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ABSTRACT 

Methods of so lvent extraction have been deve l oped for the 
determinat ion of ga l l ium , indium , and tha l l ium in meteorites and 
other geological mater i a l s . The extract ion of ga l l ium is bas ed on 

forming a chloro comp lex in  HC l s o lut ion and extraction into 
MIBK . I nd ium was extracted into the s ame so lvent a s  an iodo 
complex in  an HBr + KI med ium to wh ich KOH had been added . 

Tha l l ium was a l so extracted a s  an i odo complex from a H2S04 + K I  

medium with addition of K2HP04 as a s a lting out agent . Ser ious 

interference from iron ( I I I )  was  e l iminated by adding KI to reduce 
this element to its diva lent state that was not extractabl e  i nto 

the organi c  phase . 
Graphite furnace atomic absorption spectrometric techniques 

were emp loyed to determine thes e  three elements in the MIBK phase 
after extract ion from the aqueous phase . Very low l imits of 
detect ion ( l . o . d . ) were obta ined with these methods . It wa s 

poss ible to lower the l . o . d  for these elements e ither by 

increasing the aqueou s j organic phase rat io before extract ion , or 
by mult iple loading i n j ect ions . 

Us ing the deve loped methodo l ogy , ga l l ium , indium , and 

thall ium were quant i f ied in iron and chondr itic meteor ites as 
well as in Cretaceous/Tert iary boundary clays , and some volcanic 
emi ss ions . 

The data for thallium abundances in 4 9  iron meteorites were 
the f irst ever recorded for th i s  type of meteorite and a l lowed 

for taxonomic separation of the var i ous groups of irons . 

Indium abundances were only r ecorded in s ix chondrites 
because of the very low concentrat i ons in iron meteorites . 

My data for tha ll ium and other e l ements were used to 
class ify the previous ly non- stud i ed Manitouwabing i ron 
meteorite . 

All  three Group I I IA e l ements were determined in  
Cretaceou s / Tertiary boundary clays and it was shown that these 
and other chalcoph i l e  elements have an abundance greater than 

that which wou ld have been expected from e ither a vo lcanic or 

impact-derived source . Poss ible s ources of thi s  enr ichment are 
discus sed . 
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I - 1  INTRODUCTION 

GENERAL INTRODUCTION 

I - 1 - 1  D i s covery o f  G�oup I I IB E l ements 

8 

The French chemist Lecoq de Bo i sbaudran who with Bunsen , 

Kirchof f  and Crookes ranks as one o f  the founder s  o f  the 

sc ience of spectroscopy discovered ga l l ium in 1 8 7 5  11•21 . For 

some f i fteen years he had been studying spectra and had found 

that the spectral  l ines emitted by incandescent vapours o f  

d i f ferent meta l s  of one fam i ly were repeated with s im i l ar 

regu lar variations and a common genera l pattern . Anx ious to 

ident ify this l aw for the a luminium fami ly , and to d i scover 

one of the miss ing e l ements between a luminium and tha l l ium , he 

sought the new e l ement among the minor const ituents of 

minera l s . In the same year Mende leev real ised that ga l l ium 

corresponded to h i s  eka-a lumin ium and further stud ies o f  its 

propert ies revea l ed a remarkable correspondence between the 

propert ies pred icted and found . 

The f irst appreciable quant ity ( over 1 g )  o f  ga l l ium 

met a l  wa s iso lated from several hundred kilograms of crude 

z inc bl ende . It invo lved dissolut ion in acid , depos ition with 

z inc , prec ip itat ion of hydroxides , dissolut ion of the 

prec ip itate in  hydroch loric acid , eo-prec ip itat i on with ZnS 

using H2S ,  repeated precip itation of hydrox ide , d i s s o lution in 

caust ic potash and f inally e lectrolys is . 

I ndium was discovered 11•31 in 1 8 6 3  by F . Re ich , a Professor 

of Phys ics at the Fre iberg School of Mines , and h i s  a s s i stant 

H . T . Richter . They were examin ing samp l es o f  zinc b lendes from 

Freiberg for tha l l ium . Spectrographic examinat i on of a crude 
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zinc chloride liquor showed a brilliant indigo blue line whi ch 

had not been observed before . After separation o f  thi s  new 

element they named it indium from its flame colorati on . 

separat ion o f  the new element was achieved by caut iously 

heating a mixture of indium oxide and sodium carbonate on 

charcoal by means o f  a blow pipe . A pure sample was also 

isolated from impure zinc . Unlike aluminium which had been 

known to be present in the earth ' s  crust for about a hundred 

years before its i s olat ion , indium was d i scovered and i solated 

in the same year . 

Thallium was f irst d iscovered in 1 8 6 1  by Willi am Crookes . 

From spectroscopic examination of some res idues from a 

sulphur i c  acid plant he observed and described a bright-green 

line that flamed into view and quickly d i sappeared . He 

concluded that the material must conta i n  a new element . The 

green line in the spectrum recalled the colour of spr ing 

vegetation and so  he called the element thallium from the 

Greek thallas, a young twig . He announced h i s  d i scovery in the 

j ournal that he founded and ed ited �. About the s ame t ime , 

Crookes and a French chemist C . A .  Lamy isolated metallic 

thallium in May 1 8 6 2  and independently observed the green line 

in the emi s s ion spectrum . 

I - 1-2 Chemistry of Group I I IB E l ements 

To develop and understand analytical methods f or the 

group I I I B  elements , some particular propert ies of the 

elements and their compounds should be f irst cons idered . 

Solid gallium has a slightly blui sh appearance and the 

liquid has a whiter colour rather like solid s ilver . I ndium i s  

s ilvery-white with a blui sh tinge and h a s  a br illiant metallic 

lustre . It  i s  duct ile and softer than lead . Thallium is 

greyish-wh ite , heavy , soft , readily moulded - even by hand -

and duct ile . The melt ing and bo iling po ints o f  gallium , 

indium and thallium are given in Table I - 1 . 
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Table I-1 Melting and Boiling Points of Ga, In and Tl 

E l ement m . p . (°C )  b . p . {°C ) 

Ga 2 9 . 8  2 2 5 0  

I n  1 5 6 . 2  2 0 7 0  

T l  3 0 2 . 4  1 4 5 3  

Chemica l ly ga l l ium i s  s imi lar t o  z inc and less  react ive 

than a lumin ium . It does not corrode in the a ir owing to an 

invi s ib l e  surface f i lm of oxide . At red heat in dry a ir or 

oxygen the surface tarnishes to a greyish-blue , due to a 

super f i c i a l  coat ing of oxide . Comp lete oxidat ion i n  dry oxygen 

occurs at about 1 0 0 0°C . Deoxygenated water has no e f fect at 

1 0 0°C , but oxidat ion by water occurs at 2 0 0°C in an autoclave . 

Pure gall ium is s l owly attacked by d i lute mineral ac ids . 

It is s o luble in hot nitric , concentrated hydro f luor ic and hot 

concentrated perchloric ac ids . Mixtures of HCl + -HN03 and HCl + 

HC104 can d i sso lve it rap idly . The gal late anion i s  formed when 

the meta l is reacted with aqueous a lka l i , hydrogen and an 

alka l i  metal . 

The amphoteric character of ga l l ium is one o f  its 

pr inc ipa l characteristics and distinguishes it from ind ium 

tha l l ium .  Ga l l ium oxide i s  more acidic than a lumina , so  

ga l late ( I I I )  so lut ions are less suscept ible to hydro lys i s  

aluminates . Advantage is taken o f  th is d i f ference in  the 

commer c i a l  separat ion from a lumin ium . 

Ga l l ium salts are genera l ly very soluble in  acid 

solut i on . For examp le , a quant ity of more than 13  g GaC13 

and 

than 

dissolves 1n lOO g of a saturated aqueous solution of HC l at room 

temperature . Ha logens , except iod ine , react read i ly even in 
the cold . 

I nd ium i s  stable in a ir or oxygen , but on heating 

strong ly it  burns with a non-luminous blue-red f l ame to give 

indium ( I I I )  oxide . On exposure to the atmosphere , a thin 

tenacious f i lm forms , s imi lar to the one appearing on 

alumin ium but read i ly soluble in  hydrochloric acid . The metal 

surface rema ins bright up to a l ittle above its me lting po int . 



At h igher temperatures a surface oxide i s  formed . I t  does , 

however , oxidi z e  at ordinary temperatures in  mo ist a ir 

containing C02 , especi a l ly i f  the met a l  i s  contaminated with 

iron . 
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Indium dissolves s lowly in cold d i lute minera l a c ids , 

more readi ly in  hot d i lute or concentrated acids , t o  g ive 

indium ( I I I )  s a lts  and hydrogen . Indium dissolves in  hot nitr i c  

acid with format ion o f  oxides and n itrogen . I t  i s  a l s o  soluble 

in acetic acid and oxa l ic acid . The chemica l reactivity of 

indium meta l i s  less  than would be expected from its e lectrode 

potent ia l . 

When heated , ind ium reacts with the halogens , sulphur , 

selen ium , nitrogen and phosphorus . I t  reacts with atomic 

hydrogen and atomic n i trogen to  give hydride and n itride 

respect ive ly . 

The toxic ity of compounds of ga l l ium and indium i s  low 

and depends upon the type o f  compound and the means of 

administrat ion . 

I n  moist a ir at norma l temperatures , tha l l ium quickly 

becomes covered with a grey f i lm of tha l lous oxide ( T l20 )  wh ich 

turns brown at - 1 0 0°C . The ef fects of pol lutants on the 

atmospher ic corros ion of tha ll ium have been stud ied . At room 

temperature , oxygen gives both oxides ; oz one g ives Tl203• 

Tha l l ium i s  una ffected by dry oxygen or nitrogen , and by water 

conta ining no a ir or oxygen . Water containing d i s so lved a ir or 

oxygen rapidly corrodes the metal to the hydroxide , T lOH . 

Aqueous hydrogen h a l ides act weakly on tha l l ium on 

account o f  the poor s o lubi l ity of the monoha l ides . It 

disso lves readi ly in  d i lute sulphur i c  acid and most rap idly in 

0 . 2 5 M nitr i c  acid . 

Tha l l ium does not combine with boron , carbon , s i l icon or 

carbon d ioxide . It begins to react with hydrogen at 6 0 0°C . 

Atomi c  hydrogen i s  absorbed by the met a l  to form an  unstable 

hydr ide . The metal reacts with the halogens at ord inary 

temperatures , but react ion is s low for a l l  except f luorine . 

Tha l l ium compounds are toxic , tha l lous i on s o lut ions 

exceedingly s o . Toxic effects have been studied in  bacter i a , 

animal s  and humans . 



I - 1 - 3  Geochemistry of Group I I I B  E l ements 

The pr imary geochemica l d i f ferentiation of e l ements was 

first suggested by Go ldschmidt ��. In his system , an  element 
·' 
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may be class i f ied into four groups acco�d ing t o  its 

geochemica l affinity : s i deroph i l e ,  cha lcophile , l ithoph i l e  and 

atmoph i l e . The group I I IB elements , ga l l ium , ind ium and 

tha l l ium , are cha lcoph i le . The geochemical character of an 

el ement is large ly governed by the e l ectronic conf iguration of 

its atoms and hence is closely re lated to its systematic 

position in the Periodic Table . For examp l e , the cha lcoph i l e  

elements are those of the boron subgroup whose ions have 1 8  

electrons in  the outer she l ls . 

Ga l l ium , ind ium and tha l l ium have a low abundance in the 

Earth ' s  crust and tend to occur at low concentrat ions in  

sulph ide minera ls rather than a s  ox ides , though g_a l l ium i s  

a l s o  found associated with a lumin ium i n  baux ite � 
Ga l l ium ( 1 9 �gjg ) in the earth ' s  crust is about as 

abundant as N,  Nb , Li  and Pb , and it i s  twice a s  abundant a s  

boron ( 9  �g/g ) but i s  more d i f f i cult t o  extract because o f  the 

absence of maj or ga l l ium-contain ing ores . The h ighest 

concentrati ons of this element ( 0 . 1 - 1 % ) are in the minera l 

germanite ( a  comp lex su lph ide o f  Z n ,  cu , Ge and As ) . 

Concentrat ions in spha lerite ( Z n S ) , baux ite , or coa l , are a 

hundredfold less . Gal l ium a lways occurs in  assoc iat ion with 

either z inc or german ium , its neighbours in  the Per iodic 

Table , or with a lumin ium in  the same group . It was former ly 

recovered from f lue dusts emitted during sulph ide roast ing or 

coa l burning (up to 1 . 5 % ga l l ium )  but is now obta ined as a 

byproduct of the vast a luminium industry s ince bauxites 

contain 0 . 0 0 3 - 0 . 0 1% ga l l ium . Comprehens ive surveys of the 

occurrence of ga l l ium in various ores , rocks and minera l s  have 

been presented and summar ised by severa l workers 15•7•91. The 

relat ive ly sma l l  proportion of ga l l ium not associated with 

aluminium , occurs in certain sulphide minera ls . Th i s  ref lects 

the increas ingly cha lcoph i l i c  character of the main group I I IB 

elements . 
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Ind ium a s  a met a l  does not occur natura l ly ,  and i t  does 

not form its own minera l s . It occurs , however , as trace 

amounts in most z inc blendes and tin ores . I n  the combined 

state it is  widely di str ibuted but in minute quantit ies . Its 

abundance in the Earth ' s  crust ( 1 0 �gjg ) is  about the same as 

si lver . It has been f ound in many countries - Rus s i a , F i n land , 

Sweden , Japan , Germany , Ita ly , Peru , Canada and the United 

states . Indium ( 0 . 2 1 �gjg ) is s imilar in abundance to antimony 

and cadmium . 

I nd ium i s  found in minute amounts in many minera l s , most 

of which conta in less.than 0 . 1% ,  though pegmatite d ikes o f  

western Utah are reported t o  conta in up to 2 . 8 % indium . I n  

minera l s , indium is  d i st inct ly cha lcoph i l ic . I t  i s  frequently , 

but not exclus ively , concentrated in sulphide minera l s . I t  is  

genera l ly found in z inc blendes , but un l ike german ium i s  found 

in blendes that are geo logica l ly old . It has been reported in 

cyl indr ite , cha lcopyr ite , smithsonite , tungsten minera l s , 

frank l inite , ca laminite , a lunite , rhodon ite , phl ogopite , 

siderite , pyrrhot ite , cass iterite , wol framite , htibernite , 

samarskite , t i n  ores , l ead , lead-tin bul l ion and in the 

Cottrell  f lue dust in the recovery of cadmium . 

In common with many of the rare meta l s , indium becomes 

concentrated in various byproducts during recovery of other 

meta ls , principa l ly lead and z inc . It is most frequent ly 

associated with z inc and so  is  recovered commerc i a l ly from 

z inc res idues and sme lter s l ags . 

Tha l l ium i s  widely d i str ibuted , but has genera l ly very 

low concentrati ons . Estimates 1 1 0• 1 1 1 vary from 0 . 1 - 1 0  �gjg for 

its abundance in the Earth ' s  crust , but a commonly accepted 

figure is  0 . 3  �gjg �� . It has a lso  been detected in vo lcanic 

rocks , meteorites and in p lants 15• 1 1• 1451 . 

The geochemistry o f  tha l l ium is dominated by the fact 

that Tl+ and Rb+ have c losely s imi lar ionic radi i .  Both are 

concentrated in the later stages of magmatic crysta l l i sation 

of potass ium minera l s  such a s  felspars and mica s . However , 

tha l l ium occurs not only in oxide minerals  but i s  a lso  a 

cha lcoph i l ic element . Nearly a l l  industrial tha l l ium i s  

extracted from sulphide minera l s . 



There are few tha l l ium minerals  and these are the rare : 

crookes ite ( Cu , T l , Ag ) 2Se , lorandite TlAsS2 , urbanite TlAs2SbS5 
and hutchinsonite ( Tl , cu , Ag ) 2S . PbS . 2AsS3• The most important 

ones are crookes ite , occurr ing pr incipa l ly in Sweden , and 

lorandite , found in Greece . Minute traces of tha l l ium are 

found in numerous rocks and in many cupriferous pyrites . 
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I t  i s  s igni f icant that the two related elements indium 

and tha l l ium behave so  d i f ferent ly when entering sulphide 

minera l s . Th is i s  due to a d i f f erence in  ionic rad i i .  The 

sma l ler indium genera l ly rep laces z inc in  sphaler ite whi l e  the 

larger tha l l ium w i l l  rep lace lead in galena w. 

The geochemistry of ga l l ium , indium and tha l l ium has been 

we l l  summarized by Shaw [I2l 

I-2 REVI EW OF ANALYTICAL METHODS 

Ana lytical methods for the determinat ion of ga l l ium , 

ind ium and tha l l ium at the micro leve l have been publ i shed in  

many papers and books wh ich inc lude both class ical  and modern 

instrumental techniques . A review of analytical methods for 

group I I I B  elements is br ief ly summar i z ed as f o l l ows . 

I - 2 - 1  Separation and Enr i chment 

No matter what type of samp l e  is to be ana lyz ed , 

interferences are a lways present and can serious ly af fect the 

accuracy of the results . Hence , chemical analyses a lmost 

always inc lude two essent i a l  steps: separat ion and enr ichment . 

Separat ion is requ ired to remove the analyte from interf erents 

in the original samp l e , and enr ichment is needed to achieve 

better sens itivity and reproducibi l ity . 

Due to the group I I IB e l ements being present in natural 

samp les at extremely low concentrat ions ( from �g/g to ngf g ) , 

it i s  neces sary to separate them from their matr ix in any type 

of analytical technique . The s amples that I wished to ana lyz e 

in thi s  present work had a very complex compos ition . For 

examp l e , in iron meteor ites , the iron and nicke l  contents 

average 8 8 %  and 8 %  respect ive ly . These two elements ser ious ly 

af fect the behaviour of the group IIIB  element in  f l ameless 

atomic absorpt ion spectrometr ic analys i s . 
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There was  c learly a need for an effic ient separation 

procedure , espec i a l ly for iron meteorites , and this was one of 

the primary a ims of this  present work . 

i .  Coprecip itation 

One pos s ible separation techn ique for group I I I B  e l ements 

may be to precip itate them a s  hydroxides with reagents such as 

ammonium hydroxide . 

Ga l l ium can be separated from other elements by 

precipitation with ammonium hydroxide in the presence o f  an 

excess of ammon ium chloride , but an excess of ammonium 

hydroxide i s  to be avoided , for the prec ipitate is  appreciably 

so luble in this reagent . 

Prec ipitation of ind ium with ammonium hydroxide i s  very 

s im i lar to the method used for ga l l ium but must be in the 

absence o f  tartaric acid that inhibits the precipitation . 

Other reagents can a l s o  be used for the precipitati on of 

ga l l ium and ind ium . For examp l e , Moser and Brukl ll3J recommended 

precipitat ion of ga l l ium by tann i n  in a bo i l ing 2 %  acetic acid 

so lution in the presence o f  2 %  of ammonium nitrate that can 

separate ga l l ium from z inc , nicke l ,  coba lt ,  manganese , 

cadmium , bery l l ium and tha l l ium . 

Barium carbonate can be used to precipitate ind ium in an 

ammon ium acetate-aceti c  acid so lution l 141 . Prec ipitat ion by 

potass ium cyanate l151 is a l so  said to give quant itative 

separat ions of indium from z inc , nickel , sexiva lent chromium , 

and , with s l ight mod i f i cations , from coba lt . 

