in the upper mantle. Nor can any 

precise value be assigned to the K/Rb ratio of the upper mantle. 

In the light of these recent developments, the a.Ylalyses 

reported here assumed greater importance. ~lliilst the conclu

sions drawn from them do not solve the problems mentioned, they 

do, if correct, bring attention to certain possible pitfalls 

which have not been generally recognised hitherto. 

(c) Cesium and the K/Cs Ratio 

The geochemistry of cesium is not as well known as that of 

the other alkali metals, evidently due to its low abundance, 

particularly in b~sic and ultrabasic rooY~. 

cs+ substitutes for K+ in potassium minerals, in a manner 

analagous to Rb + , but because the difference betw·een the radii 

of K+ and Cs+ is greater than behreen K+ and Rb+ the K/Cs ratio 
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varies more widely than the K/Rb ratio. 

As a result of this the K/Cs ratio may be of use in accentua-

ting trends shown by the K/Rb ratio. This is borne out in some 

of the results presented here. The absolute cesium values and 

K/Cs ratios determined in ultrabasic samples have proved more 

useful in solving certain of the geochemical problems posed, than 

any of the other data obtained. 

(d) Potassium1 rubidium and cesium in South African Kimberlites 

Kimberlite is an und~rsaturated rock. It contains unusually 

high amounts of potassium for a rock of such basicity and has a 
-

high K/Na ratio. ~WSON (1960) has summarised the ~ailable 

major element data on kimberlites, (Table 23). In this work 

the overall average content of potassium in kimberlites is 1.4% 

K ,( 1. 68% K20 ), which is between DA1fSON·' s value for micaceous and 

basaltic kimberlites4 Previous data on South African kimberlites 

for rubidium and cesium appears to be lacking. 

Several points are w·orthy of comment. 

The potassium content of kimberlites varies widely, and 

whilst particular pipes or dykes may have a characteristically 

high, low or intermediate potassium content, individual samples 

of material from the same occurrence, may vary considerably. 

Rubidium, unexpectedly, varies in concentration to a much smaller 

extent, whilst cesium is extremely erratic, both within one 
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occurrence and from one occurrence to another. Certain kimber-

lites, those of Roberts Victor, Du Toit's Pan and Jagersfontein 

in this study 1 seem to contain considerably lesser amounts of 

cesium than others (e.g. ]ultfontein, Wesselton and De Beers). 

The cesium contents of four kimberlites from the De Beers tune 

are quite abnormally high. 

It is interesting to note that the De Beers Mine is also 

known to contain abundant zeolites. The irregular distribution 

of cesium may be due to its concentration in these minerals 

which are known to have ion exchange and molecular sieve proper

ties. They would tend to adsorb a large mobile ion such as cs+ 

preferentially. 

The K/Rb ratios of the kimberlites are mostly within the 

range from 115 to 460, common for continental igneous rocks 

(ERLANK 1967). However, the observed ratio is usually less 

than the generally accepted crustal average of 230. This ratio 

shows no tendency to decrease with increasing potassium content. 

Any trend, if there is one, is in the reverse direction. (See 

Figure 9). 

The K/Cs ratio varies from pipe to pipe but is generally 

lower than that of the average basic rock (HEIER 1964; AHRE!:JS 

and EDGE 1961). DA.WSON ( 1967) gives average values of 12ppm. 

cesium ~~d llppm. rubidium in Russian kimberlites. 1-lhilst the 
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avel"age value of these tHo elements present in South African kim-

berlites is higher, cesium does appear to be enriched relative to 

rubidium and in particular samples the amount of cesium present 

approaches the amount of rubidium. 

(e) Potassium, rubidium and eesium in peridotite nodules from 
kimberli tes 

A study of the data on peridotites leads to the important 

conclusion that most of the potassium, rubidium and cesium in 

peridotites is derived from the kimberlite matrix. Abundance 

data obtained from a whole rock study such as this, should not 

therefore be used, directly, to estimate the abundance of these 

elements in the upper mantle. The K/Rb and K/Cs ratios are 

similarly affected. 

The xenoliths studied were not found in situ, and so it 

is only possible to relate their geochemistry to that of the 

host F~mberlite in a general way. In any large occurrence, 

there is evidence of repeated injections of magma giving rise 

to kimberlite having different mineralogical and chemical charac-

teristics to the adjacent material, and this leads to the varia-

tions reported in sub-section (d). In addition whilst the 

suite of over one hundred peridotites examined is a comprehensive 

one -vrhen taken as a whole, it has certain defects vThen broken 

down into groups of xenoliths from particular occurrences. 
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Only two samples are from Roberts Victor ~fine~ whilst only two 

srunples from Jagersfontein are garnetiferous. It is unlikely 

that the samples from any one locality are representative either 

statistically or mineralogically. WAGNER (1914) has listed 

twenty nine different mineralogical combinations found in ultra

basic xenoliths. Many of these combinations can show 1-ridely 

differing proportions of some of the minerals, and to represent 

all types ru1d variations is impossible. 

Notwithstanding these shortcomings, it does appear to be 

worth while to consider both the peridotites and the kimberlites 

in groups from each locality~ as well as to consider them as a 

whole. 

The average potassium content of the xenoliths is 0.14% K. 

The distribution is illustrated in the form of a histogram 

in Figure 10. There is no apparent difference betw·een the 

potassium content of the harzburgites and the garnet lherzolites 

(Figure 11). There is no relationship between the amount of 

potassium in the peridotites and the amount in the host kimber

lite (Table 24). 

In view of the stated conclusion that the bulk of the 

potassium is deriyed from the kimberlite, this may be surprising. 

However, the actual ~1ount of potassium in a nodule depends 

largely on the amount of phlogopite, which is present. This 
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has been shmm to oe true by J3ERG (1968), using a semi-quantitative 

X-Ray diffraction technique for estimating the amount of phlogopite 

present (Figure 12), It is interesting to note that extrapola-

tion of the potassium-phlogopite relationship indicates that the 

amount of potassium in a mica-free peridotite would be of the 

order of 150-200ppm. 