Tha l l ium can be precipitated as tha l l ous iodide where it 

is separated from elements such as cadmium , iron , a luminium , 

chromium , cobalt , nicke l , z inc , manganese , a lka l ine earths , 

magnes ium and the a lka l i  meta l s . 

i i . Ion Exchange 

a .  Separation by Cat ion Exchange 

The adsorption character istics of ga l l ium , ind ium and 

tha l l ium on the strongly acid cation exchange resins B i oRad AG 

SOW and Dowex 5 0 ,  X4 have been summari z ed in Table I - 2  l16-1 81 
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Table I-2 Distribution Coefficients of Group IIIB Elements 
in Mineral Acid Media on Stron�li Acidic Cation Exchan�ers 

Metal ions 

Ac id Molar ity Ga { I I I )  I n ( I I I )  T l ( I )  T l ( I I I )  

HN03 0 . 1  > 1 04 > 1 04 1 7 3  
0 . 2  4 2 0 0  > 1 04 9 1  
0 . 5  4 4 5  6 8 0  4 1  
1 . 0  9 4  1 1 8  2 2 . 3  
2 . 0  2 0  2 3  9 . 9  
3 . 0  9 1 0  5 . 8  
4 . 0  5 . 8  5 . 8  3 . 3  

H2S04 0 . 0 5 > 1 04 > 1 04 4 2 5  6 5 0 0  
0 . 1 3 5 0 0  3 2 9 0  2 3 6  1 4 9 0  
0 . 2 5 6 1 8 3 7 6  9 7  2 0 5 
0 . 5  1 3 7  8 7  4 9 . 7  4 7 . 4  
1 . 0  2 6 . 7  17 . 2  2 0 . 6  1 2  
1 . 5  1 0  6 . 5  1 1 . 6  7 . 2  
2 . 0  4 . 9  3 . 8  8 . 7  5 . 2  

HCl 0 . 1  > 1 04 1 0  < 1  
0 . 2  3 0 3 6  8 < 1  
0 . 5  2 6 0 5 < 1  
1 . 0  4 2 . 6  1 1 
2 . 0  7 . 7  < 1  2 
3 . 0  3 .  2 <1  3 
4 . 0  0 . 3  <1  5 

From the d i stribut ion coe f f i c ients 1n Table I - 2 , it  can 

be seen that the decrease in adsorption of ga l l ium and indium 

with increa s ing acid concentration is espec i a l ly pronounced in 

hydroch loric acid media . This is due to the fact that these 

met a l  ions read i ly form anionic chloride complexes which are 

not reta ined by these resins even at re lative ly low acidities 

of hydrochloric acid . An except iona l behaviour i s  shown by 

tha l l ium ( I I I )  in hydrochloric acid so lution . 

A method for separation o f  ga l l ium from other elements 

has been descr ibed 1191 ,  The technique employs a co lumn of Dowex 

5 0  equ i l ibrated w ith <0 . 8  M hydrochlor i c  acid solut ion . The 

ga l l ium i s  eluted with 1 . 5  M hydrochloric acid . 

Concentrated e lectro lyte so lutions containing sod ium or 

l ithium chloride have been a l so  used to separate g a l l ium or 

ind ium from other elements us ing a co lumn of KU- 2 cation 

exchanger �� in 1 - 2  M hydrochlor i c  acid solution . 



Tha l l ium ( I )  can be absorbed on Amber l ite IR- 1 2 0  from a 

solution at pH 4 conta ining EDTA 1211. E lution of tha l l ium from 

the res in i s  achieved by means of 2 M hydrochloric acid . 

b .  Separation � Anion Exchange 
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Ga l l ium i s  strongly adsorbed on res ins of the quaternary 

ammonium type , from pure aqueous s o lutions , w ith hydrochloric 

acid concentrat ions exceeding JM ��. Start ing with thi s  

acidity , the d i stribut ion coeffic ient o f  ga l l ium increases 

from 80 to 1 05 in 7 M ac i d ,  a fter which it  decreases to become 

1 04 in 1 2 M  hydrochlori� acid . Under the same cond itions the 

d istribution coefficients of indium are 1 0 , 8 and.S 

respect ive ly �2•231. Whi lst tha l l ium ( I )  i s  only s l ight ly 

adsorbed at a l l  hydroch lor i c  acid concentrat ions ( 0 - 12 M ) , the 

adsorpt ion of tha l l ium ( I I I )  is f ound to decr�ase l inearly 

with increas ing mo larity o f  hydrochloric a c id . Thus , the 

d istr ibut ion coefficients o f  tha l l ium ( I I I )  in  2 and 1 2 M  acid 
·are 1 05 and 5 0 0  respect ively , suggesting stronger anion i c  

comp lex f ormation a t  lower acidities . 

Ga l l ium and indium can also be extracted with long-chain 

quaternary ammon ium hal ides disso lved in  to luene , ch loroform 

or trichlorethylene from aqueous media conta ining hydrochloric 

a�id arid l ithium chloride �1 

The use of different a c id medi a  can successfu l ly s eparate 

the group I I I B  elements from each other and from other 

elements . 

i i i . Other Chromatographic Methods 

Reversed-phase part it ion chromatography , on a column of 

cellulose acetate impregnated with dith i z one-chloroform , may 

be used to separate indium- 1 1 6  from other rad i onucl ides �1• 

Indium i s  reta ined on such a co lumn and thereby separated from 

other elements . Fina l ly the indium is eluted with 1 M 

hydrochloric acid . 

Paper chromatography { PC )  i s  used to s eparate ga l l ium and 

indium by using the mob i l e  phase of n-butanol -hydrochloric 

acid 1261 .  Under these cond i t ions ga l l ium trave l s  with the 



so lvent front and indium rema ins at the origin . Us ing a 

mod i f i cat ion of the mobile  phase with a 5 : 3 : 2  mixture of 

pheno l -methano l -concentrated hydrochloric acid , ga l l ium , 

indium and tha l l ium can a l so separated from each other �n . 
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Separat ion of tha l l ium from large amounts o f  iron ( I I I ) , 

t itanium and z ircon ium has been investigated [281 by use of 6 M 

hydrochloric acid , d i luted to f inal vo lume of 2 . 5  l itres with 

acetone . 

Radi a l  chromatography on paper has a l s o  been employed �� 

to separate tha l l ium ( I I I )  from comparable amounts of iron , 

copper , nickel etc . with a mob i l e  phase of n-butanol saturated 

in lM hydrochloric acid solution . 

iv . Extraction 

I t  i s  cl ear that extract ion is a powerful separat ion tool 

in ana lytical chem i stry . It  not only can separate ana lytes 

from others , but a l so can enr ich the ana lytes to increase the 

l imit o f  detect ion . Extract ion o f  group I I I B e l ements i s  based 

on an 

ion-as soc iat ion comp lex system in wh ich the elements form 

hal ide comp lexes in a hal ide acid med ium . Hydrochloric acid i s  

perhaps the most commonly used med ium f o r  many o f  these 

extract ive ana lyt ical procedures . 

Deta i l s of the extract ion procedure used in  this thes i s  

are given i n  Part 3 below . 

I - 2 -2 Gravimetric Methods 

In classical gravimetr ic methods f or the determination o f  

the group I IIB elements , they a r e  a lways weighed a s  their 

oxides : Ga203 , In203 , and T l203 [!31 . The principle o f  the method i s  

based on initial precip itation o f  triva l ent ga l l ium , ind ium 

and tha l l ium by ammonium hydroxide , cupf erron , or ammonium 

su lph ite followed by·ignition at 1 0 0 0 , 1 2 0 0 , and 2 0 0°C 

respectively . 
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The gravimetric method for indium can only be used for 

larger amounts o f  thi s  e l ement and i s  based on we ighing indium 

in the form of sulphide andj or the 8 -hydroxyquinol inate ��� 

I nd ium a l so can be quant i f ied by other prec ip itants such a s  

pyr id ine , potass ium cyanate ,  etc . 

Gravimetri c  determination o f  tha l l ium can be achieved by 

weighing as the chromate andj or iodide ( T l2Cr04 and T l i ) . 

I - 2 - 3  T i t r imetric Method s  

Volumetri c  analys i s  i s  faster and more sens i t ive than the 

gravimetr ic method . Comp leximetric t itrat ion u s i ng EDTA can be 

used to quantify I I IB e l ements . The EDTA forms a 1 : 1 c omp lex 

with ga l l ium , indium and tha l l ium . For thi s  procedure it is 

necessary to remove interfer ing elements before carrying out 

the method . Both d irect and back t itrations can be used for 

these elements . 

For determining ga l l ium , a sulphate s o lution with lM 

sod ium hydroxide is added to an aqueous solution unt i l  the 

mixture becomes opa lescent . Then are added concentrated acetic 

acid ( to pH 2 . 3 or 2 . 5 ) and 1 or 2 drops of a 0 . 1  % aqueous 

so lut ion of 4 - ( 2 -pyr idyla z o ) -resorc ino l ( PAR) . The so lution is 

then t itrated d irectly with 0 .  1M Na2EDTA [301 

Ind ium i s  conveniently determined by t itrat ion with 0 . 1M 

EDTA in  the presence of an acid so lut ion ( pH about 2 ) . A more 

select ive procedure is t itrat ion of ind ium by f errocya n ide [3 1 1 

There are several vo lumetr ic methods for determin ing 

tha l l ium and they inc lude use of iodine andj or permanganate [321 

Probably the most useful titrat ion method i s  bas ed on the 

reduction of tha l l ic ion with standard iod ine and back­

titrat ion of the excess iodine with th iosulphate or arsenite 
[321 

Most ana lytical  procedures have to use back-titrati on 

because of s low comp lex f ormation and serious interferences 

from other elements . 



I - 2 -4 Spectrophotometri c  Methods 

Forming colour comp lexes of the group I I I B  e l ements 

provides a relat ive ly sens it ive photometr ic methodology . 

Rhodamine B is a commonly used reagent that can be used in  

combinat ion with l iqu id- l iquid extraction , and provides 

suf f i c ient sens it ivity to a l low determinations down to ngj g .  
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Onishi  �.� was the f irst to used rhodamine B t o  determine 

ga l l ium , indium and tha l l ium as their ha l ide comp lexes . The 

so lutions are ana lysed at d i f ferent wave lengths for each 

e l ement , for examp l e , .ga l l ium at 5 6 1  nm . 

Many complexing reagents have been used for 

quantif icat ion o f  group IIIB  elements. They inc lude ma lachite 

green , 1 - ( 2 -pyr idy l a z o- ) - 2 -naphthol , eriochrome­

hexadecy lpyr idin ium and z ephiramine-eriochrome cyanine . 

They are a l l  based on xanthene and tr ipheny lmethane dyes , 

but some use has been made of a z ine , oxa z ine , thi a z ine and 

other dyes r35l. 

With these spectrophotometric methods , inter fering 

e lements must usua l ly be separated in order to ensure accurate 

quant i f icat ion-of the ana lyte . Solvent extraction is a 

favoured techn ique for this purpose . 

I - 2 - 5 Electrochemical Methods 

Sensit ive and select ive electrochemica l techn iques are 

somet imes emp loyed to determine ga l l ium , ind ium and tha l l ium . 

Methods inc lude conductimetry , coulometry , amperometry , 

po larography , osc i l l opolarography , square-wave polarography , 

and pu l s e  anod ic-str ipp ing vo ltammetry . 

Of  the above methods polarography i s  a favoured method 

for determining thes e e l ements . Genera l ly ,  forming comp lexes 

of ga l l ium , ind ium and tha l l ium provides better sensitivity 

than direct polarography . 

Kumar et al. [361 us ing o-va lerolactam [ p iper idin-2 -one ] 

obtained a we l l  def ined polarograph ic wave for the ga l l ium 

comp l ex . He also invest igated the electrochemical behaviour of 
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a ga l l ium ( I I I ) complex with 2 , 3 -dihydroxypyr idine [ pyridine-

2 , 3 -d i o l ] with a dropp ing-mercury electrode . He f ound we l l  

def ined d i f fusion irrevers ible waves with E� va lue o f  - 1 . 1 5 6  V 

( vs the SCE}  l371 .  

Determination of indium can be carried out with a method 

s im i l ar to that of gal l ium .  Zhang et al . �ij studied the 

polarographic wave of the indium-xy lenol orange c omp l ex . Thi s  

reagent gave a we l l  defined s ingle-sweep polarographi c  wave a t  

a p e ak potent i a l  o f  - 0 . 4 1 V ( vs. the SCE } . The l imit o f  

detection w a s  3 . 0  ngjmL . 

A vo ltammetr ic techn ique for quant if ication o f  tha l l ium 

has been used by several workers and a f fords the best 

combinat ion of sens itivity and select ivity of a l l  the methods 

so  far d i scussed . The lower l imit o f  detect ion f or tha l l ium 

i s  about 0 . 1  ngjg l39•401 

I -2 -6 Spectrof luorimetr i c  Methods 

Because numerous inorganic compounds are 

photo luminescent , several f luorescent compounds can be formed 

with group I I IB elements . The ana lyte solut ions are measured 

by spectrof luor imetry . 

A very useful agent i s  8 -hydroxyquina ldine l4 1 1  wh ich forms 

comp lexes of ga l l ium , indium and tha l l ium . The ana lyte i s  then 

extracted into chloroform and can be measured by a 

spectrof luor imeter . Th i s  method has achieved a l imit o f  

detection o f  0 . 0 2 �gj g .  Another reagent , lumoga l l ion ( 2 ' , 2 , 4 -

tr ihydroxy-5 -chloro- 1 , 1 ' -a z obenz ene- 3 - sulphonic a c i d )  i s  one 

of the most sens it ive f luorometric agents with a l imit o f  

detection o f  1 ng j g  f o r  ga l l ium l421 .  

Other reagents such a s  butylrhodamine B and 1 - ( 2 -

pyr i dyla z o } - 2 -naphthol are frequently used for 

spectrof luor imetric quant i f i cations . 



I - 2 -7 Atomic Spectrometr i c  Methods 

There are two types of spectrometr ic method that are 

based on ut i l i sation of atomic spectra : emiss ion and 

absorpt ion . 
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The sens it ivity o f  emiss ion spectrometry depends upon 

exc itat ion sources such as f l ames , electr ic arcs , spark glow 

di scharge plasmas and even lasers . Spectra l l ines usua l ly 

emp loyed are 4 0 3 . 3 ,  4 5 1 . 1  and 5 3 5 . 1  nm for ga l l ium , ind ium and 

tha l l ium respect ively . With the classical  exc itation 

techn iques ( l ike arc and spark ) lower l imits of detect ion in  

the range 

0 . 0 2 - 1 . 0 �gj g can be ach ieved for the group I I IB e l ements . 

The induct ively coup led plasma { ICP ) exc itat ion source 

has become increas ingly important dur ing the past ten years . 

Thi s  techn ique determines many elements s imultaneous ly and has 

low l imits of detect ion which for group I I IB e l ements are in 

the range 0 . 0 0 0 1 - 0 . 0 1 �g/mL . Floyd et al . � J  have reported some 

va lues for geochemical and environmenta l s amp les . 

Another sensit ive exc itation source i s  the microwave 

induced plasma- ( MI P )  that can detect ngj g  leve l of these three 

elements such as 1 5  ngj g for tha l l ium 1441 . 

Atomic absorpt ion spectrometry i s  a convenient and useful 

instrumental ana lytical  method for determin ing most elements 

and combines both h igh sensit ivity and accuracy . It is a 

rel iable method for determin ing elements at the �gjg leve l and 

higher l45l . Us ing the so lution inj ect ion l46 •471 or noble met a l  l oop 

techniques l481 the l imit of detection can be increased by an 

order of magnitude . 

For the group I I IB elements , graphite furnace AAS (GFAAS ) 

can lower the l imit of detect ion down to about 1 ngj g .  The 

method , however , is subj ect to inter ferences from other 

elements such as iron that can cons iderably reduce the s igna l . 

So when applying GFAAS there should be cons iderat ion o f  

separat ion of ana lytes prior to the instrumenta l  determination 

step . Leloux et al . l491 have reviewed app l ications of the GFAAS 

method . 
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I - 2 -8 Neutron Activat ion Analys i s  

Neutron act ivat ion ana lys i s  ( NAA) i s  a n  effect ive 

mul t i e l ement technique we l l  suited to automat ion and data 

process ing operations . There are at present numerous pract i c a l  

app l icati on s  today involving a l l  kinds o f  sample types . The 

l imit of detect ion for ga l l ium is lower than that for indium 

and tha l l ium . About 3 X 1 0-3 J.Lg/ g  of ga l l ium can be detected by 

the NAA method and the ha l f - l ife o f  ga l l ium i s  2 1  minutes . The 

method has been used to determine a number of trace e l ements 

in  meteorites . Some early work was carr ied out by Smal l  et al . 

1501 ,  Go ldberg et  al . 15 11, and Lever ing et al . 1521 who determined 

ga l l ium in  lunar , terrestr i a l  and meteoritic bas a lts . 

Concentrat ions o f  indium and tha l l ium in meteorites are 

extremely l ow and quant i f i cation is rendered d i f f i cult by 

interference from the very h igh concentrat ions o f  iron ( ea .  

9 0 % ) . There are therefore very few values for these e l ements 

in the l iterature . 

I - 2 -9 Mas s  Spectrometric Methods 

For ultratrace analys i s  of samples , mass spectrometry is 

one o f  the best techniques a s  an a lternat ive to other methods 

because of the reduced r i sk of contaminat ions . Limits o f  

detection at the ng jg and pgj g  leve l s  c a n  b e  ach ieved . The 

methodology can be combined with an inductive ly coup led p l asma 

ion source ( I CP-MS ) ��1 . Practical geochemical analys i s  by MS 

of fers severa l  advantages over conventiona l ana lytical  

methods . 

I s otope d i lution mas s  spectrometry , however , i s  a 

prom i s ing method for the ngj g  range with a good prec i s ion and 

accuracy if used properly 155 •561 
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I - 2 - 1 0  X-ray F luorescence Spectrometric Methods 

The years s ince 1 9 4 8  have seen X-ray f luorescence 

spectrometry ( XRF ) become one of the standard instrumental 

methods for analyt i ca l  chemistry . Concentrat ions from the 

percent range down to ngj g  can be determined in a s ingle 

measurement with good quantitative accuracy . For micro 

samp l es , such as a ir part icu lates , X-ray f luorescence 

spectrometry can measure down to the nanogram range . X-ray 

f luorescence spectrometry lends itsel f  more to the analys i s  o f  

sol ids rather than l iquids . 

The appl ication of XRF to the group I I IB elements emp loys 

the Ka rad iation l ines . Ga l l ium , indium and tha l l ium have been 

determined in geo logical  samples us ing this technique . 

However , l imits of detect ion by XRF are not low enough to 

reach the ngjg level . Methods such as TXRF ( tota l reflectance 

exc itation XRF ) or exc itat ion with charged particles { PIXE ) 

are not yet sufficiently deve loped for determinat ion of these 

elements 157•581 

1 - 2 - 1 1  Conc lus ions 

The determinat ion of the group I I I B  elements from most 

matr ices at the �gjg leve l is nowadays a relative ly s imp le 

task , for wh ich FAAS can read i ly be used . 

For concentrati ons at the ng j g  leve l , a s ingle universal  

ana lyt ical procedure for the determinat i on of the group I I IB 

elements does not yet exist , a lthough thi s  leve l i s  common in  

most geologica l  matr ices . 

For the determination of the group I I IB e l ements in the 

presence of others , an e f f i c ient means of separat ion must be 

deve loped before the instrumental step . The accuracy and 

prec i s ion of the deve loped methods can be estab l i shed by use 

of reference materials  1591 
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I -3 AIMS OF THIS WORK 

There were at least three ma j or a ims for th i s  research 

work : 

I-3 - 1  C la s s i f ication of Meteorites 

The f irst a im o f  the thes i s  was t o  assess the usefulness 

of group I I IB elemental abundances for the c l a s s i f icat ion of 

iron meteorites . The current chemical  c l a s s i f ication o f  such 

meteorites presents diff icult ies for spec imens that l ie near 

boundaries ( posit ions . on an element vs . n i ckel abundance plot)  

between two or more classes . For examp l e , many irons cannot be 

class i f ied by usua l ly accepted chemical  methods and are placed 

into " anoma lous " or " ungrouped" categor i es . Occa s ional ly , a 

suf ficient number of meteor ites has s im i l ar abundance ratios 

of e l ements a s  wel l  as s imilar structura l character istics to 

warrant the f ormat ion of a new group . For examp l e , group I I F  

has recently been establ i shed by Kracher e t  al . 1601 . 

For c l a s s i f ication of stony meteor ites ( chondr ites ) ,  a 

convenient c l assificatory method i s  to examine the relative 

abundances of the three isotopes of oxygen 161 1 , a s  d i sp l ayed in 

Fig . I - 1 . The f igure shows that most processes ( e . g .  

vo lat i l i sation , crysta l l isat ion , chemical  reactions ) are o f  a 

kind that tends to di str ibute samp l es a long a l ine o f  s lope 

close to 0 . 5  on a plot of one isotop i c  rat i o  aga inst another . 

Type H ,  L ,  and LL ordinary chondr ites c luster in s imi lar 

regions of the plot , whi le H chondrites are c l ea r ly resolved 

from L chondrites and are weakly reso lved from LL chondr ites . 

Group I I I B  elements are highly vo lat i l e ,  espec i a l ly 

indium and tha l l ium . These highly vo lat i l e  e l ements are o f  

spec ial  interest because they may provide information on the 

temperature at the time of the accret ion in space of the 

meteorite . 

Of  the three elements , the ga l l ium content provides a 

us eful clas s i f ication parameter for iron meteor ites when 

P lotted aga inst the nickel content as shown in F ig . I - 2 . From 
this plot each group of irons i s  read i ly found in  separated 

f ie lds . 
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H ighly vol at i l e  elements such as . indium and tha l l ium g ive 

an enormous amount of information on therma l h istor ies at 

re lative ly low temperatures and they are important for studies 

of the genesis  of each meteorite group . However unt i l  thi s  

present work was concluded , the ana lytical  d i f f iculties were 

such as to preclude extens ive ana lyses of these two elements 

in meteor ites , parti cularly in irons . Part of the problem 

lies i n  the fact that many metorit icists rely very heavi ly on 

NAA a s  an  instrumental technique . It i s  a wel l  regarded 

method for many elements , but is not very sens itive for indium 

and tha l l ium . 

I - 3 -2 The Use of Group I I I B  E lemental Abundances to 

Eva luate the Impact Theory of Mas s  Extinctions a t  

the Terminal cretaceous 

The second a im was to investigate the group I I IB e l ements 

in Cretaceous / Tert i ary ( K / T )  boundary s amp l es . In their famous 

benchmark paper of 1 9 8 0 ,  Alvare z  et al . �� reported the 

presence of anoma lous iridium concentrations in  

Cretaceous/ Tert iary ( K / T )  boundary c l ays and deduced that thi s  

had originated from the impact o f  a mass ive bol ide ( rich i n  

irid ium ) that had caused mass ext inct ions a t  the terminal 

Cretaceous . 

F o l l owing th is earl ier work , numerous other e l ements have 

been f ound to be enr iched at the boundary �1 . Enriched e l ements 

inc luded s ideroph i l e  and cha lcoph i l e  e l ements �1 .  Abso lute 

concentrations of cha lcophiles  are much h igher than would be 

provided d irectly from a mantle , crusta l or meteoritic source , 

therefore , an enrichment process must be invoked at the 

boundary . 

Group I I I B  elements , particularly indium and tha l l ium ,  

are cha l cophile  elements that had not previous ly been 

determined at the K/T boundary due to ana lytical  d i f f iculties . 

Because of the low concentrat ions o f  the group I I I B  

elements in  meteorites and other geo logical  mater i a l s  such a s  

Cretaceous-Tertiary boundary c lays ( pgj g to �gjg range ) , a 
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suff i c i ently sensitive ana lytical method i s  apparent l y  

requ ired . A n  exce l l ent analytical technique f o r  determi ning 

maj or , minor and trace elements in meteorites and other 

geological materi a l s  is neutron activation ana lys i s  ( NAA) . 

Unfortunately , sens itivities of gal l ium , ind ium and tha l l ium 

are far too low to determine these elements in  boundary c lays 

by neutron activation analys i s . Thi s  c l early h ighl ights the 

need for the development of an a lternat ive techniqu e  as i s  

indeed shown in  this thes i s . 

I - 3 - 3  Development of an Ana lytical Procedure to 

Determine Group I I I B  E l ements 

The third a im of this work was to deve lop a rapid , 

inexpens ive , sensit ive , precise and re l iable analyti c a l  method 

for carrying out the above tasks . The devel oped methodology 

invo lved use of so lvent extraction to s eparate group I I I B  

elements from meteorites and other geo logica l materi a l s  and 

thei r  subsequent determination by graphite furnace atomic 

absorpt ion spectrometry . 



DETERMINATION OF GROUP IIIB 
ELEMENTS BY HYDRIDE GENERATION 
ATOMIC ABSORPTION SPECTROMETRY 

I I - 1  INTRODUCTION 

J 8 - 2 9  

Forming volati l e  cova lent hydrides o f  e l ements a s  an  

analyt i ca l  technique has  been used for the determ inat ion of  

trace elements in many types of sample . Origina l ly the 

procedure was l imited to Groups I I I  {Al and B only) , IV , V 

and VI of the periodic table , where the number o f  va lence 

e lectrons is equa l to , or greater than , the number of 

orbita l s . These elements are arsenic , a luminium ,  antimony , 

boron , bi smuth , germanium , phosphorous , l ead , selenium , 

s i l i con , tel lurium , tin  and t itanium . Of  these only e ight 

have been determined by hydr ide generation procedures . The 

pos itions of these elements in the Periodic Table are shown 

in Table I I - 1 . 

The pr inc iple of hydride generat ion is to use a 

reduct ion react ion to form hydrides in the appropr iate 

ac idic med ium . The modern technique i s  to combine hydr ide 

generat ion with an instrument that provides a low l imit of 

detection , such as atomic absorpt ion spectrometry . 

It appears that group I I I B  elements such a s  ga l l ium , 

indium and tha l l ium can also  form hydr ides . An i s otop i c  ERS 

spectrum of GaH3 has been observed and its stru cture i s  

s imi lar to AlH3 �� . Indium hydride h a s  been detected by mass 

spectrometry and has the formula InH3 �� . In the case of 

tha l l ium there was spectra l evidence for T lH but not T lH3 

because tha l l ium ( I )  is  more stable than tha l l iumv[671 . The 
tlii ) 

hydride of tha l l ium ( I I I )  i s  very comp l icated and tends t o  

decompose except under restricted conditions . A summary o f  

phys ical  and chemica l properties of ga l l ium , indium and 

tha l l ium hydrides is l isted in  Table I I -2 . 



Table Il-l The Position of Hydride Forming Elements in the Periodic Table 
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H He 

Li Be 
11 can fo� hydrides 

F Ne [;3 studied in this work 

Na Mg Cl Ar 

K Ca Se V Cr Mn Fe Co Ni Cu Br Kr 

Rb Sr y Zr Nb Mo Tc Ru Rh Pd I Xe 

Cs Ba La Hf Ta w Re Os Ir Pt Au At Rn 

Fr Ra Ac Rf Ha 



Table I I - 2  The Melt ing and Boi l ing Points of Gal l ium, 

Ind ium and Thall ium (JlJ 

Hydride 

GaH· 3 
InH.� 
T lH 

m . p .  ( ° C )  

- 1 5  

Decomposition 

Temp . ( ° C )  

Room temp erature 

2 0  

1 4 0  

3 0  

Despite the d i scovery of hydrides o f  the group I I IB 

elements , it i s  d i {f i cult to use them for an ana lyt i c a l  

method because o f  their instabi l ity .  There i s  a lso the 

problem of effecting a rapid and quantitat ive reduction , a s  

wel l  a s  col lecting and releas ing these hydr ides into the 

atomiser . 

There are , to date , only three papers that have 

discussed indium determination by hydr ide generation atom i c  

absorpt ion spectrometry (HGAAS ) . The f irst report dates back 

to 1 9 8 2  when Busheina and Headr idge 1681 descr ibed the 

generation of ind ium hydride with atomisat ion in a s i l ica 

tube us ing argon a s  a carrier gas . The f ine black 

prec ipitate appeared in the so lution after inj ection o f  the 

reducer . Th i s  they attr ibuted to the formation of indium 

meta l s ince the reduct ion of indium to InH3 is not 

quantitat ive . However , Du Yan et al . �� suggested that the 

precipitate was probably an ind ium comp l ex that coul d  be 

decomposed on add it ion of water . The method was mod i f ied to 

a l low for one or two inj ections with water a fter add i tion of 

sodium borohydr ide to obta in two or three peaks . Tota l 

s igna l s  were summed . Cast i l l o  e t  al . f70J reported further 

work on the determination of indium by HGAAS in which two 

types of atomiser ( f l ame and s i l ica tube ) were emp l oyed . 

Limits of detection o f  2 . 6  ngj g  and 0 . 6  ngj g  were reported 

for f l ame and s i l ica tube atomisation , respective ly . 

From the above experiments , it i s  c lear that generation 

of hydr ides o f  ind ium is chemica l ly feasible and that 

adequate sensit ivity can be achieved . There are however , 



ser ious problems such a s  unstable s igna ls and poor 

reproducibil ity . 
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For the purpose o f  the developing HGAAS quant i fi cation 

o f  Group I I IB elements i n  meteorites and other geologica l 

mater i a l s , experiments were carr ied out to develop or 

improve such methods for gal l ium , indium and tha l l ium . 

I I -2 EQUIPMENT AND REAGENTS 

I I-2 - 1  Hydride Generator 

In the initial exper iments ,  the same generator as had 

previous ly been used for HGAAS determination of germanium 

196•971 was used but without the c o l l ecting unit . However , the 

initial studies showed nothing to confirm the f indings of Du 

Yan et al . �� that a sma l l  volume of reaction so lution was 

adequate to generate hydr ides o f  these elements . I therefore 

found it is necessary to design a new type of generator to 

deve lop the ana lytical technique . 

An a l l �glass generator was des igned and emp l oyed , and 

is shown in Fig . I I - 1 . The react ion is carried out in a 15 mL 

Qu ickfit tube ( 1 . 5  cm i . d .  and 15 cm length ) with a number 

of additiona l in lets inc luding one f itted with a glass  

stopper for  introduction o f  s amples and the reacti on a c idic 

medium , and another f itted with a rubber septum with a 

repeating syr inge for inj ection o f  sod ium borohydride 

so lution into the reaction ves se l . To the ma in i n l et was 

f itted a Quickfit bubbl ing tube ( MF 2 8 / 2 )  for introduction 

o f  carrier gas . 

A c onnecting tube was used between atomic absorption 

spectrometer and generator with a glass tube ( 5  mm i . d . ) 

around which was wound a heating coil  for therma l contro l of 

hydrides to prevent condensation of them . The connect ing 

tube was kept as short a s  possible to reduce the r isk o f  the 

hydr ide condensing dur ing the procedure . 

A therma l water bath was used for obtaining a proper 
react ion t emperature .  The reaction vessel was d ipped into 
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the water bath for at least two thirds o f  its height t o  keep 

the react i on s o lution at the correct temperature . 

To c lean the vess e l  after each react i on , a g l a s s  

syringe was used f o r  sucking u p  both s o lutions a n d  c leaning 

agents . 

I I - 2 -2 Instrumentation 

Al l measurements were obta ined by us ing a Var i an 

Techtron AA-5 Atomic Absorpt ion Spectrometer ( Austra l i a ) , and a 

ss 2 5 0  Sekon ic Recorder ( Japan) was used in  the 1 0 -mV range 

for record ing s igna l  peaks . Norma l ly the s igna l peaks were 

symmetri ca l , so a l l  ca lculat ions of the results were based 

on peak heights . 

The radiation sources were from the ho l low cathode 

lamps ( HCL)  and the ir operating parameters ar� l isted in 

Table I I - 3 . It is important to warm up the instrument and 

HCL for at least 3 0  minutes to ensure stable s igna l s , 

part icularly for indium . 

Table I I - 3  Operating Cond itions for Hol low cathode Lamps 

E l ement 

G a  

I n  

T l  

Wave length ( nm )  

2 9 4 . 4 " 

3 0 3 . 9  

2 7 6 . 8  

Lamp Current ( ma )  

5 

8 

4 

* Somet imes the line at 287 .4 nm was u sed. 
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I I - 2 - 3  Atomisation 

After generat ion , the hydride i s  carried by an i nert 

carrier gas such as argon or oxygen-free n itrogen through an 

atomiser to obta in an atomic vapour . Two types of atomiser , 

f l ame and electrothermal ,  are commonly used in  hydride 

generation atomic absorption spectrometry . The analyt i c a l  

sensitivity i s  l arge ly dependent o n  the choice of  atom iser 

and its operat ing cond itions . For HGAAS , electrothermal 

atomi sers such a s  graphite furnace are not suitable because 

of  d i f f icult of  reta in ing hydrides within them . 

There are two kinds of atomisat ion method that can be 

used . I n  the f irst of these ,  the hydr ide i s  f ed d irectly 

into a f lame . A second procedure involves use of a heated 

s i l ica tube . 

( 1 )  Direct F lame Atomisation 

Th is method invo lves use of a f l ame into which hydrides 

are carried and decomposed in order to obtain an atomic 

vapour . Three types of f lame are used for AAS : argon­

hydrogen-air entra ined ( or oxygen- free nitrogen-hydrogen) , 

a ir-acetylene and nitrous oxide-acetylene . Unl ike germanium , 

the reducing N2-H2 flame was not suitable for Group I I IB 

e l ements s ince l imits of detect ion were very poor . The 

n itrous oxide-acetylene flame provided better sensitivity 

but was unstable and tended to exp l ode . An a ir-acety lene 

f l ame af forded the best results and was emp loyed through the 

exper iments . 

( 2 )  Heated S i l i ca Tube Atomisat ion 

There are two ways to use a heated s i l ica tube i n  

atomic absorption spectrometry . The f irst of  these involves 

d irect attachment above a burner and its f l ame , and the 

second requires use of  an electrothermal heating element to 
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obtain the atomisat ion temperature � An 1 8  cm l ength 

commercial  ( Perkin-Elmer MHS-1 0 ) , s i l ica tube of 15 mm i . d .  

and open at both ends , was l i nked to a connecting tube 

lead ing from a hydride generator . A s im i lar tube of my own 

des ign ( see F ig . I I - 2 ) was a lso used and proved to be more 

usefu l  because the unit was more enc l o s ed than the 

commercial  mode l  and retained the hydrides for a l onger 

period . 

Hydr ide generation i s  a s low proce s s  that can take from 

1 0 - 1 2 0 seconds . Thi s  proce s s  i s  especi a l ly s l ow for Group 

I I IB e lements because of the re lative ly h igh boi l ing points 

of  the hydrides . 

I I - 2 - 4  The Collect ing Unit 

A col lecting trap i s  commonly used for hydride 

generation for accumulation of  hydride to ensure 

reproducible results and higher s igna l s . The unit consists 

of  a U-tube trapped in l iquid nitrogen or l iquid air and 

a fter the reaction has been completed it  can be then moved 

into a cold or warm water bath to ensure immediate release 

of the gaseous hydr ide . Due to h igher bo i l ing points and 

ready decompos ition of  hydrides of ga l l ium , indium and 

tha l l ium , it is very d i f f i cult to convert these hydr ides to 

a gas from the l iquid or the s o l id state . Use of  a U-tube 

co l l ector therefore gave very poor results and after initial  

tr i a l s  was not used any further for my experiments . 

I I - 2 - 5  Flame Flow Rates 

An a ir-acetylene f l ame gave the most sati sfactory 

results . To f ind opt imum f l ow rates for both gases was 

important because of the ir relation to  the f l ame 

temperature . For quant i f ication of indium , varying ratios of 

acetyl ene and air were studied in conj unction with the 

d irect f l ame and with a heated s i l ica tube . The results are 

given in F ig . I I - 3 . The opt imum f low rates were 4 mLjmin and 

2 . 5  mLjmin for a ir and acetylene , respective ly . 
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I I - 2 - 6  Carr ier Gas Flow Rates . 

Both argon and oxygen- free nitrogen can be used a s  a 

carrier gas for HGAAS but argon i s  more expens ive . The 

exper iments showed no apprec iable difference between both 

gases used , so oxygen- free n itrogen was preferred as a 

carr ier gas . 

Varying carrier gas f low rates were emp loyed in 

obta ining s igna ls o f  indium by the direct f l ame and the 

heated s i l ica tube and the results are shown in Fig . I I - 4 . 

The optimum f low rat�s of carr ier ga s were 1 . 2 5  and 1 . 7 5  

mL/min respectively . Above thes e rates the hydr ide was 

expel led from the atomiser too quickly and at lower rates , 

there was apprec iable di ffus ion of the hydr ide . 

I I - 2 -7 Re age nts 

Standard stock so lutions ( each of 1 0 0 0  �gjmL ) were 

prepared from Specpure reagents as fol lows : 

3 5  

ga l l ium ( I I I )  by dissolving Ga203 in a 'min imum amount of 

a lkal ine so lution then acidifying with 5M 

hydrochloric acid , 

indium ( I I I )  by dis solving I n203 in 4M hydrobromic acid , 

tha l l ium ( I )  by dis solving Tl2C03 in 3M sulphur ic a c id , 

sod ium borohydr ide by preparing a 1 . 5 % (wjv)  so lut ion 

made a lka l ine with 0 . 5 % (wjv)  potass ium hydrox ide . 

The reagent was prepared da i ly .  

A l l  acids were ana lytica l grade unless otherwise 

spec i f ied . 

I I - 3  EXPER IMENTAL 

Generation o f  hydr ides was carr ied out us ing following 

bas i c  steps : 

( 1 ) The samp le so lution was introduced into a reaction 

ves s e l  in  a suitable acidic med ium , 
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( 2 }  The reducing agent was added for generating 

hydrides that were col lected in  a l iquid air bath in  certain 

cases , 

( 3 )  The hydrides were fed into an instrument by an  

inert carrier gas  to obta in absorpt ion s igna l s  for 

quanti f i cati on of hydrides of the Group I I I B  e l ements . 

The optimum conditons for quant i f ication o f  gal l ium ,  

indium and tha l l ium were studied and assessed . 

I I - 3 - 1  E f fect of Acids o n  Hydride Generation 

An important cond ition for hydride generation is the 

presence of an acid that donates hydrogen to form the 

hydride of an e l ement . The concentration of the acid 

d irectly effects the degree of hydride format ion . Standard 

inorganic ac ids and some organic acids have been 

successful ly used by many workers . In the case of ind ium , 

the l iterature reports only use of hydrochloric acid 166-681 . I n  

my experiments I invest igated the u s e  of hydroch loric , 

nitric , sulphur i c  perchloric and orthophosphori c  acids for 

hydr ide generation of the Group I I I B  elements . The 

experiments �us ing hydrochloric acid provided results that 

were in approximate agreement with f ind ings of other 

workers . Concentrations of hydrochloric acid ranged from 

0 . 1-7M for ga l l ium , indium and tha l l ium ( I )  and my 

exper imenta l  results , as we l l  as those of other workers 168-701 

are shown in Tab l e  I I -4 . 

Tab l e  I I - 4  Hydrochloric Acid Molarities for Generating 

Hydrides of Gal l ium, Indium and Tha l l ium 

Reference 

Bushe ina & Headridge �1 

Yan et a l . 1691 

Cast i l l o et a l . f7°1 

Thi s  work 

Ga ( M )  

1 . 4  

I n  ( M )  

3 

1 

1-2  

1 . 5  

T l  ( M )  

1 

1 . 5  
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The best acid ity o f  hydrochloric a c i d  for the three 

elements was around 1 . 5M ( see F ig . I I -5 ) . At other acid 

concentrations the HGAAS s igna l s  were s evere ly reduced . A l l  

subsequent exper iments were therefore carried out i n  a 

medium of 1 . 5M hydrochloric acid . 

I I - 3 - 2  Effect o f  t h e  Total Reaction Vo lume 

Usua l ly ,  hydride reactions can be performed without 

undue restriction on the vo lume of the ana lyte so lut ion , 

whi ch can range from 1 0 - 2 0 0  mL or even greater . Large 

vo lumes are however , not permissible in the case of ga l l i um , 

indium and tha l l ium . Th is became evident in  an initial 

exper iment where no s igna l was obta ined from a so lut ion o f  a 

s ign i f icant vo lume of 5 0  mL . Careful selection of an opt imum 

vo lume of react ion s o lut ion is therefore essentia l .  

Experiments were carried out in wh ich d i f fering vo lumes o f  

samp l e , sod ium borohydride and a c i d  so lut ions were employed . 

Fig . I I - 6  shows the opt imum vo lumes o f  each so lut ion . The 

best vo lumes _were 1 0 0 - 1 5 0  �L , 

1-1 . 5  mL and 2 . 5 - 4  mL for sample , acid and sodium 

borohydr ide , respect ively . The total so lution vo lume wa s 

between 4 .  o - 5 . 15  mL . 