Secondary phlogopite has been reported in peridotite nodules 

by WAGNER (1914), WILLIAMS (1932) HOLMES (1937) and DAWSON (1962) 

amongst others. HOll4ES, in particular, dealt 1rith the aspect 

of phlogopitisation at length and was left in no doubt that the 

phlogopite originated by metasomatic replacement of the perido

tite minerals. A comparative study of a series of specimens 

from a harzburgite to a phlogopite rock, including passage 

types, showed that throughout the series the phlogopite exhibited 

the same range of peculiarities. 

" In the early stages, it is connected with the veins that 

surround and traverse other minerals; the veins never cut the 

phlogopite 9 though they are themselves locally, and finally 

entirely phlogopitised, Enstatite and bronzite become almost 

wholly replaced before olivine is appreciably attacked, and 

olivine appears to be less resistant than chrome diopside 

and the earlier alteration products of garnet. 11 

A phlogopite rock, possibly representing an extremely 
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phlogopitised nodule, was analysed by HOU1ffiS and contained 8.52% 

K2o. Three analysed by the author contained 8.0%, 7•2% and 6.8% 

potassium respectivelyo The average potassium content of a 

collection of peridotites vTill depend on the number of phlogopi

tised speciments included, and their degree of alteration, rather 

than on the kimberlite from which they came. The average potas

sium content of the peridotites (Table 24) must therefore be 

considered in this light. 

Greater significance is attached to the fact that the K/Rb 

ratio and the amount of cesium present in a suite of nodules 

appear to reflect the characteristics of the host kimberlite. 

This can be seen by comparing the data obtained for kimberlites 

and peridotites and presented in the Appendix (Section B.). 

Table 24 summarises the position and Figure 13 is a graphical 

representation of the apparent approximate co-variance of the 

host and xenolith K/Rb ratios. 

The relationship between the host kimberlite and the nodules 

is well illustrated by the cesium analyses for these materials. 

At viesselton and De Beers Mine, where the kimberlites have a 

consistently high cesium content, the cesium content of some of 

the peridotites is also high. The amount of cesium present in 

some of these peridotites is so high and the resultant K/Cs ratio 

so low, that it is inconceivable to regard the cesium concentra-
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ti on as primary. It is probable that this element is accommo-

dated in the phlogopite structure, but this is not necessarily so. 

As has been shown in the case of the eclogites from Roberts Victor 

Mine, (discussed in the next Section), the secondary alteration 

of high pressure minerals such as pyroxene can alter the geo-

chemical distribution of cesium considerably. 

(f) Potassium rubidium and cesium in eclogite nodules from 
k.imberlites 

The suite of eclogites studied consisted of twenty three 

samples, sixteen of vThich were from the Roberts Victor Mine. One 

further specimen is aL~ost certainly fr~1 the same locality. The 

analytical results indicate that these rocks should be dealt w-ith 

separately from the six from elsewhere. 

(i) The Roberts Victor Mine Eclogites 

Remarkably high concentrations of cesiu.~ relative to 

potassium were found in these eclogites. Rubidium, however, 

did not show ru1 enric~~ent relative to tho crustal average of 

230. The K/Cs ratio ranged from 150 to 7288 giving an average 

value of 1810, whilst the K/Rb ratio varied from 222 to 552 and 

the average value was 367. Six fresh specimens of Roberts 

Victor kimberlites have K/Rb ratios ~~thin a narrow range of 

230 to 265 and average at 242. The average K/Cs ratio for 

this material was 5000 and the average cesium concentration 

was 6ppm. 
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Whilst a correlation between potassium and rubidium was 

found, no correlation is apparent between potassium and cesium. 

The average cesium concentration of 5.9ppm. is extremely close to 

that obtained for the kimberlites. These three features are 

illustrated in Figures 14 and 15. 

Further investigations by BERG (1968) have shown that the 

principal host for cesium in these rocks was a turbid alteration 

product of pyroxene, which he identified as having an analcime 

type structure. His data also indicate that the same zeolite 

has a high K/Rb ratio. 

He proposed that this secondary zeolite vras formed at a 

late stage u.>1der near surface conditions, and links its forma

tion to the per).od of deep surface weathering of the kimberlite 

which produces yellow ground. 

BERG (1968) also agrees with HEIER (1963) that secondary 

phlogopite contaminates these eclogites with potassium, rubidium 

and cesium. After careful consideration of the thin section 

evidence BERG vn,i tes g-

"If the eclogite nodules are considered to be xenoliths 

from the mantle or lo·wer cru.st, and one common generation of 

brown mica is assumed, the present evidence leads the writer 

to suggest that the mica probably formed by metasomatic altera

tion of the eclogite while their host kimberlites were in a 
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fluid state under appropriate conditions of temperature and 

pressure. 

!n this case the secondary phlogopite may be expected to have 

a K/Rb/Cs relationship analagous to that of the fresh host kimber

lite." 

Finally 9 BERG has shown that the primary unaltered pyroxene 

of these eclogites can have a potassium content as high as 0.12% 

and a K/Rb ratio greater than 2000. The data of BERG (1968) 

on pyroxenes and zeolites is reproduced in Tables 25 and 26. 

An attempt to show that the alkali metal content of these 

eclogites was labile by means of a leaching experiment indicated 

that appreciable quanti ties of these elements were not removed 

unless acid solutions were used as leaching agents. As it was 

expected that such acid leaching would destroy the analcime 

type secondary alteration, and possibly attack the phlogopite 

as well, no special significance was attached to this result. 

A manual scan on the electron microprobe has confirmed 

that potassium in RV 377 occurs along the grain boundaries1 in 

mica, in the pyroxene alteration product and to a lesser extent 

in the ga~Det alteration product. (Figure 17). It was also 

observed that potassium was not present to any appreciable extent 

in unaltered garnet 9 but occurred in material in cracks in that 

mineral. The distribution of potassium along grain boundaries 
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is analagous to that of uranium and thorium in an eclogite inclu

sion from the Delegate pipe, Australia. (KLEEMAN and LOVERING 

1967). 

The original K/Rb/Cs relationship in these eclogites has 

apparently been drastically altered by two secondary processes. 