I I - 3 - 3  The Opt imum Amount of Sod ium Borohydr ide 

Sodium borohydr ide as a reductant to form hydr ide i s  

now a lmost universa l ly used and i t  was a lso used throughout 

thi s  work . The so lution of sodium borohydride must be 

prepared da i ly to keep it fresh . The exper iments for 

choos ing opt imum concentrat ions and vo lumes of sodium 

borohydr ide were performed w ith 1 �g o f  g a l l ium , indium and 

tha l l ium ( I ) . Vary ing concentrat ions of sod ium borohydr ide 

were added for generat ing the hydr ides . The results shown in  

Fig . I I -7 are for ind ium only , but s imi lar behaviour was 

noted for ga l l ium and tha l l ium . These stud ies show that 
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1 . 5 % (wfv)  sodium borohydride gave the h ighest s igna l peaks . 

The vo lumes o f  1 . 5 % sodium borohydride s o lution rea cted with 

these e l ements to obtain the best s igna l s  were between 3 . 0-

3 . 5  mL for direct f l ame , and 2 . 0- 2 . 5  mL for s i l ic a  tube ( see 

Fig . I I - 8 ) operat ing modes . The minimum volumes o f  sodium 

borohydride needed to g ive the best convers ion to hydrides 

were 3 mL and 2 mL , respectively . 

When app l ied to rea l s amples , more o f  the sodium 

borohydride solution is  needed because o f  its initial  

consumption by acid and other med i a . 

I I - 3 - 4  The Optimum Reaction T emperature 

Unl ike generation o f  many other hydrides ,  those o f  

ga l l ium , indium and tha l l ium must be kept at a spec i a l  

temperature i n  an immers ion bath containing water or s ome 

other l iquid . The experiment showed very poor s igna l s  when 

the reacti on was carr ied out at room temperature . The 

results for ind ium react ions at temperatures between 2 0-

1 4 0 0 C ( be l ow 9 0 ° C ,  water was used in the bath and above that 

temperature ( o i l  was used ) are given in Fig . I I -9 . The 

opt imum react ion temperatures were 6 0 ° ,  6 8 ° and 8 2 ° C for 

ga l l ium , indium and tha l l ium , respectively . The studies a lso  

indicated that lower react ion temperatures could not release 

gaseous hydrides . On the other hand , h igher temperature 

could decompose the hydr ides to met a l  and hydrogen , so  the 

react ion temperature is  one of the key factors i n  

generat i on of hydrides o f  these three elements . 

I I - 3 -5 Des ign of the Connecting Tube 

The nature and des ign of the connect ing tube whi ch 

l inks the generator to the instrument would d irectly 

inf luence the effectiveness o f  hydride transm i s s i on because 

o f  the r i sk o f  condensation dur ing the procedure . An 

e l ectrica l heat ing element covered with a coat ing of cotton 

woo l  was coi led around the connecting tube to keep a 
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constant temperature as requ ired for each e l ement ( see 

F ig . I I - 1 0 ) . The tube was kept a s  short a s  possible , and in  

thi s  work was only 1 0  cm long . 

I I - 3 - 6  F inal Analytical Procedures 

3 9  

For ana lys i s  o f  indium , p lace 1 . 5  mL o f  1 . 5M 

hydrochloric acid and a 1 5 0  �L sample s o lution i n  the 

react ion vessel which is immersed in  a hot water bath 

mainta ined at 6 8 ° C .  A l low carrier gas through for at  least 

one minute to blow out a l l  a ir ins ide the ves s e l  and then 

inj ect 4 mL of 1 . 5 % sodium borohydr ide s o luti on . The ana lyte 

s igna l s  are recorded as peaks . 

Gall ium and tha l l ium were quant i f ied by a method 

s im i l ar to that for indium except that the water bath 

temperatures were 6 0 ° and 8 2 ° C  respective ly . 

I I - 3 - 7  The Form and Magnitude o f  Analyte S ignals 

The HGAAS s igna ls for ga l l ium , indium and tha l l ium 

hydr ides are shown in Fig . I I - 1 1 . Indium provided the largest 

s igna ls but it was not pos s ible to improve the procedure to 

a degree completely satisfactory for trace e l ement analys i s . 

Ga l l ium provided s igna ls with poor symmetry and 

reproduc ibi l ity . Tha l l ium s igna l s  were intermediate in 

qua l ity . 

I I - 3 -8 Prec i s ion and Accuracy 

A standard rock - MP- 1 a  n� ( Zn , Sn , Cu and Sb Ore ) was 

ana lysed for indium and my data were compared with the 

cert i f ied concentrat ion establ i shed by a d i f f er ent 

analytical procedure . The prec i s ion and accuracy o f  my 

technique are l i sted in Table I I - 5  and demonstrated that the 

relative standard deviation ( r . s . d . ) was 1 1 . 8 % and the 

relative error was 7 . 9 % for a standard cont a i ni ng s everal 

hundred �gfg indium . Unfortunately , there was sti l l  a 
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problem o f  reproducibil ity in the case o f  much l ower indium 

content s . The l imit of  detection ( 3 a )  was 0 . 1  �gj g .  Further 

analyses involving iron meteorites and r ocks d i d  not provide 

detectable s igna l s  because of the ngf g  concentration leve l s . 

The procedure may however be used to d etermine higher 

contents of i ndium in geological samples . 

Tabl e  I I - 5  Precision and Accuracy for Ind ium Determinations 

as E s tabl ished by Analys i s  of a standard Reference Rock 

n 

1 2  

Cert i f ied.  

( % )  

0 . 0 3 3  

Found 

( % )  

0 . 0 3 2 8  

I I - 4  DISCUSS ION AND CONCLUSIONS 

r . s . d .  r . e .  

( % )  ( % )  

0 . 7  1 . 1 

The opt ima l hydride generat ion conditions for two types 

o f  atomiser were performed for ga l l ium , indium and tha l l ium . 

I t  has been _ shown that conditi ons for indium were less 

cr itical and restrict ive than for the other two e l ements , 

and that it is  possible for the method to be app l ied to rea l 

s amples provided the indium concentrations are suf f icient ly 

h igh . Much more work wi l l  be needed before the method could 

be app l i ed to the sub-�gj g  l eve l and at  this stage I 

abandoned further experiments because o f  the greater promise 

suggested by graphite furnace atomic absorption spectrometry 

( GFAAS } for quant i f ication of indium at the ngj g  ( ppb ) 

l eve l . 

Despite obta ining HGAAS s igna l s  for ga l l ium and 

tha l l ium , the use of this  procedure as an ana lytica l method 

i s  very far from development and I abandoned further studies 

for the s ame reasons a s  for indium . 

Before terminating this section , it may be appropr iate 

t o  summar ise my f indings in the l ight of the studies of 

previous workers .  In a l l  experiments , no prec ipitates were 

observed despite reports of them in papers by Busheina and 



Headr idge 1681 and Du Yan e t  al . 1691 . This cou l d  be due to my 

use of h igher a c id concentrations or d i fferent 

concentrations of sodium borohydride . 

I n  d i sagreement with the f indings of Cast i l l o  e t  al . 

r� , the d irect f l ame method could be used a s  an  analytical 

method for the determination of indium because o f  the 

adequate resu lts obtained for the determination of thi s  

e l ement i n  a standard reference rock . As deve loped , the 

method was st i l l  not suitable for the low �g/g and ngf g  

range in rocks and minera l s . 
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For the purpose o f  the determination o f  the Group I I I B  

e l ements in  meteor ites and geochemica l mater i a l s , a n  

inexpens ive , and convenient analytical method was yet to be 

deve loped , and the next part of thi s  thes i s  w i l l  be devoted 

to my work on the deve lopment of a method incorporating 

so lvent extract i on and graphite furnace atom i c  absorption 

spectrometry ( G FAAS }  for the quant i f ication of these three 

elements in meteorites , rocks and minera l s . 



DEVELOPMENT OF SOLVENT EXTRACTION 

PROCEDURES FOR SPECTROMETRlC 

QUANTIFICATION OF GROUP IIIB 

ELEMENTS 

I I I - 1  INTRODUCTION 

So lvent extract ion i s  a powerful separat ion tool in modern 

analytical chemi stry . The f irst quantitat ive studies o f  

solvent extract ion were carr ied out by Berthelot and 

Jungfleish [7t J in 1 8 7 2 . S ince then , particularly in the last f ew 

decades , much work has centred around the quantitative 

separat ion of meta l l ic complexes from minera l acids into 

solvents . Progress in  so lvent extraction in  recent years has 

been remarkable and has equa l led the concomitant progres s  in 

instrumental methods of analys i s . 

Prob lems in chemical ana lys is a lmost a lways involve two 

steps : separat ion of the des ired constituent , and measurement 

of the amount or concentrat ion of this ana lyte . Much research 

has been dedicated to the deve lopment of more di scriminatory 

methods of estimat ion , such as spectrographic , spectrometr ic 

and mass spectrometric methods , which need separat ion 

procedures preceding the measurement step . 

Solvent extraction enj oys a favoured pos ition among 

methods of separation because of its ease , s imp l ic ity , speed , 

inexpense and wide app l i cabil ity . The equipment required for 

this technique i s  not compl icated and i s  read i ly ava i l able i n  

any analytical laboratory . In most cases , total separat ion 

often only requires a few minutes . 
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I I I - 1 - 1  Principles o f  Solvent Extraction 

S olvent extraction rel i es on the analyte being 

select ive ly extracted from an aqueous phase by an immiscible  

organ i c  s olvent . An  element d issolved in  one  phase , e . g . , i n  

a n  aqueous solution , i s  more o r  l e s s  comp letely transf erred t o  

the s econd pha s e , which i s  usual ly an organic l iqui d  such a s  

ben z ene , chloroform , o r  methyl i sobutyl ketone ( MIBK) . Thi s  i s  

the principle o f  l iqui d  - l iqui d  extraction . 

The Di s tribution · Law [7t,TIJ as exp l a ined by Nernst l72J i n  

1 8 9 1 ,  states that at equ i l ibrium , the rati o  o f  the 

concentrations of the solute in  the two phases at a parti cu l ar 

temperature w i l l  be a constant , provided the so lute has the 

same molecular weight in  each phase . For a solute X 
distributed between solvents 1 and 2 ,  we have that : 

K0 = [ X ] t f [ X h  
where K0 i s  the distribut ion coe f f i cient , a constant 

independent o f  tota l solute concentration . 

The Nernst di str ibution l aw m states that K0 i s  a 
-

constant at a particular temperature , for any tota l 

concentration o f  so lute . However , thi s  law i s  not 

thermodynamica l ly rigorous . It can therefore be shown that : 

r t 
K0 = - - - - - - - - . K '  

r 2 

Where :  r 1 i s  the act ivity coef f icient for phase 1 
r 2 i s  the activity coeffic ient f or phas e  2 

Variation of the d istribut ion coefficient wi l l  result 

from d i fferences in the activity coefficients for each o f  the 

phases . When the solute concentration is very low , as is the 

case for the trace element extract i ons , the activity 

coe f f ic ients approach unity and K0 can be regarded as 

constant . 

O f  much greater s igni f icance because o f  the i r  e ffect o n  

the d i stribution are chemical interactions o f  the d istri but ing 

speci e s  w ith the other components in  each pha s e , s ince these 

interactions can profoundly a ffect the concentrat i on o f  the 
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distributing species . I t  becomes necess ary to introduce a more 

practical quantity to describe the extraction , ca l led D ,  the 

di str ibution ratio . Thi s  is a stoich iometri c  ratio inc luding 

a l l  species of the same component in the respect ive phases . 

Tota l ana lyte concentration in organic phase 
D = - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Tota l ana lyte concentrat ion in aqueous phas e  

I f  conditions were idea l in that the same species were 

present in each phas e , then D would be equa l to Kd . 
Of ultimate prac�ical interest in descr ibing extractions 

is the use of the term percent extract ion ( E )  . Thi s  quant ity 

is related to the di str ibution rat i o , D ,  by the fol lowing 

equat ion : 

1 0 0  D 
% E  = - - - - - - - - - - - - - - - - - -

where V0 and Va represent the vo lumes o f  the organic and 

aqueous phases ,  respect ive ly . 

I I I - 1 - 2  Class i f i cat ion of Extraction systems 

S ince the formation of an extractabl e  comp lex is a vita l 

step in the extract ion process , the nature o f  metal comp l exes 

and the factors governing the ir format ion w i l l  now be 

di scussed . Meta l comp l exes are c l a s s i f ied into two maj or 

type s : coordination and che late . 

Coord inat ion Compl exes 

Meta l l ic ions combine with l igands in a number up to 

the ir coord ination number to form coordinat ion comp lex 

compounds ,  e . g . , Fe ( CN ) 64- ,  CoCl/ ( ROH ) 2 and Cu [ NH3 • ( H20 ) 5 ] .  



4 5  

Chelate complexes 

Meta l l ic ions form che late complexes with some che lating 

agent such as 8 -quinol ino l and ethyl enediaminetetraaceti c  acid 

( EDTA) • 

The condition for extraction of a species into an organi c  

solvent i s  that there be an uncharged comp l ex . Thi s  i s  

achieved d irectly with che late complexes but in the case o f  

the more common co-ordination species , it i s  necessary t o  f orm 

ion assoc iation comp l exe s . These are usua l ly formed by the 

combination of a cat ion such as H3o+ with a complex anion 

involving the ana lyte . and l igands such a s  ha l ides , 

thi ocyanate , or n itrate , and oxygen-contain ing organic 

compound to d i sp l ace the coordinated water from meta l . For 

examp l e , the iron ( I I I )  compl ex extracted out of hydrochloric 

acid by ethyl ether probably has the formul a  H+ , FeC14- . 

I on assoc iat ion comp lexes are commonly used f or solvent 

extraction in ana lyt ical systems . Group I I I B  e lements are 

eas i ly able to form such comp lexes in ha l ide acid media .  

I n  thi s  present work , I have been concerned with the 

formation of i on as sociation comp l exes of gal l ium , ind ium and 

tha l l ium and their extract ion into organic so lvents under 

d i f ferent cond it ions . 

I I I - 1 - 3  Cho i c e  of So lvent 

P erhaps the most important consideration in the s e lect ion 

of a s o lvent for use in a part icular extraction procedure i s  

the extractabi l ity of the e l ement of interest . The 

d istribution rat i o  of the s olute must , of course , be high i f  a 

separation i s  to be read i ly attained . By the same token the 

extraction of other solutes must be low if a separation i s  to 

be achi eved . 

I n  add ition to a considerati on o f  the solubi l ity o f  the 

solute in a part i cular so lvent , the ease of recovery of the 

solute from the so lvent is important for subsequent ana lyt ical 

process ing . Thus , the bo i l ing po int of the so lvent or the ease 

of str ipp ing by chemica l reagents enters into s e l ection o f  a 



solvent when the poss ib i l ity of a cho ice exists . S imi larly , 

the degree o f  miscibi l ity of the two phases , the relative 

spec i f ic gravit ies , viscosities , and tendency to f orm 

emu l s i ons should be cons idered . 

For the point of view of safety , the toxicity and the 

flamma b i l ity of the organic so lvent obvious ly enter into the 

choice . 
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Usua l ly ,  there are several kinds of organ i c  so lvent that 

can be used for the extraction procedure . Thes e  inc lude 

esters , ketones , alcoho l s , ethers , a l iphati c  hydrocarbons , 

aromat i c  hydrocarbons ; nitre-compounds ,  chlorinated solvents 

and other s . Of these , ketones are among the most effective . 

For examp l e , methyl isobutylketone ( MIBK )  has been widely used 

for extraction procedures . It i s  inexpens ive , does not have a 

part icularly unpleasant odour , and nor i s  it parti cul ar ly 

tox i c . I t  i s  only sparingly so luble in the aqueous phase , 

except in strong acid so lutions , and has a low viscos ity . 

Because o f  its many advantages , MIBK was chosen a s  a solvent 

for a l l  my extract ion procedures . 

I I I - 1 - 4  S o lvent Extract ion in Trace E l ement Ana lys i s  

Frequent ly in analysis o f  trace elements , the init i a l  

step i s  t o  obta in the ana lyte e l ements in so lut ion . Acid 

digest i on o f  the samp le material is commonly used to achieve 

th i s . It provides an aqueous solut ion wh ich w i l l  suff ice a s  

the aqueous phase in a so lvent extract ion system and wi l l  

often , a s  i n  the case o f  chloro comp lexes , serve a l so a s  the 

ligand . 

As meta l i ons in aqueous so lut ion w i l l  not extract 

signi f icantly into an organic phase , it is necessary to form a 

meta l spec ies which is uncharged , in order to fac i l itate 

extracti on . Any water mo l ecules coordinated to the meta l must 

be replaced so that the metal spec ies does not resemble the 

aqueous solvent . Strong extraction can be encouraged by 
produc ing a meta l species which " resemb l e s "  the organic phase . 



The pract ica l appl icat ions of so lvent extraction in an 

ana lytical procedure usua l ly invo lve the f o l lowing steps : 

1 .  make an aqueous so lut ion in which des ired analyte 

elements are completely d i s s o lved . 

2 .  form ion association or chelate comp l exes with 

appropriate l igands . 

3 .  extract analyte e l ements from aqueous solut i on by an 

appr opriate organic solvent . 

4 .  f i na l ly , analyse the extracted s olution by an 

appropr iate ana lytical instrumenta l method . 

I I I - 2  INSTRUMENTATION 

After analyte elements are extracted into an organi c  

phas e  from a n  aqueous phase , the choice o f  a n  appropriate 

instrumental method to quant ify them can d irectly a f f ect the 

sen s it ivity of the analyses . In th i s  work , graphite furnace 

atomic absorpt ion spectrometry { GFAAS ) was chosen throughout 

a l l  experiments . 

I I I - 2 - l  Equipment 

A GBC { System 1 0 0 0 )  furnace unit , coup led to a GBC 9 0 2  

Atomi c  Absorpt ion Spectrometer { I CI , Sydney , Austra l ia )  was 

emp l oyed for a l l  GFAAS determinat ions . 
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S ample inj ect ions were performed by a PAL 1 0 0 0  automat i c  

samp ler { I CI , Sydney , Austra l i a ) . Al l extracted samp l e  

solut ions were p laced into 5 mm i . d .  glass tubes because o f  

the sma l l  amount of so lvent phase ava i l abl e . 

A l l  sample s igna l s  were printed on to an Epson LX-8 0  

Pr inter and measured as peak he ights or areas . 

The "mini-Mas sman" type o f  graphite furnace wh ich i s  9 mm 

long and has an interna l d i ameter of 3 mm was used for the 

System 1 0 0 0  furnace unit . 
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F i g . I I I - 1  shows a d iagram o f  the System 1 0 0 0  workhead . 

When the furnace i s  heated , oxygen- free nitrogen f l ows out of 

the d i f fuser to prevent oxidation of the graph ite . The 

workhead is water coo led to reduce ' down time ' between heat ing 

cycles to a minimum . The furnace i s  not enclosed , so it i s  

readi ly access ible . Setting the furnace clamp to " load'' draws 

the support rods apart wh ich a l l ows the furnace to be removed 

and rep laced . 

Two geometr ies of the sampl e  inj ection probe are shown in 

Fig . I I I - 2 . Conf igurat ion B gave the best transfer of samp l e  

to the furnace . 

A IKA-Labortechn ik VXR Shaker and a centri fuge were 

employed for equ i l ibration and phase separation during the 

extraction procedures . 

I I I -2 -2 Glas sware 

Glassware used for carrying out the solvent extract ions 

and GFAAS determinat ions inc luded test tubes , p ipettes , 

beakers , volumetr i c  f lasks and Pasteur p ipette s . The spec i f i c  

clean ing conditions for glassware were required for 

quant i f i cation of e l ements at the ultratrace l eve l to avo id 

contamination . Genera l ly ,  all  g lassware was soaked overnight 

in aqua regia before use . All traces of acid were removed by 

flushing with tap water f o l l owed by rins ing with deion i z ed 

water or high ly pure d i st i l l ed water . Occas iona l ly ,  potass ium 

dichromate in concentrated sulphur ic acid and j or detergent 

were used to c lean some glassware dependent on spec ial 

requ irements . Al l glassware was of boros i l icate type unless 

otherwise spec i f ied . 

I I I -2 - 3  Reagents 

A l l  reagents used in th is work were reagent grade (AR )  

except where otherwise spec i f ied . A l l  acids and organic 

so lvents were red i s t i l led wherever po s s ible . 
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injection port 

(A) (B) 
Fig .III-2 S ample injection probe geometries 

Diagram of two possible geometries for the sample injection probe, at the 
moment of sample injection. Geometry (A) shows the probe with a flat tip 
that is touching the bottom of the furnace. Geometry (B) shows the probe 
with a 45°cutting tip that is touching the bottom of the furnace 



S ome reagents and chemica l s  are l i sted as f o l lows : 

{ 1 ) Ga l l ium ( I I I ) , indium ( I I I )  and tha l l ium { ! )  were 

prepared as standard stock aqueous solutions { 1 0 0 0  �gfmL )  

using the methods described in Part Two . 

{ 2 )  Ascorbi c  acid , potass ium iodide and d ipotass ium 

hydrogen phosphate ( K2HP04 ) were prepared d irectly by 

dissol ving the sol id in water . 

{ 3 )  Acids were used in the f o l l owing concentrations : 

( i )  hydrochloric acid , SM , 

( i i )  hydrobromic ac id , 4M , 

( i i i )  hydrof luor ic a c id , 4 0 % (wf v ) , 

( iv )  nitr i c  acid , concentrated , 

( 4 )  Methyl isobutyl ketone ( MIBK ) , was pre-equ i l ibrated 

with d i fferent acids according to the nature of the aqueous 

phas e  involved in the subsequent extract ion . 

( 5 )  Other reagents are d iscussed in the relevant 

sect i ons . 

I I I -2 - 4  Ho l low Cathode Lamps 

4 9  

H o l low cathode lamps ( HCL) o f  ga l l ium , indium and 

tha l l ium were supp l ied as sources for atomic absorpt ion 

spectrometry . The emp loyed ana lytical spectral l ines were 

2 8 7 . 4  ( sometimes 2 9 6 . 7 ) , 3 0 3 . 9 , and 2 7 6 . 8  nm for ga l l ium , 

indium and tha l l ium , respect ively . The l amp current can 

direct ly inf luence the basel ine and sometimes causes 

fluctuation in the lamp s igna l . A large f luctuation leads to a 

large background absorption s igna l . When l amp currents o f  less 

than 5 mA are used , the background absorption s igna l is 

unacceptably l arge , except for tha l l ium where a l amp current 

down to 3 mA is st i l l  stable . On the other hand , h igh currents 

cannot be used because of speedy shortening of l amp l ives . 

Currents o f  5 - 7  rnA were used depend ing on the ana lyte 

concentration in the samples . 
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I I I - 2 - 5  Graphite Furnace 

D i f ferent inner surfaces o f  graphite furnaces and their 

instal lat ion pos itions were found to d irectly inf luence the 

analytical s igna l s . The ef fect of the graphite furnace inner 

surface on deposit ion of sample so lutions into the furnace was 

investigated on d i fferent furnaces . 

In the case of tha l l ium and gal l ium , the experiments 

showed that sat i s factory depos ition depended on the smoothness 

or coarseness of the furnace . It appeared that a rough 

surface was preferable to a smooth one because the so lut ions 

tended not to spread as quickly as they would on a smooth 

surface . 

It was a l so observed that when smooth furnaces were 

used , there was greater tendency for a sma l l  amount of the 

ana lyte solution to be removed as the app l ication t ip was 

removed . Th is problem causes much trouble such as poor 

reproducibil ity and anoma lous s igna l s , part icularly when 

mu ltiple loading inj ect ions were used . Such s igna l s  were o ften 

reduced by as much as 2 0 %  after s ix inj ect ions . However , a 

coarse surface furnace may have a shorter work ing l i fe because 

of its lack of the pyro l i z ed coating . Fortunately , the 

atomi sat ion temperatures used in th is work were not very h igh 

( 1 6 0 0 - 2 2 5 0 ° C ) . Such a furnace could be used for several dozen 

firings . 

A rough furnace was not suitable for determ ination o f  

ind ium because o f  higher background absorption s igna l s . 

Another potential problem is the pos itioning o f  the 

graphite furnace in the instrument . Because the opt ical path 

through the furnace is so narrow , the latter must be careful ly 

placed in the middle of the opt ical axis to a l l ow maximum 
passage of the emi ssion radiation from the ho l l ow cathode 
lamp . 
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I I I -2 - 6  Samp l e  Inj ect ion T ip Alignment 

The PAL 1 0 0 0  auto-samp ler uses a robot arm to manoeuvre 

the s ample inj ection t ip . Sampl e  solution is drawn up into a 

plastic or g l a s s  tube through the tip . The robot arm then 

places the tip through the samp le inj ection port , and the 

sampl e  solution is inj ected into the furnace tube . The t ip 

must be adj usted to the correct pos ition , otherwise there wi l l  

be i ncorrect s amp l e  trans fer . The geometry o f  the tef lon tube 

at the t ip i s  very critical and as recommended by W i lson U31 , it 

has been my pract ice to cut the t ip at an ang l e  of 4 50 in 

order not only to a l low for comp lete samp l e  trans f er but a l s o  

t o  ensure that s olution i s  not removed and depos ited a t  the 

inj ection port when the t ip is withdrawn . 

I II-2 - 7  The Samp l ing Vial 

The polythene samp l e  vials supp l ied by the manufacturer 

of the instrument could not be used with organic so lvents 

because the g lue used to attach the base of thes e  via l s  was 

read i ly solub i l i sed in MIBK . To overcome th i s  problem , glass 

test tubes that f itted into the automatic samp l ing carousel 

were cut to a he ight o f  2 5  mm and initia l ly repl aced the 

plastic via l s . 

The glass test tube s  had a capacity o f  about 1 . 5  mL o f  

organic solut ion and cou l d  read ily b e  reused a fter washing . 

However in my work , the vo lume of most extracts was only about 

0 . 7 - 1  mL . Another samp l ing via l was therefore devised using 

sma l l  1 mL Durham tubes and the manufacturer ' s  original 

plastic via l s  and caps . A hole was punched into the cap with a 

cork borer and a Durham tube inserted . Th i s  cap was then 
placed over the plastic v i a l  and the organic samp l e  was p laced 

into the tube w ith a Pasteur pipette . Thi s  mod i f ied tube could 
ho ld about 0 . 3  - 0 . 5  mL o f  so lution that was enough to provide 

hundreds of mu ltiple inj ections . 



I I I- 2 - 8  Multiple Loadings 

The PAL 1 0 0 0  auto-sampler has . the capabi l ity to provide 

multip l e  loading inj ect ions whereby a much l arger volume o f  

samp l e  so lut ion ( up t o  5 0  � L )  may b e  depos ited into the 

graph ite furnace tube prior to atomisation . Thi s  is a useful 

technique for the determination o f  trace l evel e l ements in 

samples . 

5 2  

A 3 - 5  � L  a l iquot of sample MIBK solution i s  

automat ica l ly inj ected into the furnace tube . The temperature 

of the furnace tube is raised to 1 2 0 ° C  for dry ing the solut ion 

and then the furnace i s  coo led before the next o f  the mu ltiple 

loadings . Thi s  i s  repeated as often as required and then the 

cyc l e  is comp leted by s ingl e  charr ing and atomisation steps . 

Ana lyte e l ements can therefore be concentrated i n  the furnace 

in order to to increase sens itivity . 

From exper iments with th is technique , I obta ined a 

sat i s factory agreement between the absorbance o f  a s ingl e  

loading o f  0 . 6  � g  o f  ga l l ium standard and six multiple 

load ings each o f  0 . 1 �g . It is necessary to emphas i se that 

th is techn ique- cannot be used when the lamp current is not 

stable and where there is hence a strong background noise . 

I I I - 2 - 9  Furnace Heating Programmes 

Usua l ly ,  there are at least three steps for 

electrothermal atomi sation procedures . Temperatures for each 

step should be carefully chosen for each e l ement . The GBC 

System 1 0 0 0  instrument a l l ows up to ten heating stages with 

each heat ing cyc l e . When organi c  solvents are analyzed , it i s  

common to inc lude a pre-heating step with three principa l 

heat ing steps . 

Pre-heat ing the furnace tube before samp l e  inj ect ion can 

increase sensit ivity . Thi s  was observed in ana lys i s  of a 

standard ga l l ium solution in MIBK . Without pre-heat ing , the 

MIBK solution had a tendency to creep a long the tube and f low 

over both ends before the end of the drying step . With 



j udicious choice o f  the pre-heat ing temperature , the MIBK 

solution can be made to dry evenly before it has a chance to 

move towards the furnace tube extremities . The best pre­

heating temperature was 7 5 ° C  for the organic so lutions 

ana lysed . 
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The charring step temperature must be chosen a fter 

cons ideration o f  several important factor s . For examp l e , the 

temperature must not exceed the boi l ing po int of the ana lyte 

element or compound otherwise thi s  wi l l  be lost before the 

atomisation step is reached . Usual ly the charring temperature 

is about 4 0 0 ° C .  Accord ing to my exper iments , the opt imum 

charring temperatures were 4 1 5 ° C  for gal l ium and indium and 

4 2 0 ° C  for tha l l ium . 

Choice o f  the best atomisation temperature has to be made 

to ensure h igh production of atomic vapour in the furnace . The 

selected temperatures were based on an opt imisation study . 

Data for ga l l ium are plotted in F ig . I I I - 3 . Thi s  f igure shows 

that no further increase in s igna l would be achieved by us ing 

an atomisation temperature exceeding 2 2 5 0 ° C .  Atomis ing at a 

higher temperature wou ld cause unnecessary furnace wear . The 

opt imum atomi sat ion temperatures were establ i shed at 2 2 5 0 ° , 

2 15 0 ° and 1 6 0 0 ° C ,  gal l ium , indium , and tha l l ium respect ive ly . 

I I I - 2 - 1 0  Absorp t ion S ignal s  and Background Noi s e  

Typical absorption s igna l s  f o r  the three Group I I IB 

elements are shown in Fig . I I I - 4 . A l l  s igna l s  observed for 

thes e  elements showed an absorpt ion maximum at j ust within or 

over one second a fter the atomi sation step begins . 

From the s ame f igure , the noi s e  l evel s  were obviou s ly 

d i f ferent among three elements and were related to the qua l ity 

of the hol low cathode lamp . Of these ,  the ind ium l amp showed 

the poorest stab i l ity and h ighest noise l evel compared with 

the others , and had the further d isadvantage o f  s igna l  decay 

after more than 2 hours . 
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SECTION III-1 GALLIUM 

I I I - 3  DEVELOPMENT O F  A PROCEDURE FOR QUANTIFICATI ON OF 

GALLIUM 

G a l l ium i s  an e l ement of medium volati l ity and its 

abundance i s  about 2 0  �gj g in s i l icate rocks . I t  i s  an 

important element in geochemi stry . For examp l e , it p l ays a 

remarkable role in the chemical classif icat i on o f  i ron 

meteorites ( deta i l s  g iven in Part Four ) . 

5 4  

Ga l l ium in meteor ites o r  s i l icate rocks can sometimes be 

determined by neutron act ivation analysis  ( NAA } , but the l imit 

of detection is not suf f i c ient to detect thi s  e l ement at the 

ultratrace leve l . Another problem , as ment ioned before , i s  

that NAA is very expens ive and not ava i lab l e  i n  New Zealand . 

There was clearly a need to deve lop a suitabl e  ana lytical 

procedure to quant i fy th is el ement . 

An obvious f irst step in the deve lopment o f  an 

ana lytical method for gal l ium was to pre-concentrate thi s  

element from an original solution . So lvent extraction presents 

a number of advantages for such a purpose .  The f irst is that 

some non- extractable interfer ing elements can be removed . The 

analyte can a l so be extracted into a sma l l  volume of organic 

so lvent from a much larger volume of aqueous pha s e  and hence 

enri ch the ana lyte and increase sens itivity . A s econd 

advantage is the s imp l i c ity of the apparatus and low cost of 

mater i a l s . 

Ear ly investigat ions were centred around the use o f  

extraction as an adj unct t o  class ical methods for the 

determinat ion of ga l l ium . Some workers ��� determined trace 

quant ities of ga l l ium in var ious samples us ing methods 

invo lving the extraction of ga l l ium hydroxyquino late with 

chloroform at a spec i f ic pH . This was a common technique to 
separate ga l l ium from other elements . Stei bach and Frei ser !761 

stated that the use o f  acetylacetone as an extra ct ing agent 
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separated ga l l ium from a n  aqueous phase a t  pH 1 . 2 .  A ga l l ium 

benz oate comp lex in ammonium acetate solution could be 

extracted into ethyl acetate �� . A successful extract ion system 

for gal l ium is to form a chloro complex that can be extracted 

into an organic phase . Sandel l 1781 and Irving 1791 investigated 

the extract ion o f  ga l l ium chloro compl exes and showed that the 

method had a good potenti a l  f or separat ing this e l ement from 

many others a lthough iron was a lways eo-extracted becaus e  o f  

the s im i l arity o f  the extraction curves over a wide range o f  

hydrochl oric acid concentrations . 

The iron problem a s  ment ioned above has a lways been the 

greatest hindrance to quanti f ication of g a l l ium in s i l icate 

rocks when a chl oro-comp lex extraction system is used . The 

f o l l owing work was therefore undertaken to try to c ircumvent 

thi s  problem , part icu lar ly as it concerned geologica l samp l es 

such as meteorites that have a very high iron content ( > 9 0  % )  . 

I I I - 3 - 1  Experimenta l 

As a lrea?y ment ioned iron and other e l ements are usua l ly 

eo-extracted together with ga l l ium into an organic phase . Many 

transit ion e l ements , and iron in part icular , w i l l  interfere in 

the determinat ion of ga l l ium by instrumenta l  methods such as 

GFAAS . Although iron can be removed by precipitation as the 

hydroxide , ga l l ium a l so forms an inso lubl e  hydroxide . Some 

workers 180-821 used var ious reducing agents to reduce iron ( I I I )  

to iron ( I I )  that does not readi ly extract from hydroch loric 

acid so lutions into an organi c  so lvent such as MIBK , but none 

of these methods is sat i s factory when the iron content of the 

sampl e  is very high , as in meteorites . 

i .  Sample Pur i f ication and Reduct ion o f  Interferences 

The a im o f  thi s  experiment was to quanti fy ga l l ium 

in meteor ites and some geochemical mater i a l s . For these 

samples the key to the prob l em was to e l iminate the 
interf erence from iron , n icke l , copper and other e l ements 

Present in high concentrations . For examp l e , iron meteor ites 



contain about 9 0 %  iron , 8 %  n icke l , and various other 

trans ition elements such as chromium and cobalt . Of thes e  

elements , iron interference i s  the most ser ious s ince its 

presence prevents s eparation and quanti f ication o f  ga l l ium . 

5 6  

F ig . I I I - 5  shows GFAAS absorbances when 1 � g  o f  gal l ium 

was extracted into MIBK from SM hydrochloric acid in the 

pres ence of var ious concentrations of iron ( I I I ) . In the 

presence of 2 0 0  �g o f  iron ( far below the 10 mgjmL iron to be 

expected if a 1 gram s amp l e  of iron meteorites were dissolved 

in 1 0 0  mL of acid ) , the s igna l begins to decrease . When the 

iron content reaches 1 mg jmL ,  the s ignal is only one s ixth o f  

its original va lue . Thi s  demonstrates a serious matrix effect . 

The presence of iron ( I I I )  interferes in the GFAAS procedure 

rather than in the extract ion process . This is demonstrated in 

Fig . I I I - 5 . 

The best way to remove iron i s  to reduce i t  to the 

diva lent state because ferrous iron is not extracted into an 

organic phase . 

The fol lowing experiments were concerned with the 

reduction of iron to its ferrous state and invo lved the use o f  

severa l reductants . 

a .  Use of ascorbic acid 

Some workers have proposed the use o f  a scorbic acid 

as a reducing agent l82 •831 to e l iminate interference from 

iron ( I I I )  at the extract ion stage before instrumenta l 

quant i f i cation of ga l l ium . However none of the samp les used 

were h igh in iron , probably because of the l imited reduc ing 

capabi l ity of ascorbic acid . 

The ef fect o f  a scorbic acid reduction of iron ( I I I )  was 

investigated . Two sets of so lutions were prepared , both 

conta ining 5 mL of a 0 . 5  �gjmL standard ga l l ium s olut ion in SM 

hydrochloric acid . One set conta ined the pure standard g a l l ium 

solut i ons with add ition of various amounts ( 0 - 1 . 5  g )  of 

ascorbic acid . Each of these so lut ions was extracted into 5 mL 

of pre-equ i l ibrated MIBK . Another set of solut ions was 

identical with the f irst except that each contained 1%  ( 1 0 
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mgjmL )  iron ( I I I ) . The results are shown in F ig . I I I - 6  and 

demonstrated that a minimum of 5 0 0  mg of ascorbic acid was 

needed for each 2 mg o f  iron to g ive a stable s igna l . However , 

thi s  s ignal was only one third of that obta ined when the same 

so lut ion of ga l l ium without added iron or ascorbic acid was 

measured . 

From F ig . I I I - 6  another probl em exists when ascorbi c  acid 

alone was added to an iron-free ga l l ium solut i on . The s igna l 

was reduced by a ha l f  for 5 0 0  mg o f  added ascorbi c  acid , and 

ultimately gave an absorbance even l ower than when iron was 

also present . It is c lear that both iron ( I I I )  and ascorbic 

acid interfere in the GFAAS determination o f  ga l l ium . 

b .  Use of sod ium borohydr iode 

Sodium borohydride is a very strong reductant and it 

has been widely used for reducing meta l l ic ions . Thi s  reagent 

was used to investigate its ef fect on reducing iron . As was 

done for ascorbic acid , two sets of ga l l ium so lutions were 

prepared . To one set , var ious amounts of sodium borohydride 
( 0 . 5 - 5 . 0 % )  were added . The results are g iven in F i g . I I I -7 and 

show that the s ignal started to increase at 0 . 2 5 %  sodium 

borohydr ide and reached a l imit ing va lue at 0 . 5 % .  The results 

were however , very d i sappo inting due to the poor sensit ivity . 

After even high borohydride concentrations the s igna l 

decreased to less than its init i a l  va lue . 

There are two poss ible reasons for the behaviour o f  

borohydride as a reductant : f irstly , the reagent c a n  reduce 

both iron and the ana lyte element because some grey 

precip itates were observed in the react ion vesse l ; another 

reason is that ga l l ium may have been converted into a vo l at i l e  

hydr ide by sodium borohydr ide and i s  lost from the s o lution . 

Sodium borohydride i s  clear ly unsu itabl e  for reduct ion o f  iron 

in the presence of ga l l ium . 

c .  Use of other reductants 

The use of other reductants such as t itanium ( I I I )  

su lphate or chloride and tin ( I I )  ch loride were a l s o  
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investigated . Pollock � �  and Popova �1 have reported reduction 

to iron ( I I )  by the addition of excess t itanium ( I I I )  

sulphate . Other reports mention use o f  t in ( I I )  chloride to 

reduce iron ( I I I )  1861 . After a series o f  experiments , I 

concluded that none of thes e  reducants was s at i s factory for 

the purpos e  of the research . 

d .  Reduction of iron ( I I I )  with potas s ium iod ide 

The d iscovery of a suitable reducing agent is essent i a l  

t o  permit trouble-free determination of gal l i um by GFAAS . 

I n  the course o f  testing s everal reduc ing agents , I 

found that potass ium i od ide was a sat i s factory reagent for the 

purpose of retaining iron in the ferrous state . Potas s ium 

iodide in acid s olution has not previous ly been used in 

extraction systems . 

I nvestigations on the reduction of iron with potass ium 

iodide were carri ed out by determ ination o f  iron in both 

aqueous and organic phases a fter equ i l ibration . Soluti ons of 

10 mgj mL iron ( I I I )  in 2 mL of 5M hydrochloric acid were 

extracted with 

1 mL of MIBK so lvent after add ition of var ious amounts o f  

potas s ium iodide . The resu lts a r e  shown in F ig . I I I -8 . 