The first of these, introduction of secondary phlogopite, would 

introduce potassium, rubidium and cesium, in proportions which 

would probably be lower than the primary K/Rb and K/Cs ratios 

of this rock, which may be indicated by the omphaci te rli th a 

K/Rb ratio of> 2000. The se-cond alteration process would 

further increase the cesium content and lower the K/Cs ratio. 

The rubidium content was probably lowered and the K/Rb ratio 

certainly raised whilst the effect on potassium is not certain. 

The resultant relationship has no resemblance to the original 

except by chance. 

The Roberts Victor Mine is readily accessible and has been 

worked intermittently since 1906. Eclogite is exceptionally 

abundant and has been distributed to Laboratories all over the 

world, and many analyses have been reported. Data pertaining 

to whole rock eclogite studies from this occurrence must be 

treated with scepticism. 

(ii) Cro'l'lll Mine Eclogite 

One small sample, with the pyroxene badly altered, seems to 
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be analagous to the Roberts Victor material, 

(iii) Jagersfontein Eclogite 

Tw-o samples of eclogite from this locality are much fresher 

than the Roberts Victor material, but nevertheless show some 

degree of phlogopitisation. 

(iv) Tanzanian Eclogite 

Three specimens, two from Dodoma Mine, and the other from 

Wilsons Prospect, Shinyanga, have been examined. The two speci

mens TAN 501 and TAN 503, which are the freshest kimberlite 

eclogite material available, have K/Rb ratios of 250 and 239 

respectively and K/Cs ratios of 7,500 and 7,860. 

There are no obvious seconda~J alteration products in 

either of these t-vro rocks. TAlT 1 and TEJJ 501 are remarkable 

for the presence of diopside exsolved in garnet, possibly due 

to a sudden release of temperature and pressure, and may be 

derived from great depths in the mantle (RINGVJOOD, 1967). 

TAN 503 "is a kyanite eclogite. 
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(g) Potassium, rubidium and cesium in olivine melilitites 

Potassium, rubidium and cesium have been determined in some 

South African olivine melilitites. The K/Cs ratios which are 

reported for several of the thirteen samples are extremely high. 

HEIER (1964) has inferred ratios up to 94,000 in rocks from the 

Skaergaard complex, and TAYLOR and WHITE (1966) have reported a 

value of 22,700 for a Japanese andesite. S¥~LES (1964) has re-

ported high K/Cs ratios in meteorites. However values as high 
\ 

as those reported here for the Spiegel River melilitite are excep

tional, as is the strong positive correlation betw·een the K/Rb 

and K/Cs ratio for the melilitites of the Sutherland occurrence 

(Figure 16). 

The olivine melilitite from Spiegel River was collected from 

a pipe which cuts conglomerates and sandstones of the Cretaceous 

Uitenhage series. It has been described by ROGERS and SCH1fARZ 

(1900) and H0~1ES (1936) amongst others. Olivine occurs as 

idiomorphic crystals, many of which are corroded and embayed by 

the groundmass. Serpentinisation is very slight and the whole 

rock remarkably fresh. Perovskite and ore minerals are present 

and melilitite ranges in size from micro-porphyritic tabular 

crystals to minute lathes and interstitial patches in the ground 

mass. Flow structure can clearly be seen. The ground mass 

is rich in augite; nepheline, leuoite, apatite and zeoli~es also 
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occur. High K/Cs ratios 1-;ere obtained for each of the three 

samples of this matel"'ial in which it was estimated, 

The melilitite from Ashton, which occurs as a plug cutting 

shale of the Bokkeveld Series in the Cape System rocks, is simi

lar to the Spiegel River material, but not quite as fresh. 

Again high K/Cs ratios were obtained. 

The samples from Sutherland Commonage are of a more complex 

origin. There have been at least two phases of intrusion for

ming a sheet, and an associated dyke, and a secondary stage of 

hydrothermal alteration (GERRARD 1958). However, high K/Cs 

ratios were obtained for material collected from the area of 

the sheet, Three samples of the dyke, SU~ 1, 2 and 3, have 

much lower K/Rb and K/Cs ratios. Secondary mica is much in 

evidence in thin sections of these three rocks, 

It would appear as though a high K/Cs ratio is a character

istic of olivine melilitite. 

Leucite is one likely host mineral for much of the rather 

high potassium content of the rock. If this is so, the small 

amount of cesium present is not due to an absence of suitable 

cesium sites in the minerals present. 

FORN"ASERI and PENTA ( 1960) have sho1m primary leuci te to 

contain 169ppm. Cs and 179lppm. Rb, The structure of leucite 

is based on a framework similar to that of analcite and polluci te. 
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Potassium ()ccupies a position in leuci te equivalent to that of 
,_ 

cesium in pollucite (DEER HOl-TIE and ZUSSMAN 1966). 

HEIER (1964) has reported that potassium-feldspars with a 

high temperature of fonnation have low concentrations of cesium. 

It may be that the K/ds ratios observed in melilitites are 

caused by a similar temperature effect, for olivine melilitites 

are thought to be high tempe.rature intrusions. 

Contrary evidence is provided by EUGSTER (1955) in experi-

mental work on the cesium-potassium equilibrium in the system 

sanidine-water, in which he shows that cesium enters into the 

sanidine structure more easily at high than at low temperatures. 

At temperatures higher than 700°C the cesium content of the sani-

dine is greater than that of the fluid phase in equilibrium with 

it. 

It may be concluded that at this stage it is not possible 

to infer either the K/Cs ratio of the source magmas or the 

source regions of olivine melilitite. 

The strong correlation bet-ween the K/Rb and K/Cs ratios of the 

a~nples from the Sutherland occurrence is unusual. cs+ is a 

much larger ion than K+ ~ Rb+ , whilst larger than K+ is within 

the 15% size difference, which, as a general rule, will allow tw·o 

cations of equal charge to substitute freely for one another in 

silicate structures. Consistent with this, cesium has a very 
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large dispersion in granites compared to rubidium and potassium 

(AIIRENS 1954(a), 1954(b)). In the case of the Sutherland oli

vine melilitite, cesiu~, rubidium and potassium are varying in

dependently~ but the variations in K/Rb and K/Cs ratios are 

related linea~ly. A reworking of the original alkali distribu-

tion by secondary hydrothermal processes in the dyke material 

could be an explanation. The hydrothermal alteration product, 

mica, would have to retain cesium and rubidium relative to 

potassium, whilst it appears that some alkali metal content may 

have been lost. The dyke rocks have the lmveS't potassium con

centrations, whilst the rubidium and cesium contents are not 

very different from those of samples of material from the sheet. 

This is consistent with the proposed explanation. 

(h) Potassium, rubidium and cesium in miscellaneous samples 

The eclogites from non-kimberlite environments show a 

greater range in their K/Rb ratios than other rocks analysed in 

this study. The values range from 217 to 860. These figures 

are in fair agreement with HEIER (1966) who reports a variation 

from 138 to 667 in six similar samples. The potassium content 

of these rocks is lower th~~ that of the kimberlitic eclogites, 

and is particularly low in the fresh Norwegian material. 
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(j) Potassium, rubidium, and cesium in American Kimberlites 

The values reported show that the six small samples analysed 

have a high potassium content and high K/Rb and K/Cs ratio when 

compared with the South African ld.mberli tes. 
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SECTION" TviO 

Zinc 

The geochemical distribution of zinc is controlled by several 

properties of the element, in particular the covalent nature of 

the Zn-0 bond, its preferred tendency for tetrahedral co-ordination 

and the similarity in size of t.he zxfim to ~rr .anfi Fe~ 

Zinc from gabbroid magmas is often concentrated in oxidic 

ore minerals such as ilmenite, magnetite and chromite. Values of 

3000ppm., lOOOppm. and lO,OOOppm. respectively are reported by 

GOLDSCID.UDT ( 1954) • Local concentrations of zinc in various 

other minerals are known but these are of little geochemical sig

nificance, compared with the association of zinc with magnesium 

and iron rich micas, amphiboles and pyroxenes, which are the main 

carriers of zinc in normal igneous rocks. 

Biotite mica usually shows the highest content of zinc among 

the common rock forming minerals. Phlogopite mica also accepts 

zinc, although less readily. The preferential concentration of 

zinc in biotites and hornblendes has been sought in the nature of 

the structure of these minerals. 1.JEDEPOHL ( 1953) noted the 

presence of (OH) groups in these minerals. He suggested that the 

presence of ions such as OH- and F- made it possible for zinc to 

assume o.ctahedral co-ordination, and zinc is incorporated more 

easily into the silicate rattice. 
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N~~UJ (1949) had noted that zinc commonly occurred in four 

fold co-ordination although geometrical considerations predict 

octahedral co-ordination. Under unusual conditions such as 

those obtaining at Franklin Furnace~ ~ew Jersey, zinc does assume 

octahedral co-ordination in rare minerals such as !arsenite 

( Pb Zn Si 0 
4

) • 

TAUSON and KRAVCHENKO (1956) found that zinc was present in 

biotite in a form in which 80% of the element was extractable 

vri th HCl. They concluded that this zinc was present as minute 

sphalerite inclusions in the mica. 

However, numerous results confirm that zinc 9 in rocks of 

magmatic origin~ follows the ferromagnesian silicates. An 

interesting example of this is presented in Table 29 where whole 

rock and some mineral analyses are presented for fPU.r nori toids. 

Zinc is most highly concentrated in the magnetic fraction~ and 

also in the hypersthene and the biotite. Surprisingly the 

concentration of zinc is higher in hypersthene than in biotite. 

The co-existing plagioclase feldspars contain very little zinc. 

(Also Tables 27 9 28 and 30). 

Zinc determinations in a suite of rocks from the Bushveld 

Igneous Complex illustrate further the role a mafic mineral may 

play in the distribution of zinc. Table 31 illustrates the 

effect of a decreasing amount of mafic minerals. 
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The average value for the zinc content of basalts of 105ppm. 

( TUREKIAN and 1-f.EDEPOHL 1961) has been vtell substantiated. RADER 

et al (1963) have analysed 124 American basalts and obtained an 

average of 99ppm. GUNN (1966) obtained an identical average for 

30 Antarctican basalts. The author has determined zinc in 200 

basic rocks from continental and oceanic environments and ranging 

in variety from dolerite and gabbro to trachyandesite, and obtained 

an average of 107ppm. 

There are few analyses of ultrabasic materials by comparison. 

The figure of 50ppm. quoted by TUREKIAN and WEDEPOHL is the aver-. 

age of six determinations by WEDEPOHL (1953), of zinc in olivine 

rich rocks, none of vJhich were from a kimberlitic environment. 

BROOKS (1960) reports 64ppm. and 29ppm. zinc from an eclogite 

and a peridotite respectively. Accurate zinc analyses in kim

berlite do not appear to have been published previous to this 

study. 

(a) The Ilimberlites 

The zinc content of the kimberlites is remarkably constant 

considering the nature of the rock, the varying freshness of the 

samples, and the variation in concentration of many of the major 

and volatile elements. This constancy is accentuated when the 

samples are considered as groups from each locality. (Figure 21). 

This is a feature of basalts also, and is well illustrated by 
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(b) The Peridotites 

85 -

The 101 peridotites analysed in this study show an astonish

ingly small spread of zinc values. Ninety one contain between 30 

and 40ppm. zinc, eight between 41 and 47ppm. and two have 22 and 23 

ppm. respectively. (Figure 22). 

The eight nodules 1rith zinc concentrations of 4l-47ppm. have 

a considerable amount of secondary phlogopite in them. Seven 

have potassium contents greater than 0.2% and it is felt likely 

that a small amount of zinc has been concentrated in this secon

dary mica and that it -vras derived from the kimberlite which con

tains more zinc than the xenoliths. 

The two samples which contain the lowest zinc have been 

extensively serpentinised without the formation of phlogopite. It 

is suggested that zinc has been leached out of these two samples, 

in a manner analagous to that observable in the determinations of 

zinc in Roberts Victor yellow-ground. 