The extractab i l ity of ga l l ium reached nearly 1 0 0 %  when 

0 . 2  g of potas s ium iod i de was added and rema ined at this l eve l 

up to 0 . 4  g .  At higher concentrat ions of potass ium iodide the 

extract ion started to reduce . 

The extractabi l ity of iron i s  shown i n  another curve in 

F i g . I I I - 8 . When 0 . 3  g o f  p ot a s s ium i o d i d e  was added when i ron 

was extracted into MIBK , the iron content of the organ i c  phas e  

was o n l y  2 0 0  �gjmL ( 2 %  of the tota l iron ) . When the amount o f  

reagent w a s  increased to 0 . 5  g of potass ium i od ide , the iron 

content f e l l  wel l  below 2 0 0  �gjmL . Thi s  threshold va lue is of 

some importance because such a concentrat ion o f  iron does not 

affect the g a l l ium GFAAS s igna l to any measurable degree . 

I t  was c lear that potass ium iodide sati s factori ly 
reduces iron ( I I I )  to iron ( I I )  hence removing interference 

from thi s  meta l in the course of the extraction of ga l l ium . 

Further experiments. therefore made use of potas s ium iodide . 
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i i . Ac id Type and Concentration 
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Gal l ium and iron are readi ly extracted into a n  organic 

phase a s  their ion association complexes that include an 

anion i c  ha l ide complex in the presence of an acid to supply 

the proton . As early a s  1 8 9 2  Rothe �� studied thi s  extraction 

process for iron , and other investigators 188-901 success fu l ly 

separated iron into an organic phase from many other e l ementa l 

spec ies in hydrochloric acid solution . Acidity i s  an 

important f actor a f f ecting this extract ion . 

The e f f ect of various concentrat ions o f  d i ff erent acids 

upon the extract ion o f  ga l l ium by MIBK was investigated . The 

fo l lowing a c ids were tested : hydrochloric , hydrobromic , 

sulphur ic , perchloric , phosphor ic and acetic . One �gjmL 

ga l l ium and 1 0  mgj mL o f  iron were prepared in each so lut ion o f  

dif ferent concentrat ions o f  each a c i d  and equ i l ibrated with a n  

equal vo lume o f  MIBK . The organic layers were then ana lysed by 

GFAAS . The results are g iven in Fig . I I I - 9 . 

Only hydrochloric acid gave a satisfactory extract ion 

capabi l ity ( a l�ost 1 0 0 %  at concentrations o f  4 . 0 - 6 . 5  M ) . 

Phosphoric and acetic ac ids gave poor extraction o f  gal l ium 

into MIBK . Hydroch lor ic acid was therefore selected as an acid 

medium and a concentrat i on of SM was used for thi s  work . 

Higher concentrat ions of th is acid lead to comp lete 

misc ib i l ity o f  the two phases . 

i i i . s tabi l ity of the Gall ium Comp lex in the organic 

Phase 

The purpose o f  thi s  experiment was to establ ish the 

stab i l ity of the g a l l ium ch loro complex in the organ i c  phase 

(MIBK ) after extraction from the aqueous phase . The exper iment 

was carr ied out by the determination of ga l l ium in the organ i c  

phase . A set o f  aqueous solutions ( 4  mL) contain ing 1 � g  o f  
standard g a l l ium , and 0 . 8  g potas s ium iodide in S M  

hydroch lor i c  acid were shaken with MIBK and then g a l l ium was 

determined in the organic phase at var ious t imes a fter 
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separation . The results are given i n  F ig . I I I - 1 0  and 

demonstrated that the complex was extremely stable . From 5 

minutes to 6 hours after extraction the gal l ium absorpti on 

s igna l in the organic so lutions remained constant . Thereafter 

the s igna l started to decrease and a fter standing overnight 

was reduced to a lmost z ero . It was decided that it woul d  be 

safer to comp�ete a l l  GFAAS determinat i ons within two hours 

after s eparation , and that a l l  organic phases and standards be 

quant i fied at the same t ime to reduce analytical errors . 

Despite the high concentration o f  iodide ( 0 . 2  g of KI per 

mL solution ) used in the extraction system , it might be 

expected that a sma l l  proportion of Gai4- be present a long with 

the ch loro comp lex desp ite the stabi l ity constant of GaCli 

be ing greater than that of Gai4- l91 1 It i s  for thi s  reason that 

the absorption s igna l did not reach its maximum immediately 

after s eparating the two phases . However iodide did not 

interfere with the extraction , as was confirm�d by further 

exper imentation . 

iv . Shaking T ime of Extraction 

The degre e  and rate of extraction o f  ga l l ium into MIBK 

was h igh l� dependent on the shaking time . Gall ium 

concentrations in the organ ic phases were measured by GFAAS 

after d i f ferent shaking times and the data are shown in 

F ig . I I I - 1 1 �  The degree of extraction i ncreas,ed to 1 0 0% a fter 

1 . 5  minutes shaking , but started to decreas e  a fter 4 minutes . 

The reason may be due to s low convers i on o f  some o f  the chloro 

comp lex o f  ga l l ium into the poor ly extractable i odo form . The 

opt imum shak ing time o f  three minutes was chosen for a l l  
I 

extractions . The phases were separated by centri fuging and 

a l lowed to stand for only one minute . The upper o�ganic l ayer 

was removed with a Pasteur p ipette and transferred to a sma l l  

glass tube ( i . d .  5 mm) for the determination o f  ga l l ium by 

GFAAS . Care was taken not to delay separation of the phases 
I 

more than one minute because of the r i sk o f  back-extraction of 

g a l l ium into the aqueous phase .  
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v .  comparison o f  Manua l and Mechanical Shaking 

Shaking by hand or by a mechani c a l  shaker may result in 

dif ferent extraction effectiveness .  A study was made in whi ch 

extraction of 1 �gj mL ga l l ium into MIBK was performed with 

both hand and mechani c a l  shaking for vari ous t imes . The 

results are g iven in Tabl e  I I I - 1 . 

Table I I I- 1  Comparison o f  g a l l ium absorbances in t he M I BK phase 

a fter manu a l  and mechanical s haking 

Shaking T ime ( m i n )  

Shaking Procedure 

Manua l 

Mechanica l 

0 . 5  

0 . 3 9 

0 . 3 8 

1 . 0  

0 . 5 7 

0 . 5 5 

1 . 5  

0 . 6 6 

0 . 7 9 

2 . 0  

0 . 6 8 

0 . 8 2 

2 . 5  

0 . 7 2 

0 . 8 5 

3 . 0  

0 . 7 0 

0 . 8 1 

From the above results , there was no obvious d i f f erence 

between manual and mechanical shak ing for 0 . 5  to 1 minutes 

After 1 . 5  minutes and above , manua l shak ing was c learly 

inferior . The reason may be the d i f f i culty in ma inta ining 

standardised manual shaking over a longer period . Mechanical 

shaking was therefore used for a l l  subsequent operat ions . 

vi . Values of the Distribut ion Rat io 

Morrison and Fre iser 1921 have summar ised various extract ion 

systems invo lving the chloro comp lexes o f  ga l l ium . Thes e  are 

given in Tabl e  I I I - 2  

Tab l e  I I I -2 Extract ion o f  Chl oro Complexes o f  G a l l ium 

Spec ies Aqueous phas e  Organic phase Extracti on 

Ga ( I I I )  6M HCl Ethyl Ether 9 7 . 0 % 
Ga ( I I I )  7M HC l I sopropyl Ether > 9 9 . 9 % 
Ga ( I I I )  3 M  HCl Tr ibutyl phosp . 9 9 . 9 % 
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T o  obtain the distr ibution ratio of the g a l l ium chloro 

�omp lex between MIBK and the aqueous phases by use of my 

ievel oped procedure , a set of solutions was prepared that 

�ont a ined 10 �gfmL of standard gal l ium i n  various 

�oncentrations o f  chloride and with the acidity maintained at 

5M ( ad j usted by H I  when chlor ide concentrations were be l ow 5 

�) . After extracting by MIBK ( 1  mL MIBK from 1 0  mL aqueous 

5olution )  ga l l ium was determined d irectly in both phas e s  by 

f lame atomic absorption spectrometry . The d istribution ratio 

�f the ga l l ium chloro complex { H3o+ . GaC14" } was ca lcu l ated a s  D 

= 4 6 4 0 ,  i . e .  nearly 1 0 0  % extraction . 

I I I - 3 -2 L imit o f  Detection 

The l imit of detection for the GFAAS quant i f ication o f  

ga l l ium was determined by the IUPAC method �� . Data for 

rep l i cates of absorbances of a reagent blank and three 

standards are given in Table I I I - 3 . 
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Tab l e  III-3 Absorbances o f  Gal l ium Standard Solut ions 

Ga Concentrat ion 0 . 0 0 0 . 1 0 0 . 3 0 0 . 5 0 
( J.Lg/mL )  

0 . 0 0 2  0 . 0 6 8  0 . 2 0 8  0 . 3 3 8  
0 . 0 0 4  0 . 07 0  0 . 19 2  0 . 3 4 2  
0 . 0 0 3  0 . 0 6 4  0 . 18 8  0 . 3 3 3  
0 . 0 0 7  0 . 0 6 0  0 . 2 1 0 0 . 3 2 9  
0 . 0 0 1  0 . 07 3  0 . 2 0 3  0 . 3 2 0  
0 . 0 0 1  0 . 07 1  0 . 18 4  0 . 3 19 
0 . 0 0 0  0 . 0 6 4  0 . 17 9  0 . 3 3 9  

n = 2 0  0 . 0 0 3  0 . 0 6 4  0 . 1 8 3  0 . 3 3 4  
0 . 0 0 8  0 . 0 5 9  0 . 1 9 9  0 . 2 9 8  
0 . 0 0 8  0 . 0 6 7  0 . 2 0 3 0 . 3 4 5  
0 . 0 0 3  0 . 0 6 9  0 . 2 1 3 0 . 3 3 2  
0 . 0 1 1  0 . 0 6 6  0 . 1 8 9  0 . 3 3 4  
0 . 0 0 6  0 . 07 3  0 . 18 8  0 . 3 4 0  
0 . 0 0 1  0 . 05 4  0 . 1 9 2  0 . 3 2 3  
0 . 0 0 7  0 . 0 5 9  0 . 1 9 8  0 . 3 4 2  
0 . 0 0 2  0 . 07 1  0 . 2 0 1  0 . 3 1 0 
0 . 0 0 1  0 . 0 6 8  0 . 2 1 3 0 . 3 3 4  
0 . 0 0 9  0 . 0 6 4  0 . 1 9 2  0 . 3 4 0  
0 . 0 0 4  0 . 07 5  0 . 17 8  0 . 3 8 4  
0 . 0 0 0  0 . 0 6 4  0 . 1 6 7  0 . 3 3 6  

The l imit o f  detection for ga l l ium by GFAAS wa s 

ca lculated by the IUPAC method using the data in Tab l e  I I I - 3  

above . The l imit o f  detection ( C1 )  is given by the express ion : 

3 X sB 

m 

3 X 0 .  0 0 4  
- - - - - - - - - - - - = 0 . 0 2 ( J.Lg/mL) 

0 . 6 0 

where sB i s  the standard deviat ion of the blank , and m i s  the 

slope of the ca l ibration curve . 

The l imit of detection i s  also dependent on the number of 

samp l e  multiple loadings . If four mu ltiples were used , the 

l imit of detect ion wou ld decrease to 0 . 0 0 5  J.Lg/mL . However , 

above 1 0  mu ltip les the background s igna l becomes an increas ing 

probl em . 
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I I I - 3 - 3  U s e  of the S tandard Addition Procedure 

Unl ike most other instrumenta l  methods , GFAAS suffers 

from the disadvantage that the cal ibration graph is constantly 

changing its form owing to steady wear of the furnace a fter a 

number of samples have been run . One solut i on to this problem 

is use of the method of standard addit ions in which an initial  

absorbance of an extract i s  determined and then the operation 

repeated for known additions of the analyte . Because the 

measurements were taken a lmost at the same t ime , the 

conditions of the furriace are not sens ibly a ltered . 

Experiments showed a lower ana lytical error by use of thi s  

technique a lbeit a t  the price of more expenditure of t ime . 

I I I - 3 - 4  Precis ion and Accuracy 

The precis ion and accuracy of the procedure were 

establ i shed by analys is of two reference standard rocks and an 

" in house "  chert standard of the Geological Survey of Canada : 

( 1 )  CAAS Sulphite Ore [941 ,  

( 2 )  CAAS Syeni te [941 , and 

( 3 ) CHRT [951 

The ana lyses of these standard rocks involved samp l e  

attack methods as recommended by the references and were used 

by me for other samp les ana lysed ( see Part Four for further 

deta i l s ) . The resu lts are given in Table I I I - 4  and 

demonstrated excel lent agreement between them . The prec i s ion , 

as expressed by the relat ive standard deviation ( r . s . d . ) 

ranged from 0 . 8  to 1 . 0 % .  The re lat ive error ranged from 0 . 9 2 

to 7 . 7 7 % . These precis ions and accurac ies were determined for 

s i l i cate rock standards a nd were not exactly comparab le to the 

iron meteorites for which the procedure had been prima r i ly 

deve l oped . There are unfortunately no meteoritic reference 

standards . 

Further indications o f  accuracy of the procedure were 
estab l i shed by analys i s  of s ome iron meteorites that had 
pr eviously been ana lyz ed by sma les et al . �� us ing 



radiochemical neutron activat ion analys i s  ( RNAA) which wi l l  

also b e  d i scussed in Part Four . 

Tab l e  I I I -4 Prec i s ion and Accuracy o f  GFAAS G a l l ium D et erminations 

as Obta i ne d  by Anal y s i s  of Standard Reference Material s 

Standard 

CAAS Sulphide Ore 

CAAS Syenite 

n Cert i f ied 

( J.l.g / g )  

Found r . s . d . 

( J.J.g f g )  ( % )  

r . e .  

( % )  

CHRT Chert 

1 0  

1 0  

. 4  

1 4  

2 2  

1 3 . 5  

1 3 . 8  

2 0 . 3  

1 3 . 7  

1 . 0  

1 . 1  

0 . 8  1 . 5  

a .  Re l at ive errors are only approx imate becau se cert i f ied values 

had been reported to only two s ignif icant f igures I� 

I I I - 3 - 5  Interferences from Other E l ements 

Maj or e l ements that poss ibly interfere with the 

extract ion and determ inat ion of ga l l ium were investigated 

before the procedure was used for real samples . Iron ( I I I ) , 

tin ( IV) , ant imony (V ) , gold ( I I I ) , and tha l l ium ( I I I )  were 
1 

read i ly eo-extracted with ga l l ium as chloro comp lexes in the 
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absence of iodide . Other elements such as nicke l , copper , 

coba lt , germanium , and arsen ic were not found to cause 

interference in the quant i f icat ion of gal l ium . Of the 

interfer ing e l ements , iron can be reduced to iron ( I I )  that i s  

not extracted into the organic phase ( see above ) and others 

have concentrat ions in the samp les that are too low to 

inf luence the determ inat ion of ga l l ium by GFAAS . 

Further exper iments were based on the bu lk compos it ion o f  

iron meteor ites wh ich were to be analysed . Thes e  studies 

invo lved finding the maximum amount of a g iven const ituent 

that wou ld not af fect the ana lyte s igna l . Spec ies tested 

were : tin ( IV) , ant imony (V ) , gold ( I I I )  and tha l l ium ( I I I )  

added t o  a constant amount o f  1 J.l. g  ga l l ium . The results of 

these exper iments are shown in Tabl e  I I I - 5 . 
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Tab le I I I - 5  Max imum Amounts o f  E lement s t hat d o  not I nterfere 

with t he Determinat ion o f  G a l l ium by GFAAS 

Element Amount 

Sn 1 5  mg 

Sb 1 mg 

Au 4 5 0  �g 

Tl 2 0 0  �g 

The geol ogical samples that I expected to analy z e  i n  thi s  

proj ect conta in large · concentrations o f  iron , n icke l , copper , 

coba lt , s i l icon , and trace (�gjg)  l eve l s  o f  german ium , ga l l ium 

and others . There was no d i f f iculty in determining ga l l ium 

with the developed method after reduction o f  iron with iodide . 

I I I - 3 - 6  Final Analytical Procedure 

About 0 . 5 - 1  g of f inely ground rock i s  p laced i n  a Tef l on 

beaker with a 1 0 - 2 0 mL o f  a 1 : 1  HF : HN03 mixture . The contents 

are heated over a sand-bath unt i l  dry . Thi s  procedure i s  

repeated three - t imes . For iron meteor ites , 0 . 5 - 1  g samples are 

placed in a Quick f it conical f lask and heated under r e f l ex 

with 1 0  mL of concentrated nitric acid unt i l  dissolution i s  

compl ete ( usua l ly more than four hours ) . N itr ic a c i d  i s  used 

in preference to hydrochloric acid because the same s olut ions 

can then a l so be used for the determination of german ium �.� . 

Otherwise there is loss of germanium from hydrochloric acid 

solut i ons on heating above 4 0 ° C .  The entire s olution i s  

transferred t o  a 4 0  mL Tef lon beaker and the contents are 

evaporated to dryness over a heated sand-bath . The r e s i due is 

red issolved in 1 0  mL o f  5M hydroch lori c  acid by warming for up 

to 3 0  minutes . The so luti on is cool ed to room temperature and 

adj usted to 2 5 ,  5 0 ,  or 1 0 0  mL with 5M hydrochlor i c  acid in a 

volumetr ic f lask . 
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Al iquots o f  1 . 0 -4 . 0  mL ( depending o n  the expected ga l l ium 

content ) are shaken for exact ly 3 minutes with 1 . 0  mL of MIBK 

after addition of 0 . 1 5 g of potass ium iod ide per mL of aqueous 

phase , and the organ ic phase is removed w ith a Pasteur pipette 

after centr i fuging to separate the phases that would otherwise 

separate s lowly . 

The organic phase is ana lyzed by GFAAS us ing the 

conditions in Tabl e  I I I - 6  and with opt iona l use of a standard 

addit ions procedure . 

Table I I I - 6  Instrumental Parameters for GFAAS Determination o f  

Ga l l ium i n  MIBK Extracts 

Absorption l ine ( nm )  2 8 7 . 4  
Samp l e  volume ( 1-£L )  3 . 0  
Multiple inj ections 1 - 4  
Samp l e  repeats 4 
Dry step for multiple 2 

inj ections 
Step 1 ( pre-heat ing ) : 

Final Temperature ( o c )  7 5  
Ramp t ime ( s )  3 
Hold time ( s )  3 

step 2 ( drying ) : 
Final temperature ( o c )  1 2 0  
Ramp t ime ( s ) 3 
Hold time ( s ) 1 0  

Step 3 ( charring ) : 
Fina l temperature ( o C )  4 1 5 
Ramp time ( s )  8 
Hold time ( s ) 1 0  

Step 4 ( atomisation ) : 
F ina l temperature ( o c )  2 2 5 0  
Ramp time ( s )  1 
Hold time ( s )  3 

Inert gas 02- free Nz 

I I I - 3 - 7  Conc lus ions 

The deve loped procedure is a viable alternative to NAA 

for the determinat ion o f  ga l l ium in iron meteorites . Together 
with previous work on the determinat ion of germanium 196•971 , 

there i s  now a means of determinati on of the var ious classes 

of iron meteor ite s ince both of these elements p lay a strong 

diagnostic role . It is also cons idered that this procedure 
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wi l l  b e  equa l ly appl icable t o  the determination o f  gal l ium in 

s i l icate rocks , particularly those high in iron . Thi s  

procedure was a l so used for analysi s  o f  the ga l l ium content o f  

K-T boundary s amples that wi l l  be d i s cussed in Part F ive . 
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SECTION 111-2 INDIUM 

I I I - 4  DEVELOPMENT O F  A PROCEDURE FOR QUANTIFICATION OF INDIUM 

I nd ium i s  a somewhat vo lat i l e  e l ement with an abundance 

of about 10 �g/g in the earth ' s  crust , about the same as 

si lver . Indium is present in meteor ites only at the ultratrace 

( ngj g )  l eve l . Thi s  is probably a ref lect i on of its volati l ity 

since a lmost any geochemica l process can cause its loss . 