Despite the much higher magnesium and iron content of 

peridotites when compared with basaltic rocks the zinc content 

of these samples is low. This is indicative of the fact that 

the geochemical distribution of this trace element is governed by 

properties other than similarity of size and charge. 
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The average zinc content of the peridotites is 34.6ppm. If 

they are a fair representation of upper mantle material, then, 

,even allowing for the fact that the average may be a little high 

due to the inclusion of some altered samples, the zinc content of 

the upper mantle must be close to the value of 34ppm. 

It has been suggested that the harzburgite xenoliths may 

represent the most depleted mantle material and that the garnet 

lherzolites represent the least depleted mantle material brought 

up in the kimberlite pipes (e.g. GREEN 1968). If this is so. and 

garnet lherzolite is to produce basalt (Zn~l05ppm) by partial 

melting, leaving behind a harzburgite assemblage, then the average 

garnet lherzolite should contain more zinc than the average 

harzburgite. As there is little difference in the potassium 

contents (and hence the degree of phlogopitisation) in the repre

sentatives of these two groups (See Figure 11) it might be expected 

that any original difference in zinc content ~~11 still be appa

rent, when considering each rock type as a group. 

Inspection of the analyses obtained shovrs considerable 

overlap between the two groups. 

The average value of the zinc content of garnet lherzolite 

(37 determinations) is 36.5ppm. and that of harzburgite (28 

determinations) is 33.0ppm• The difference although small is 

approximately 10% of the higher value. In view of the uncertainty 
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introduced by the possible effect of secondary alteration, it is 

not proposed to draw any conclusions from these averages except to 

observe that they are not inconsistent with the suggestion made 

above. 

(c) The Eclogites 

The zinc results reported in eclogites have a much greater 

scatter than those for other rock types, ranging from 12ppm. to 

77ppm. (Figure 22). A large range in major and minor element 

composition seems to be a feature of these rocks. The average 

zinc content of 53ppm. is close to the average for kimberlites 

and significantly less than the average for basalts~ of 105ppm. 

CZA~mNASHE and DESBOROUGH (1967) have reported the presence of 

primary sulphide aggregates of Fe~Ni-Cu in eclogite from the 

Roberts Victor Mine. The aggregates occur between the grains, 

and also in the grains of the primary garnet and omphacite. No 

correlation between the major mineral phase composition of the 

nodules and the zinc content has been found, and the presence of 

sulphide accessory minerals may be significant. 

(d) Olivine Melilitites 

The zinc contents of the olivine melilitites are very 

similar to those of basaltic rocks in general. 
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(e) Miscellaneous Samples 

The eclogites from non-kimberlitic environments have a large 

scatter of zinc content, ranging from 5ppm. to 186ppm. 

(f) American Kimberli tes 

The six American kimberlite specimens have a distinctly higher 

zinc content than their South African counterparts. 

' I 

a 
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SECTION THREE 

Lithium 

L;+ l.·s much smaller th th th · lk 1· t 1 · d · ... an e o er a a ~ me a ~ons, an ~s 

unable to occupy similar positions in crystal lattices. The ion 

enters six fold co-ordination positions and is thought to substi-

tute for~+ • However, there is no close association between 

the ti.YO elements and the Li/lf.tg ratio increases markedly with 

fractionation. This was first observed by STROCK (1936), and 

has been confirmed by other workers. lvAGER and MITCHELL ( 1951) 

show that in the Skaergaard Igneous Complex the lithium concentra-

tion in late crystallising olivines and pyroxenes from the ferro-

gabbro rises to 15ppm. and 50ppm. respectively. NOCKOLDS and 

ALLEN (1953, 1954, 1956) have shown that an increase in the Li/Hg 

ratio was a common feature in all the magmatic series studied, al-

though the absolute amount of lithium may decrease in the most 

differentiated rocks, reflecting the decreasing concentration of 

the magnesium host minerals, HEIER (1964), assessing the availa-

ble data, shows that the minerals orthopyroxene-clinopyroxene-

amphibole-mica form a series in which there is a regular increase 

of lithium concentration and of the Li/Mg ratio. Tvro reasons 

are advanced for this. 

( i) The structure of the mica lattice is most favourable for the 

Ll.·+ . d 1.on, an 
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( ii) during replacement of Mg2+ by Li + the structure suffers a 

loss in energy. Therefore no considerable replacement can 

take place until a relatively low temperature has been reache~. 

This is also the stage vrhen mica is the important fernie 

mineral. 

The lithium content of ultrabasic rock is low~ (STROCK 1936, 

PINSON AHRENS and FRANCK 1953). TUREKIAN and 'VIEDEPOHL give a 

value of less than lppm. W~KSIMOVIC (1967) reported an average 

of 0.5ppmo lithium in 57 fresh ultramafic rocks; pyroxenites, 

lherzolites~ harzburgites and dunites. The range of concentra

tion was from less than 0,3ppm.-4ppm. The lithium content 

varied with the mineralogy of the sample, and increased from du-

nite to the more acid types. Lithium was found to be enriched 

in some serpentinised ultramafic rocks; l9ppm. lithium was 

reported from a serpentinised harzburgite. 

On the basis Of all the available data, ~~KSIMOVIC recommen

ded an average lithium content for four ultramafic rock types. 

Li (ppm) 

(l) Dunite 0.3 

(2) Harzburgite 0.3 

(3) Lherzolite 0.7 

(4) Enstatite pyroxenite 1.5 

The lithium determinations reported in this thesis are not 

as precise or comprehensive as those reported for potassium, 
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rubidium and cesium. This is due to the experimental difficul-

ties discussed in detail in Chapter Five. 

for lithium in peridotites was 2ppm. 

The detection limit 

In a total of one hundred and one peridotites, eighty-three 

have a lithium content of less than 2ppm. Eighteen contain 2ppm. 

of lithium or more. These eighteen samples often show relatively 

abundant phlogopite and have high alkali metal and zinc concentra-

tions. There seems no doubt that the lithium in these samples 

is largely of secondary origin. 

Lithium is irregularly distributed in the kimberlites, and 

the amount is high for an ultrabasic rock. The Roberts Victor 

kimberlite seems to have a particularly high lithium content. 

These high lithiu~ values are reflected in the eclogites 

from Roberts Victor, which also have greater lithium contents 

than the eclogites from other occurrences. The eclogites in 

general have higher lithium contents than the peridotites 9 and 

appear to lie in an intermediate position between the peridotites 

and the associated kimberlite. 

It is not possible to indicate whether the deterrninati ons 

reported are a primary or secondary fGature of these eclogites. 

BERG (1968) has shown that the sodium content of the eclogites 

is largely primary, and it is possible that this is true for 

li thi urn also. The lithium values obtained do not appear to 
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depend on the degree of alteration of the samples, nor do they 

appear to be dependent on the mineralogy of the sample. Further 

investigations are required. 

SECTION FOUR 

Thorium and Uranium 

The distribution trends of the rare radio-active elements 

thorium and uranium are similar in igneous rocks. Both have 

characteristic oxidation states of four and their ionic radii 

are 

These radii are far greater than the radii of any other 

naturally occurring R4+ cations except Ce4+. The highly charged 

abundant cations such as Si4+, Al3+ Fe3+ and Ti4+ are so much 

smaller than Th4 +and u4+ cannot substitute for them in their re-

spective minerals. The radii of N~+ and ca2 + are similar to 

those of Th4 +and u4 +but the large charge difference prevents 

appreciable substitution of the radio-active elements in the 

plagioclase structu~e. As a result, thorium and uranium are 

concentrated in acidic rocks, and as a rule, are present ih low 

concentrations in basic and ultrabasic rocl~. The trend is 

therefore similar to potassium, although it is due to different 

reasons. 

The Th/U ratio for the average chondritic and crustal 

material is approximately 4. The rate of increase of thorium 
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concentration with differentiation seems, however, to be slightly 

greater than that of uranium. As a result the Th/U ratio tends 

to increase in acidic rocks.· The ratio may fluctu?te ~uite widely 

within one rock se~uence. 

Thorium and uranium are fairly readily accepted into accessor,r 

minerals such as allanite, apatite, epidote, monazite, sphene, 

zircon and members of the thorite group. 

However, although much of the thorium and uranium may be 

incorporated in these accessory minerals, some cannot be accounted 

for in this way. HURLEY and FAIRBAIRN (1957) have suggested that 

this may be due to the development of a late phase carrying Th &~, 

along grain boundaries. This has been demonstrated to be the case 

for an eclogite from Delegate, Australia by KLE~~N and LOVERING 

( 1967). 

Thorium and uranium were determined in fifty-tw·o kimberli tes 

from eleven occurrences. The range of thorium values obtained 

is 5.2ppm to 60.5ppm. and that of uranium from l.Oppm to 7.5ppm. 

The ThJtr ratio varies from 2.58 to 9.95. (Table B 14). The 

variation of thorium content is greater than that of uranium, 

resulting in high Thjij ratios. 

Several points are worthy of comment. 

(1) fhe kimberlites fr~n the Kimberley area, all major pipe-like 

occurrences in their surface expression, have similar thorium and 
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uranium contents and Th/U ratios, which are close to the common 

average o:f 4. 

(2) The kimberlites from Jagersfontein and Ko:ffiefontein, which 

are also pipe-like bodies, have similar thorium and uranium con-

tents to those of group (1), and similar Th/U ratios. 

( 3) The kimberli tes from ]ells bank and Southern Fissures, two 

narrow dykes, are characterised by high thorium and uranium and 

high Th/U ratios. 

(4) Two kimberlite occurrences, intermediate in the character of 

their surface expression, Roberts Victor and Ne-vrlands; show the 

same features as (3), 

The Newlands occurrence consists o:f four small pipes and a 

"blow" aligned along a narrow dyke of kimberlite. This dyke 

continues in the direction of the Frank Smith Mine and is possibly 

closely related to the ]ellsbank dyke. The kimberlite is inter-

' mediate between typical micaceous kimberlite such as is found at 

the Southern Fissures occurrence, and the basaltic kimberlite 

characteristic of the Kimberley Mines. 

The Roberts Victor Mine consists of two large "blows" and 

two small pipes. It appears to coincide with the line of a per-

sistent dyke. The kimberlite is micaceous. 

(5) The high average Th/U ratios from kimberlites from Newlands, 

Roberts Victor, ]ellsbank and Southern Fissures, may indicate that 
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these are more differentiated than those from the other localities 

studied. Not much is lmovm about the Southern Fissures occurrence, 

but the other three are notable for tho high amount of eclogite 

which they contain. 

This is interesting as O'HARA and YODER (1967) have suggested 

that eclogite crystallises at depth from a li~uid obtained as a 

product of partial melting of garnet peridotite. They infer that 

this li~uid has fugitive, (and obviously more differentiated} 

components, which have a composition similar to the groundmass 

of kimberlite. 

(6) The thorium and uranium content of the kimberlites is not 

closely related to the potassium content. 

General Discussion 

TATSIDWTO and LOVERING (1968) report ll.Oppm. Th, 2.69ppm, 

U ru>d a Th/U ratio of 4.1 for one sample of kimberlite from 

Kimberley Mine. This is within the spread of values reported 

here for kimberlite from other closely related pipes. 

TATSIDIOTO and LOVERING have determined thorium, uranium and 

lead in this single kimberlite and a single eclogite inclusion 

from the Roberts Victor Mine. AssTh~ing that the isotopic 

composition of the lead in the kimberlite of the Roberts Victor 

Mine is not significantly different from that of the Kimberley 

Mine, and assuming that the contamination from the host magma is 
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insignific~~t, they have deduced that the eclogite xenolith 

is of "accidental origin". Whether this deduction is corre'ct or 

not, neither assumption appears to be valid. 

The Roberts Victor kimberlites contain much more thorium and 

uranium than the Kimberley Mine sample, and appear to have a 

higher Th/U ratio. The two Roberts Victor ldmberlites analysed 

in this study reflect two distinct types. KRV 12 vrould appear to 

be more typical than KRV 13, as it is closely related to the other 

kimberli tes. 

Six samples of Roberts Victor kimberlite were investigated 

in this study. Five have a similar appearance to each other, 

in thin section, and a similar chemical composition. KRV 12 is 

one of these five. KRV 13 is the sixth kimberlite sample. 