Most geochemical studies have been based on 

radiochemica l neutron activat ion analys i s  ( RNAA ) , particularly 

as regards meteor ites . However , RNAA i s  not particularly 

sensit ive for thi s  element and there are many ana lyt ical 

problems inherent in the separat ion and determination of sma l l  

amounts o f  ind ium i n  the presence o f  other meta l s , especia l ly 

iron . Remova l � of iron by its prec ip itat ion as the cupferrate 

coprec ip itates about 4 % of the indium �1 • Other methods of 

removing iron have not been sat i s factory when ind ium has had 

to be quantif i ed . 

There i s  clearly a need for an analytical procedure that 

wou ld permit indium to be quant i f ied in samples high in iron 

such a s  meteor ites and other geochemica l mater i a l s . I have 

deve loped an extract ion-GFAAS procedure for thi s  purpose and 

the results are g iven below . 

Extract ion systems have been devi sed to s eparate and 

enr ich trace amounts of indium from other e l ements . For 

examp l e , the use of extract ion of the bromo and iodo comp lexes 

has been known for several decades . Wada and I sh i i  � 1  extracted 

mi l l igram quantities of ind ium into d i ethyl ether from a 

solut ion in 4 .  5M hydrobromic acid . Irving and Rossotti [ IOOJ 

reported comp l ete extraction of indium over the concentrat ion 

range o f  0 . 0 0 0 6 - 3 . 0  g / L  from 1 . 5M hydr iodi c  acid with an equal 

Vo lume o f  ethyl ether . Other extraction systems that have been 
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used include acetyl acetone r761 , benz oate [771 ,  butylphosphoric acid [lOll , 

8 -quino l inoll1021 , d i ethyldithiocarbamate 11031 and dith i z one 11041 . 

These extraction �ystems were origina l ly des igned to extract 

m i l l igram rather than microgram quantities of indium . In later 

deve lopments the quant ity o f  indium was reduced to the 

microgram l evel a s  for exampl e  in the fundamental work of 

Hubert and Chao11051 who extracted indium a s  the bromo comp l ex 

into MIBK . However , none o f  the above procedure s  could be used 

for samples inordinate ly r ich ( >9 0 % }  in iron such as iron 

meteor ites . 

I I I - 4 - 1  Experimenta l 

i .  Acids and Their concentrations 

A potenti a l ly usefu l  way of separat ing ind ium by solvent 

extraction may be to use the i on assoc iat ion complex of thi s  

element in the presence o f  ha l ides with the ir corresponding 

halogen acids except chloride or hydrochloric acid . I n  early 

work by I rving and Ros s ott i 11001 several d i fferent acids were 

used to extract indium into d iethyl ether , MIBK , and other 

organic so lvents . They estab l i shed that for any one so lvent 
the hal ides were extracted in the order iodide > bromide > 

chlor id e . I n  my own work I chose the iodide ion in solut ions 

of hydrobromic acid because iodide could a l s o  be used for 

reduc ing iron ( I I I )  to iron ( I I )  ( see above ) . 

Solutions of vari ous concentrations o f  hydrobromic acid 

( 0 . 5 -7 . 0M }  with 1 �g s tandard indium and including 1 0  mgfmL of 

ferr ic iron were shaken w ith 0 . 8  mL of MIBK ( pre-equ i l ibrated 

with 4M HBr ) . The organic phases were then ana lysed by GFAAS . 

The results are p l otted in Fig I I I - 1 2 . Beginning with 2 . 5M 

hydrobromic acid , the percent extract ion o f  ind ium 3tarted to 

increase and continued up to 5M . When th i s  acidity was 

exceeded the two phases started to become mutua l ly s o lubl e . 

The concentration o f  hydrobromic acid was therefore mainta ined 
at 5M . 
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Sulphuri c  acid was a l s o  t ested , but it was found that the 

percent extract ion of indium was lower than in the case o f  

hydrobromic a c i d . A compar i son of extractab i l ity o f  indium in 

the presence o f  hydrobromic or sulphur ic acids i s  a lso shown 

in Fig . I I I -1 2  . . 

i i .  Effect of Iodide on Extract ion o f  Indium from 

Hydrobromic Acid Solutions 

Theoreti ca l ly , ' the iodo complex o f 1 ind ium is more stabl e  

than the bromo compl ex ! IOOJ . S ince hydri od i c  acid i s  much more 

expens ive than hydrobromic acid , the exper iments therefore 

used the latter as an acid so lut ion throughout a l l  the 

experiments . As mentioned before iod ide p l ays the dual role of 

comp lexing indium and at the s ame time reduc ing iron ( I I I )  to 

( I I ) . The extractabi l ity o f  ind ium into MIBK from 5M 

hydrobromic acid conta ining a constant amount o f  iron { 2 0 0 0  

�g/ mL )  and d i f f erent concentrat ions o f  potass ium iodide i s  

shown i n  F ig . I I I - 1 3  and shows that when the concentration o f  

iodide w a s  0 . 12 5  gfmL the percent extraction of indium reached 

nearly 1 0 0 %  and rema i ned at thi s  l evel up to 0 . 1 7 gjmL .  Owing 

to the l imited solub i l ity of potass ium i odide in the aqueous 
solut ion 

{ 1 2 7  g f 1 0 0mL water ) , the l ower iodide concentr�tion was 

preferred . When 0 . 2 0 g j mL i od ide was added , the absorbance 

began to decreas e . Th�refore 0 . 1 5 g/mL o f · iod ide was used to 

extract indium throughout a l l  subsequent work . 
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i i i . Effect o f  Addition of Pota s s ium Hydroxide and 

the Acidity of the So lution 
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Despite good extraction o f  trace ( �g j mL )  l eve l s  o f  the 

iodo ind ium complex into MIBK , thi s  extraction was incomp lete 

at the u ltratrace ( ng jmL) l evel ( see F ig . I I I - 14 ) . Salt ing out 

experiments were therefore conducted to increase the 

extractabi l ity of indium into the MIBK phase by rais ing the 

solub i l ity of the compl ex in the organic phase . 

The exper iments �nvolved the use o f  s evera l salt ing out 

reagents includ i ng var ious electrolytes , potas s ium and sodium 

hydroxides . A surpri s ing result was that potass ium hydroxide 

increased the solub i l ity of ind ium in the organ i c  phase much 

more than d i d  other s a lts . The results are g iven in F ig . I I I -

1 4 . 

I t  appears that potass ium hydroxide i s  a better salt ing 

out agent than the corresponding sodium compound . The optimum 

concentration o f  potass ium hydrox ide was determined by 

extract ing ind ium from a constant iodide/ bromide so lut ion 

conta ining various amounts of potass ium hydrox ide . In F ig . I I I -

1 5  a p lot o f  the concentrat ions o f  potassium hydroxide aga inst 

indium absorbances i s  g iven and demonstrates that max imum 

absorbances were achieved in the range o f  0 . 0 6 - 0 . 1 2 gjmL o f  

added potass ium hydroxide . The mean value at 0 . 0 9 gjmL became 

the standard for future work . 

Due to addit ion o f  potass ium hydroxide to the aqueous 

solut ion the acidity is changed . To establ ish the degree o f  
change , the acid ity o f  the so lut ion was measured before and 

a fter adding potass ium hydroxide . The exper iments showed that 

the reduction of acidity corresponded to only 0 . 2M hydrobromic 

acid . 

I t  must o f  course be pointed out that the true salt ing out 

agent must be cons idered as potass ium bromide rather than the 

hydroxide whi ch is of course destroyed by reaction with the 

acid . 
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iv . Shaking t ime 

The ef fect of shaking t ime upon the extractabil ity of 

indium was determined by analys ing the organic phase by GFAAS 

after vari ous shaking times . From Fig . I I I - 1 6 , when shaking was 

performed for 2 . 5  minutes , only about 9 5 %  of the indium was 

extracted into the MIBK phase . With a shaking t ime of 3 

minutes . however , the extraction was nearly l O O % but after 

shaking for 4 minutes the percent extract ion percentage of 

indium began to decre�se . The optimum shaking t ime was chosen 

at 3 . 5  minutes for a l l  subsequent work . 

v .  The Distr ibution Ratio 

The system exhibited strong extract ion o f  ind ium with 

MIBK from hydrobromic acid in the presence of i od ide as 

determined from measurement of the distribut ion ratio . 

A set of so lut ions was prepared that contained 1 0  �g o f  

ind ium in various concentration of iodide and a res idual 

acidity of 4M hydrobromic acid after addition of potass ium 

hydroxide . The so lut ions were shaken with an equ a l  vo lume of 

pre-equ i l ibrated MIBK and ind ium was determined by GFAAS in 

both phases . A maximum va lue of 4 0 0 0  was obta ined for D in 

solutions containing 0 . 1 2 gjmL of iodide and 0 . 0 9 gjmL of 

added potass ium hydrox ide . Th is va lue of D corresponded to 

9 9 . 9 8 %  extraction . 

vi . s tab i l ity of the Indium Comp lex in the organic Pha s e  

Exper iments were performed in order to assess  the 

stab i l ity of the ind ium comp lex by analysing the organic phase 

at different times after extract ion . A p l ot o f  indium 

absorbances as a funct ion of t ime is shown in F i g . I I I - 1 7  and 

shows a max imum absorbance at about 3 min . The comp lex 

rema ined stable only for 4 5  minutes after whi ch t ime it 

started to decompose . It i s  clear that ana lys i s  o f  the organic 

phase must be performed within 40 minutes , otherwise  

ana lytical errors may arise . 
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vi i .  L imit o f  Detection 

As with g a l l ium , the l imit o f  detection for indium with 

the estab l i shed method was obta ined by us ing the IUPAC method 
1931 .  The technique of f our multiple loading inj ections was used 

in the determinat ion . The b lank cons isted o f  a l l  reagents 

used . 

The l imit o f  detecti on ( C1 )  was ca l cu lated a s  shown on 

p . 6 3 above and was f ound to be 0 . 0 1 5  �g/mL .  The l imit of 

detect ion o f  indium i s  suf f i c iently low for quant i fying thi s  

element i n  chondr itric meteorites and geochemical  mater i a l s  

but n o t  for iron meteor ites in wh ich the indium contents are 

probably too low to detect . Part of the problem l ies  in the 

high background noise of the indium lamp that was ava i lable to 

us . 

I I I - 4 - 2  Cho ice o f  Ana lytical Method for Determining 

Indium 

I ndium can be determined either by the convent ional 

ca l ibrat ion curve procedure or by the method o f  addit ions . 

Since the phys ica l condition of the graphite furnace changes 

rap idly with use , ca l ibration curves have to be run at 

frequent interva l s  to keep pace with these changes . Several 

such curves are shown in Fig I I I - 1 8  and demonstrate the poor 

reproduc ibi l ity that is  to be expected . However , the use o f  

the method o f  standard additions avo ids this  problem but does 

involve a l onger operat ing t ime and more sampl e  so lutions 

whi ch somet imes are not ava i lable . As the probl em showed on 

the above , the standard add it ional ana lys is  is therefore 

recommened for the determinat ion of indium by GFAAS , 

parti cu larly in ultratrace l eve l analys i s . 

I I I - 4 - 3  Prec i s ion and Accuracy 

To examine the prec i s ion and accuracy of the analytical  

method deve loped for  indium , a Canadian cert i f i ed reference 

ore ( MP - 1 a )  [I06J was ana lysed 12 times f or thi s  e l ement . The 

results are g iven in Tab l e  I I I -7 . 
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Tabl e  I I I - 7  Precis ion and Accuracy for the Indium Method as 

Determined by Analys i s  of standard Reference Rock ( MP- l a )  [106] 

Cert i f ied Found R . S . D .  R . E .  

n ( J.Lg / g )  ( J.Lg / g )  ( % ) ( % ) 

1 2  3 3 0  3 2 4 ±4 0 . 3  0 . 9  

There are no standard reference meteorites and there are 

few other reference standards that conta in J.L g / g  l eve l s  of 

indium . However , a further indication of accuracy o f  the 

procedure was establ i shed by ana lys i s  o f  a carbonaceous 

chondrite ( Al lende ) that was of the same type as Orgeui l  for 

which an indium content of 7 8  ngj g  was reported by Anders and 

Grevesse !!07J .  My va lue was 5 6  ngj g .  

I I I - 4 - 3  Fina l  Analytical Procedure 

The treatment of a l l  samp les was the s ame a s  that 

descr ibed in Parts Four and F ive , as we l l  as in  I I I - 3 - 5 . 

To a l iquots o f  2 . 0 -4 . 0  mL of sample s o luti ons i n  5M 

hydrobromic acid was added 0 . 1 2 g/mL of potass ium i od ide and 

0 . 0 9 g j mL of potass ium hydrox ide . After the added s o l ids had 

dissolved the s o lutions were shaken for three and a ha l f  

minutes w ith pre-equ i l ibrated MIBK and a l lowed t o  separate for 

two minutes . The organic phase was removed into a sma l l  glass 

tube for GFAAS ana lys is by e ither the convent ional ca l ibrat ion 

procedure or by the method of add itions . The GFAAS 

instrumenta l parameters are l i sted in Table I I I - 8 . 



Table I I I -8 I n s trumenta l Parameters for GFAAS 
Determination of Indium in MIBK Extracts 

Absorpt ion l ine ( nm )  
S amp le vo lume ( J..LL )  
Mu ltiple i n j ect i ons 
Samp le repeats 
Dry step f or multiple 

inj ections 
Step 1 ( pre-heating) : 

F ina l t emperature 
Ramp t ime ( s )  
Hold t ime ( s )  

Step 2 ( drying ) : 
Final temperature 
Ramp t ime ( s )  
Hold t ime ( s )  

Step 3 ( charring ) : 
F inal temperature 
Ramp t ime ( s )  
Hold t ime ( s )  

Step 4 ( atomisation ) : 
F ina l temperature 
Ramp t ime ( s )  
Hold t ime ( s )  

I nert gas 

I I I - 4 - 5 C o n c l u s ions 

3 0 3 . 9  
4 . 0  
4 - 8 

4 
2 

( o C )  7 5  
3 
3 

( 0 c )  1 2 0  
3 

1 0  

( o C )  4 1 5  
8 

1 0  

( 0 c )  2 1 5 0  
0 . -9 
2 . 5  

02-free N2 

7 6  

The deve loped procedure has a l l owed for the 

quant i f i cation of indium in many geo log i c a l  samp l es including 

some meteor ites . 

Although ind ium could be determined in  severa l s i l icates such 

as K / T  boundary c lays , chondr itic meteor ites , l avas , and 

others , it could st i l l  not be used .for s amp les with extreme ly 

low ind ium contents , a s  for examp l e , iron meteor ites which average 

be l ow 1 ngj g  ind i um . Although sens it ivity can theoret i ca l ly be 
increased by mu ltiple  loading of up to 2 0 ,  the consequent 
increase in background s ignal l imits the number of mu ltiple 
inj ections to not more than eight . 

The procedure i s  an a l ternative to INAA or RNAA 
Procedures that have a l imit of detection o f  about 0 . 1  J..Lg f g . 



SECTION III-3 THALLIUM 

I I I - 5  DEVELOPMENT O F  A PROCEDURE FOR QUANTIFICATION OF 

THALLIUM 

Like indium , tha l l ium i s  a l so a h ighly vol at i l e  element . 

7 7  

The quanti f ication o f  tha l l ium i n  geochemica l materials  i s  

important for a var iety of reasons . In mineral exp loration , 

thi s  e l ement i s  an important pathfinder e l ement for sulphide 

minera l i z at ion where its abundance can reach about 2 0  �g/ g  in 

contrast with background levels of about 0 . 1  and 0 . 7  �gj g  

respect ive ly i n  basa lts and granites . The content o f  thal l ium 

in meteor ites is a l so of importance because a knowledge o f  

th i s  abundance c a n  shed l ight on the origin o f  meteorites and 

of the earth itself . 

A recent review 1 1081 of ana lys i s  of tha l l ium in various 

matr ices l i sts a var iety of analytical procedures such as UV­

vis ible spectrophotometry , flame atomic absorpt ion 

spectrometry ( FAAS ) , graph ite furnace AAS ( GFAAS ) ,  induct ive ly 

coup led plasma ( I CP ) emiss ion spectrometry , arc emi ss ion 

spectrometry , and vo ltammetr ic techniques . 

The so lvent extraction behaviour of tha l l ium is s imi lar 

to that of indium and it can be readi ly extracted into an 

organic phase as a ha l ide ion-assoc iat ion comp lex . 

Quant if ication of tha l l ium in meteorites presents even 

greater problems than in the case of s i l icate rocks . Thi s  i s  

because the tha l l ium content o f  meteor ites i s  extreme ly l ow 

( ea .  a few ng j g )  and it  i s  associated with iron concentrations 

usua l ly exceed ing 90%  in iron meteorites . Attempts have been 

made to quant i fy tha l l ium in meteorites by radiochemica l 

neutron act ivation ana lys i s  (RNAA ) in which the tha l l ium i s  

irradiated i n  a reactor and converted t o  radioact ive 2�Tl  whi ch 

is mixed with a stable carrier and its activity determined 

after determinat ion of the chemica l yield 1108• 1091 
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I I I - 5 - 1  Experimental 

i .  So lvent Extraction Systems 

According to Irving and Rossotti [tOOl tha l l ium may be 

extracted into s ever a l  organic solvents from ha l ide solutions . 

The GFAAS technique is  however not suitable for these systems 

because tha l l ium can be readi ly lost in the charring step o f  

the GFAAS procedure . 

Table I I I -9 l i st� melting and bo i l ing point data for 

thal l ium ha l ides and shows that thi s  e l ement i s  h ighly 

volatile both as the chl or ide and bromide . The i odo comp lex 

system was therefore chosen to extract tha l l ium from samples . 

Thi s  system has several advantages .  The f irst i s  that the iodo 

tha l l ium comp l ex is  formed with tha l l ium ( I )  which is far less 

volatile than the ch loro and bromo comp lexes that have to be 

f ormed with tha l l ium ( I I I ) . Tha l l ium ( I )  i s  a l so  much more 

stable than tha l l ium ( I I I )  and there is not the problem in  

whi ch the chloro and bromo complexes gradua l ly d i s integrate as  

the centra l atom becomes reduced . 

In view of  the advantages of the iodo system , th i s  was 

chosen for deve lopment of an ana lytical procedure to quant i fy 

tha l l ium in rocks and meteorites . 



Tabl e  I I I - 9  The Phys ical Propert ies o f  Thal l ium H a l ides 

Compound m . p .  ( ° C )  b . p .  ( ° C )  

TlCl 4 3 0  7 2 0  

TlCl3 2 5  Decomposes 

TlBr 4 8 0  8 15 

TlBr3 Decomposes Decomposes 

Tli  4 4 0  8 2 5  

Tli3 Decomposes Decomposes 

i i .  Effect o f  the Amount o f  Iod ide Added 

7 9  

Iod ide has a dua l  purpose i n  thi s  extraction system . The 

first is to form an iodo tha l l ium comp lex and the second is to  

reduce iron that may eo-extract with the ana lyte . A study was 

made of the extraction of 1 �gfmL tha l l ium ( I )  in  the presence 

of var ious iodide concentrat ions with and without addition of 

1 0 0 0  �g/mL iron ( I I I ) and 0 . 1 5 �gfmL K2HP04 • The matr ix was 3 M  

H2S04 • The results are shown in Fig . I I I - 1 9 . 

From the f igure , when a 0 . 0 5 g j mL solution of  potass ium 

iodide was added the s igna l started to increase . It reached a 

maximum value with a 0 . 1  gjmL solution of potass ium iodide and 

reached a constant l imiting value up to 0 . 2 5 gjmL of added 

potass ium iodide . When th is concentration was exceeded at 

0 . 3 gjmL ,  the s igna l started to decrease , perhaps due to 

prec ipitation of tha l lous iodide . 