The Th/U ratio of KRV 12 is 6.16, very close to the value of 

5·9 reported for the Roberts.Victor eclogite. 

It is suggested that 

(1) in view of the evidence presented in this study of the 

secondary alteration of Roberts Victor eclogite; 

(2) as thor~um and uranium are not readily accepted into the 

structure of the prima~7 minerals of eclogite; and 

(3) as the kimberlite contains much more thorium and uranium 

than the nodules, substantial contamination of the nodules may have 

occurred. The nodule would then be expected to reflect the Th/U 

ratio of its host kimberlite. 
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This conclusion is not confirmed by HEIER (1963) vrho 

analysed a number of eclogite samples from kimberlites, including 

several from Roberts Victor. Low Th/U ratios of 0.7-2.5 were 

reported. 

However, the statistical errors quoted for some of these 

determinations was ! 50%· Further accurate analyses are re• 

quired to resolve the apparent discrepancy between the determina

tions of HEIER, TATSUMOTO and LOVERING ( 1968) and LOVERING and 

MORGAN (1963). 
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CHAPTER SE'V'DT 

FURTHER DISCUSSION 

It has been shown that ultrabasic xenoliths from kimberlite 

occurrences have undergone secondary :processes which have altered 

the primary distribution of the trace constituents in particular. 

The elements most affected are those which cannot substitute 

readily into the major mineral phases of the nodules, such as 

potassium, rubidium and cesiurJ. Titanium, phosphorus, uraniUln, 

thorium, barium, strontium, zirconium, hafnium and niobium are 

similar elements in this respect and have been referred to as 

"incompatible elements 11 ( G~T and RIJITGIWOD 1966). In kimberlite, 

all are present at much higher concentration levels than in average 

ul trabasic rocks, (DA.USQlif 1967), and contamination of the xeno

liths may occur. 

Detailed studies of the element distributions in the indi

vidual, pure, primary and secondary mineral phases are required. 

It may then be possible to estimate both the degree of contamina

tion which a xenolith has undergone and its original composition. 

However, in order to do this, it is necessary to identify 

1vi th certainty the primary and secondary minerals. In addition, 

it is necessary to bear in mind that kimberlite itself contains 

diamond and aL~ost certainly has its origin witlrin the upper 

mantle. 

It has been shown in Chapter Six that, assuming there is 
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only one generation of brovm mica in kimberlite xenoliths, all the 

mica is of seconda17 origin. However, the assumption is not 

necessarily correct, ru1d it is possible that there may be primary 

phlogopi te present in some nodules together vri th one or more gene

rations of secondary phlogopite. If this is so~ it may be diffi

cult to differentiate between the varieties as ohemical and isoto

pic homogenisation may have occurred during the secondary pro-

cesses. 

The presence of one or more potassium-bearing minerals in 

the upper mantle may be necessary to explain the observed charac

teristics of alkali and tholei tic basalts and to account for the 

kimberlites themselves. 

RINGWOOD and G~J (1966), OXBURGH (1964), HARRIS (1957, 

1967), NICOLLS (1967), YODER and TILLEY (1962) and GREEN (1968) 

agree that it is difficult, if not impossible, to account for the 

variations in concentrations of the "incompatible elements" in 

tholei tic and alkaline basal tic magmas by conventional fraotiona-

ti on processes. Such mechanisms as "zone refining" or "wall 

rock reactions" have been invoked to explain these features. 

Phlogopite would readily accommodate some of these 

"incompatible elements", such as potassium, rubidium, cesium, 

titanium and phosphorus. The mineral has been shown to be stable 

under temperature and pressure conditions which are expected to 
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prevail down to depths of l50-200l<m. in the earth. (KUSIURO et 

al., 1967). NICOLLS (1967) has shown that the presence of 

phlogopi te in the part of the upper mantle from ·which alkali 

basalts are derived would explain their nepheline normative charac

ter and the concentration levels of potassium in particular, 

OXBlJRGH (1964) suggested the presence of amphibole as a 

potassium-bearing mineral in the upper mantle. HART et al, (1967) 

reported high K/Rb ratios in amphiboles, and the presence of up 

to 15% amphibole in the peridotite of St. Paul's Rock. KUSHIRO 

et al. (1967) have suggested that amphibole may be stable at 

relatively shallow levels in the upper mantle (-... lOOkm). They 

have proposed that amphibole and phlogopite may co-exist in these 

relatively shallow levels, but that there will be relatively less 

phlogopite in these regions than at greater depths. 

There is evidence that the alkali basaltic magmas .originate 

at greater depths than the tholeites. (YODER ru1d TILLEY, 1962). 

DICKINSON' and EATHERTON (1967) have related increasing potassium 

content to increasing depth of origin for andesites. 

It is interesting to note that if increasing potassium content 

can be related to increasing depth of origin then the observed 

K/Rb ratios for tholeitic and alkali basalts may be explained in 

terms of mineralogical control. 

The tholeites 1 derived from partial melting of the mantle 
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at relatively shallOi·r depths where amphl bole is stable, will have 

high K/Rb ratios, Hhich reflect the K/Rb ratio of this mineral. 

Those alkali basalts derived from the greatest depths, vrill reflect 

the K/Rb ratio of phlogopite which can be expected to be much lower 

than that of amphiboleo Basalts derived from intermediate depths 

may have intermediate K/Rb ratios depending on the relative pro-

portions of amphibole and phlogopite present. 

Kimberli tes, which contain diamonds, and must therefore be 

derived from very great depths in the upper mantle, are also 

highly potassic ru~d contain abundant phlogopite. It has been 

suggested that the potassic nature of kimberlite can best be 

explained by the assimilation of granitic material into a parental 

magma, possibly oarbonati te (TURI~ER and VERHOOGEN 1960; DAvlSON 

1960). 

Thls does not explain the high titanium content of kimberlite. 

Kimberlite also has an unusually high K/Na ratio which can be 

accounted for only if the carbonatite assimilates only the ortho-

clase from the granite. 

BAILEY (1964) has shown that the reactiong

K20 • Al2o3 • 6 Si02 + 6 ( CaO • MgO • CQ2 ) + 2H20 

Orthoclase Dolomite 1-Tater 

~ K20 • 6Mg0 • Al 2o
3 

• 6 Si02 • 2 H20 

phlogopite 

+6(Ca0. C02) + 6 C02 

Calcite Carbon dioxide 
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proceeds to the right at high teQperatures. Hm·rever, the conspi-

cuous lack of thermal metamorphism on the wall rocks of most kim-

berlites 9 and the presence of felspathic granulite, granite and 

arkose containing unaltered potash felspar, implies a low tempera-

ture for the final emplacement of kimberlite. Any granitic 

assimilation must therefore· have been carried out at depth. Fresh 

felspathic inclusions have been observed by the author in the 

Wesselton Mine and elsewhere, and are recorded by EDWARDS and 

HOWKINS (1966) at the Williamson Mine, Tanganyika, and by WILLIAMS 

( 1932). 

Mru~y of the observed features of kimberlites and its 

xenoliths can be explained by an alternative ~~pothesis proposed 

by 0'11A.BA ru~d YODER (1967), which does not invoke sialic assimila-

tion. 

At the depths in the upper mantle at which kimberlite is 

thought to originate, it is proposed that the undepleted mantle 

is a four~phase garnet peridotite. When partial melting occurs 

f0llowed by high pressure fractionation, bimineralic eclogite may 

form as a crJstal accumulate. The fugitive liquid from this 
; 

fractionation would have the chemical composition of the groundmass 

of kimberlite. 

In support of this idea, it has been experiQentally shown 

that the partial melting of garnet peridotite at 30kb. occurs 

at a lower temperature than the partial melting 'of eclogite. 
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The eclogites, even from one occurrence, show extreme variation 

in chemical composition. SCHUTTE (1967) reports variations in 

alUL1ina content from 6.6% to 44.7% in eclogites from the Bellsbank 

Kimberlite occurrence. }ITLLIAMS (1932) reports wide variations 

in the composition of eclogite from Roberts Victor. Banded 

specimens are known, and the presence of volatile rich fractions 

along grain boundaries, may represent intercumulitic material 

as w-ell as secondary alteration products. (Some phlogopite may 

be introduced in this w-ay,) 

The garnet peridotites and the peridotites in general, 

appear to be far more constant in coraposition than the eclogites. 

The peridotites are certainly more common than eclogite 9 and have 

been found, by the author, to be present in every kimberlite 

occurrence in w-hich they have been sought. In most kimberlite 

the number of peridotite xenoliths present is much greater than 

the number of eclogites. On the Bultfontein Mine dumps, two 

hundred and fifty ultrabasic nodules were inspected, and every 

one w-as peridotite. 

These obse:;r:va ti ons are in accord i'ri th the hypothesis of 

O'HARA and YODER (1967). Em-rever, the extremely high concentra-

tion of the "incompatible elements" in kimberlite is greater 

than that in alkali basalts. Minor phases in the mantle are 

again indicated, and besides phlogopi te, these may include il

menite, apatite and zircon. 
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SEIFERT and SCHREYER (1968) have shown experimentally that 

the presence of a potassium and water-rich phase can greatly lower 

the temperature of initial melting of ru~ olivine-enstatite assem-

blage, and could lead to the low temperature emplacement of a 

phlogopite-forsterite rich body in which enstatite is unstable. 

This would appear to have a great resemblance to a kimberlite 

intrusion. It is possible that the presence of a potassium-rich 

phase in the mantle has an important role to play in the emplace-

ment of kimberlite. 

Recent ru~alyses of diopsides from garnet peridotites by 

electron-probe, confirm that the potassium content of tPis major 

phase is low (BOYD 1967). In one case, it is less than 20ppm. 

MEYER (1968) reports no detectable potassium in a garnet inclusion 

in a diamond. The olivine and ortho-pyroxene are equally unlikely 

to contain appreciable potassium, as there are no suitable lattice 

sites available. The potassiur.1 must therefore be accommodated 

in a minor phase, (e,g. phlogopite), 

RICKWOOD, MATHIAS and SIEBERT (1968) have investigated the 

physical properties, including cell sizes, of garnets from garnet 

peridotites and eclogites. They have shmm that ga;mets from 

garnet peridotites have a small range of properties and these 

reflect a small range in composition, mainly of the pyrope end 

member. 
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The garnets from eclogites and pyroxeni tes show a wide range 

of physical properties reflecting a wide range in chemical composi

tion. 

However, the optical properties of peridotitic garnet do not 

overlap with those of the eclogitic ~~d pyroxenitic garnets, and 

this must also apply to their respective chemical compositions. 

The data of MEYER (1967, 1968) indicates that the garnet 

inclusions found in dirunonds are similar to eclogite and pyroxenite 

garnets, and not p~ridoti te garnets. It has been suggested on the 

basis of synthetic diamond synthesis that di&nonds will only grow 

from solution in nature (GIARDINI ru1d TYDINGS 1962). It is 

possible that the conditions within the mantle which lead to the, 

partial melting of garnet peridotite, and the subsequent accummu

lation of eclogite may sometimes also be suitable for the formation 

of diamonds • 

This is a possible explanation for the fact that dirunonds 

have been reported as inclusions in eclogite, (BOlU~EY 1899, 

CORSTORPHHTE 1907, HOI.JviES 1937, McGREGOR 1967, St-TITZER and MELSON 

1968, SIEBERT et al,, In Preparation), whilst no occurrence of 

diamond in the much oore common garnet peridotite has been recorded. 

The essential linking factor between eclogite and diamond 

would be that the formation of either must be preceded by the 

production of a partial melt within the upper mantle. If the 
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degree of :partial melting, the temperature and :pressure conditions 

in the mantle, and the time factor in transport to the surface 

are sui table, an association of eclogite and diamond may be found. 

This association could be expected to apply to :pyroxenite also. 

The ideas and data of several workers, when taken together, 

therefore, :provide a theoretical explanation for an observed 

feature w·hich had not :previously been dealt with satisfactorily. 

This is, in itself, evidence in favour of the original ideas, 

including those of 0 1 HARA and YODER (1967) mentioned earlier. 
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ERRATUM 

+ HEIER and ADAMS (1964) has b~en 
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