An opt imum cho ice was therefore made by us ing 0 . 1 5 g j mL 

so lut ion of potass ium iodide throughout a l l  subsequent 

extractions of tha l l ium . 
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i i i . Effect o f  Acids and Their concentrat ions 
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I t  i s  o ften preferable to use the corresponding h a l ide 

acid when chloro , bromo , or iodo complexes are f ormed prior to 

extract ion . In thi s  case however , sulphur ic acid was used to 

avo id eo-extracti on o f  other e l ements that form chloro or 

bromo comp lexes . Sulphuric acid was no more effect ive than 

hydr iodic acid but the latter is expens ive and unstable . When 

these two a c ids were compared , they demonstrated a lmost the 

same capabi l ity of a l lowing the extraction of tha l l ium ( I )  

into MIBK . Because of its relative cheapness and its great 

stab i l i ty ,  sulphuric acid was chosen for a l l  further 

experiments .  

The exper iments were performed by vary ing the 

concentrations of su lphur ic acid in the range 0 - 5M ( beyond 

this upper l imit , the two phases become mutua l ly s o luble ) . 

The e f fect o f  sulphuri c  acid concentrations on extract i on o f  

tha l l ium ( I )  i s  shown in Fig . I I I -2 0 .  The opt imum acid 

concentrat ion was 3M  su lphur ic acid . 

iv . E f fect of Salt ing out 

Despite the observations of Irving and Ros sott i [IOOJ that 

tha l l ium is read i ly extracted into d iethyl ether from iod ide 

so lutions , extraction into MIBK was not as good . In order to 

improve the extract ion , var ious conditioning agents were 

tested as salting out agents . Reagents that were used for 

these tests were : KOH , K2S03 , K2S04 , K3P04 , K2HP04 and KH2P04 • Of 

these , the most e f fect ive was K2HP04 , perhaps because of its 

greater solub i l ity . The results are plotted in Figs . I I I - 2 1 and 

I I I -2 2 . I t  is obvious that addition of this reagent increased 

extraction f ivefold . 

To estab l i sh the opt imum concentrat ion of K2HP04 , var i ous 

concentrations of this reagent were added to s olut ions o f  1 

�gjmL tha l l ium ( I )  in 3M  sulphur ic a c id . The results are 

given i n  F ig . I I I -2 2 . The opt imum concentrati on o f  phosphate 

was 0 . 1 5 g j mL of samp l e  so lution and gave near ly 1 0 0 %  

extraction . 
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v .  Extraction Shaking Time 

Various shaking times were tested by ana lys ing the MIBK 

phase a fter extract ing from aqueous s o lut i on . The results are 

p l otted in  Fig . I I I - 2 3 and demonstrated that after one m inute 

shaki ng t ime about 9 5 %  of the tha l l ium ( I )  was extracted a nd 

that a fter 1 . 5 - 3 . 0  minutes extract ion was a lmost 1 0 0 % . When 

the shaking time great ly exceeded 3 minutes , the percent 

extracti on started to reduce . In a l l  future work a shaking 

time o f  two minutes was adopted . 

vi . stabil ity of the Iodo Tha l l ium ( ! )  Complex 

The GFAAS absorbance of the MIBK phase separated from the 

aqueous so lution a fter extract ion was determined at d i ff erent 

times a fter phase separat ion in order to investigate the 

stab i l ity of the iodo tha l l ium ( I )  comp lex in the organic  

phase .  Experiments showed the iodo tha l l ium complex proved t o  

b e  extreme ly stable and rema ined unchanged even s i x  hours 

after phase separat ion ( see Fig . I I I - 2 4 ) .  For rout ine ana lys i s  

i t  was appropr iate t o  complete the GFAAS measurements within 

two hours of phase separat ion . 

vi i .  The Distr ibution Rat io for Extract ion of Tha l l ium 

The d istr ibut ion ratio for the extract ion into MIBK o f  

the iodo-tha l l ium ( I )  comp lex i n  3M  sulphuric a c i d  s o luti on 

was invest igated by add ition of var ious amounts o f  potas s ium 

iodide to a so lut ion of tha l l ium ( I )  in  3 M  sulphur ic acid . The 

orga n i c j aqueous phase ratio was taken at 1 : 1 0 .  The va lue of D 

was 6 4 5 0  { 9 9 . 9 8 %  extraction) . 

v i i i  Effect o f  Other Elements 

I t  i s  we l l  known that one of the maj or problems i n  GFAAS 

is the presence of coextracted elements that serve to depress 

the s ignal o f  the ana lyte . However , for pract i c a l  purposes 

the maj or interferent present in s i l icate rocks and meteorites 

i s  iron . Potass ium iod ide was a lso  used for reducing iron to 



,....... � 
........-

z 
0 
-

E-< 
u 
--< 
0::: 
E-< 
>< 
� 

75 

50 

25 

1 .0 2;0 3 .0 

Shaking time I min 

4.0 

Fig.III-23 Effect of shaking time on extraction of thallium into MIBK 



0.6 

u.:l 
u 

z 

--< 
CO 0.4 

� 
0 
U) 
CO 
--< 0.2 

0 1 .0 2.0 3.0 

Time / hours 

Fig.III-24 Stability of thallium iodo complex in the organic phase after 
extraction from the aqueous phase 



8 2  

the ferrous state , but even then about 2 %  ( 1 0 mgjmL iron i n  

origina l aqueous s olution)  o f  the iron sti l l  extracted into 

the MIBK phase that gave a pos itive absorbance s igna l to 

confuse with the tha l l ium response . For overcoming the 

problem , a backextraction step was empl oyed by use of 3 M  

sulphuric acid i n  the presence o f  0 . 5  g j mL o f  potass ium 

iodide . After backextraction , the iron content of the organ i c  

phas e  w a s  lowered to < 2 0  �gjmL at which l evel there was no 

interference w ith the GFAAS tha l l ium determination . 

I I I - 5 -2 L imit o f  Detection 

The l imit of detect ion of the method depended on the 

aqueous-organ i c  phase ratios as we l l  as the number of multiple 

loadings empl oyed during the GFAAS procedure . As with ga l l ium 

and indium , f our MIBK phases ( one extracted reagent blank and 

extracts of three known concentrations of standard tha l l ium 

( I ) ) were ana lysed by GFAAS after shaking and phase 

separations . The l imit of detecti on ( C1 )  represented about 4 . 5  

ng j g  and 1 . 5  ngj g  in the origina l s o l id s amp l e  using 6 and 1 0  

multiple loadihgs respective ly , accord ing to the calculat ions 

by the IUPAC method 1931 .  

The cal ibrat ion graph i s  shown in Fig . I I I - 2 5 and it i s  

l inear ( r=0 . 9 9 9 , n=7 ) between 0 . 5  and 1 0  n g  i n  the MIBK phase , 

the highest concentrat ion of 1 0  ng jmL g iving a peak he ight 

absorbance of 0 . 1 0 2 . Th is a ssumes a s ingle 4 �L loading and an 

aqueous-organic phase rat io of 1 : 1 .  

Assuming a l O O - fold d i luti on o f  the s o l id s amp l e  and 1 0  

multiple loadings , the tha l l ium content o f  the s o l id s amp l e  i s  

1 0  t imes that o f  the aqueous solut ion f o r  a 1 : 1  phase rat i o . 

However if a phase rat io o f  4 : 1  i s  used , the tha l l ium 

concentrat ion i n  the origina l s amp le i s  only 2 . 5  t imes greater 

than the va lues used in the above cal ibrati on graph so  that 2 

ngj g_ tha l l ium in the rock corresponds to an absorbance o f  

abo.ut 0 .  0 0 8 . 

The l imit o f  detect ion could i n  theory be decreased 

sti l l  further by increas ing the aqueous- organic phas e  rat i o  

and j or increas ing the number of multiple l oadings . However , 

h igher phase ratios wi l l  result in a decrease of the overa l l  
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Fig.III-25 Calibration curve for GFAAS absorbance as a 
function of Tl concentrations in the aqueous 
phase prior to extraction 

These values assume a 1 : 1  aqueous/organic phase ratio and refer to a 
single loading on the graphite furnace. Multiple loadings and increased 
phase ratios lower the limit of detection very considerably. 
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extraction and numbers o f  multiple loadings beyond 1 0  prec lude 

speedy ana lys is . 

I I I- S - 3  Choice o f  Analytical Calibrat ion Method 

Unl ike indium and ga l l ium , the tha l l ium h o l l ow cathode 

l amp gave an  exceptiona l ly stable output and could be operated 

for long peri ods without s ignal decay . The stabi l ity o f  the 

s igna l is demonstrated from F igure I I I - 2 6 which is an actua l 

trac ing o f  s ignal and background . This  gave the advantage that 

both the conventiona l · ca l ibration procedure as we l l  as the 

method of additions could be employed for determining tha l l ium 

in geologica l samples . I n  practice there was no need to use 

the method o f  additions so  that the conventiona l c a l ibration 

method was used for a l l  future work . A compari son o f  both 

c a l ibration methods was undertaken by determining tha l l ium in 

the iron meteor ite , To luca . There was good agreement in 

results obtained by both methods as are l i sted in Table I I I -

1 0 . 
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Fig . Ill-26 Plot showing the stable background 
of absorption baseline 



Tab l e  1 0  Compar ison o f  S tandard Add ition and convent iona l 

C a l ibration Methods by Quant if icat ion o f  Tha l l ium in the 

To luca Iron Meteor ite 

Sample # 

1 

2 

3 

4 

5 

6 

Standard Addition 

T l  (J.Lg/ g )  

9 . 7  

9 . 6  

9 . 7  

9 . 4  

9 . 7  

9 . 5  

NB - Each samp le was ana lysed s 1x t 1mes . 

Analytical  Curve 

Tl  C J.Lg I g)  

9 . 6  

9 . 7  

9 . 4  

9 . 5  

9 . 8  

9 . 5  

8 4  

Although the method of  standard add it ions was not used 

a fter init i a l  tr ials  s ince it requires an  inordinate 

expenditure of time and samp le so lut ion , it must be remembered 

that the convent iona l cal ibrat ion method does have its 

problems inc lud ing the need to run frequent standards because 

of  wear of the graphite furnace and consequent changes in  its 

poros ity and geometry . 

I I I - 5 - 4  Precis ion and Accura cy 

The precis ion and accuracy of the devel oped procedure 

were determined by rep l i cate ana lyses of the standard rocks 

G - 1  and W- 1 !l lOJ , CAAS Sulphide Ore- 1 1941 . The relevant data are 

summari z ed in Table I I I - 1 1  



Table I I I - 1 1  Prec i s ion and Accuracy o f  Method for Quant i f i c at ion 

o f  Tha l l ium i n  Geological S amples a s  Determined from 

Analys i s  o f  St andard Rocks 

Tha l l ium ( �g j g )  

G - 1  

W - 1  

standard 

CAAS Sulphide Ore 

n· Recommended 

1 2  1 . 3 0 

1 2  0 . 1 1 0  

1 3  1 . 4 0 

* number of complete analyses 

I I I - 5 - 5  D i s cu s s ion 

Found 

1 . 2 0 

0 . 1 0 5  

1 . 3 7 

r . s . d .  

( % )  

3 . 0  

1 0 . 5  

2 . 8  

8 5  

r . e .  

( % )  

6 . 7  

4 . 1  

2 . 1  

It was conc luded that the above procedure w i l l  prove to 

be o f  use for the routine analys i s  o f  geologic a l  samples 

including rocks and meteorites . 

The very low l imit o f  detection a f forded by the technique 

w i l l  be of part i cular advantage for the quant i f i cat ion o f  

tha l l ium in iron meteorites i n  which the meta l phases do not 

seem to have yet been ana lysed by other workers because of low 

abundance of tha l l ium in them . Our pre l iminary stud ies on iron 

meteorites indicate tha l l ium abundances as low as 5 ngj g  in 

these materials . It was possible to g ive a rough check on our 

new data for iron meteor ites ( to be shown in  Part Four) by use 

of the semiquantitative but very sens it ive technique of l aser­

excited ICP-mass spectrometry ( I CP-MS ) . Ana lyses of the iron 

meteorites B i l ibino and Nantan by I CP-MS { performed at the US 

Geological Survey , Denver ) gave approximate values of 15 and 7 

ngjg tha l l ium compared with our va lues o f  1 9 . 5  and 6 . 3  ngj g 

respectively . Th is can be cons idered as very good agreement 

cons idering the semi -quant itat ive nature of the I CP-MS 

technique . 





GROUP lliB ELEl\1ENTS IN l\1ETEORITES 

IV- 1 INTRODUCTION 
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Before interpret ing properties o f  meteor ites i n  terms o f  

putat ive processes and condit ions i n  the early so lar system , 

it i s  necessary to understand j ust what sort o f  obj ects 

meteorites are . Therefor e ,  such understanding begins with the 

classif icat ion . The purpose of the clas s i f ication is to sort 

the meteorites into broadly simi lar types of obj ect , so  that 

their origins and relationships can be better understood . 

Meteorites are a unique source of information about the 

mater i a l s  present and cond it ions preva i l ing in the solar 

system dur ing the earl i est pha ses of its history . It is quite 

clear that not a l l  meteor ites are the same : there are var ious 

composit iona l and physical dif ferences between one meteorite 

and another , somet imes quant itat ive ly minor , and sometimes 

maj or .  

The sc ient i f i c  interest in meteor ites i s  cons iderable and 

there is even evidence that they have played a role in the 

evo lut ion of l i fe on the Earth . The impact of l arge { > l Okm 

diameter)  chondrit ic meteorite is held responsible for the 

ext inct ion of 7 0  % of a l l  l i fe forms at the termina l 

Cretaceous �1 . A per iodic pattern of extinctions throughout the 

hi story of the Earth has a lso been demonstrated and summar i z ed 

in popu lar artic les [ I I I J , resulting in enhanced public  interest 

in meteor ites and comet s . 

The s imp lest c lass i f icat ion of meteorites i s  into three 

divis ions : stones ( chondr ites and achondr ites ) , irons 

( s iderites ) , and stony- irons ( pa l lasites ) . 



Table IV- 1 Meteorite Classes and Numbers 1 1 121 

Class  

Chondr ites 
Cl 
CM 
CO 
CV 
H 
L 
LL 
EH 
EL 
Other 

Achondrites 
Eucrites 
Howardites 
D i ogenites 
Ure i l ites 
Aubrites 
Shergottites 
Nakh l ites 
Classignites 
Anorthos it i c  

breccias  

Stony- irons 
Mesos iderites 
P a l lasites 

I rons 
lAB 
r e  
I IAB 
I IC 
l i D  
l i E  
I I F  
I I IAB 
I I I CD 
I I I E  
I I I F  
IVA 
IVB 
Other irons 

Fal ls  

5 
1 8  
5 
7 

2 7 6  
3 19 

6 6  
7 
6 
3 

2 5  
1 8  
9 
4 
9 
2 
1 
1 

0 

6 
3 

6 
0 
5 
0 
3 
1 
1 
8 
2 
0 
0 
3 
0 

1 3  

F a l l  
frequency 

( % )  

0 . 0 6 
2 . 2  
0 . 0 6 
0 . 8 4 

3 3 . 2  
3 8 . 3  

7 . 9  
0 . 8 4 
0 . 7 2 
0 . 3 6 

3 . 0  
2 . 2  
1 . 1  
0 . 4 8 
1 . 1  
0 . 2 4 
0 . 1 2 
0 . 1 2 

0 

0 . 7 2 
0 . 3 6 

0 . 7 3 
0 . 0 8 
0 . 4 5 
0 . 0 5 
0 . 09 
0 . 1 0 
0 . 0 3 
1 .  4 2  
0 . 14 
0 . 1 0 
0 . 0 5 
0 . 3 9 
0 . 0 9 
1 .  3 2  

F inds 
Non-

Antarcti c  Antarct i c  

0 0 
5 3 4  
2 6 
4 5 

3 4 7  6 7 1 
2 8 6  2 2 4  

2 1  4 2  
3 6 
4 1 
3 3 

8 
3 
0 
6 
1 
0 
2 
0 

0 

2 2  
3 4  

9 7  
1 1  
6 0  

7 
1 2  
1 3  

4 
1 8 9  

1 9  
1 3  

6 
5 2  
1 2  

1 7 5  

1 3  
4 
9 
9 

1 7  
2 
0 
0 

1 

2 
1 

4 
0 
6 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 

8 8  

The meteorite c lasses and subclasses commonly recogni sed 

today are br iefly l isted in Table IV- 1 above , a long with some 

statistics o f  f a l l s  and f inds . 
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IV- 1-1 Chondrites 

The chondritic meteorites are stony meteorites that 

d i sp lay chondr ites , spheroidal aggregations of minera ls unl ike 

any known in  terrestri a l  rocks . Prior 11701 introduced the f irst 

systemat ic d ivis ion o f  stony meteor ites when h e  rep laced the 

superf i c i a l  criter i a  of colour , brecciation , etc , used by 

Brez ina , by more mean ingfu l minera logical and chemical 

criteria . He recognised that the chemica l var i at ions in the 

metal and s i l icate components are sympatheti c ,  relat ing to the 

oxidation states : and that they seem to obey certain s impl e  

rules , which are now commonly referred t o  as " Pr i or ' s  rules " . 

( 1 ) . Total nicke l - iron percentage in  the chondr ites 

decreases as the nicke l - i ron rat io in the met a l  fraction 

increases . 

( 2 ) . Tota l nicke l - iron percentage in  the chondr ites 

decreases as the ironj magnes ia ratio in the s i l icate fract ion 

increases . 

According to these rules , stony meteor ites are divided 

into chondr ites and achondrites . The chondrite meteor ites are 

a l s o  subd ivided so that the class if ication system is based on 

minera logy ( reflecting decrease in free iron , increase in 

oxid ised iron) and possess ion of chondru l es : 

( 1 )  Enstat itic chondr ites , 

( 2 )  Ol ivine bron z ite chondr ites , 

( 3 )  Ol ivine hypersthene chondr ites , 

( 4 )  Ol ivine p igeonite chondr ites ( carbonaceous 

chondr ites type I I I ) , 

( 5 )  Carbonaceous chondr ites ( type I and I I ) . 

After many decades of having been cons idered to be a lmost 

ident ica l in compos it ion , sma l l  systemat ic d i f f erences in 

composit ion among the chondrites were d iscovered in  the early 

1 9 5 0 ' s .  

On the bas i s  of subt le dif ferences in  the proport ions o f  

maj or ,  non-vo lat i l e  e l ements , and differences in  minera logy 

and minera l composition , the chondrites are d ivided into n ine 

classes : the CI , CM , CO and CV chondr ites , many o f  which are 
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character ised by relat ively h igh carbon contents and which are 

col lectively termed the " carbonaceous chondrites '' · The 

s ideroph i le elements l ead to further subdivis ion of these 

classes , the ordinary chondrites into the H ,  L ,  and LL c l a sses 

£1 13• 1 141 and the EH and EL chondr ites £1 151 , which are c o l lectively 

termed the " enstatitic chondrites " after the i r  dominant 

mineral .  S ignif icantly , i s otop ic properties can a l so be used 

to ident i fy most o f  these c lasses . Carbonaceous chondrites can 

a lso  be subdivided to some degree on the bas i s  of Fei S i , but 

the s ame subd ivis ions are more read i ly made on the bas i s  o f  

other criter i a . The deta i l s  of the class i f ication of 

chondrites are comp i led i n  Table IV- 2 . 

Tab l e  IV-2 Chondrite c l a s s e s  and Mean Propert ies• 

Femetl 0 180 o 170 
Group Mg i S i  Ca i S i  Fe i S i  

CI 1 .  05  0 . 0 6 4  0 . 8 6 
CM 1 .  0 5  0 . 0 6 8  0 . 8 0 
CO 1 .  0 5  0 . 0 6 7  0 . 7 7 
CV 1 .  0 7  0 . 0 8 4  0 . 7 6 
H 0 . 9 6 0 . 0 5 0  0 . 8 1 
L 0 . 9 3 0 . 04 6  0 . 5 7 
LL 0 . 9 4 0 . 04 9  0 . 5 2 
EH 0 . 7 7 0 . 0 3 5  0 . 9 5 
EL 0 . 8 3 0 . 0 3 8  0 . 6 2 

a .  D at a  from Kerr1.dge and Matthews l"-1 

Fetot 

0 
0 

0 - 0 . 2  
0 - 0 . 3  
0 . 5 8 
0 . 2 9 
0 . 1 1 
0 . 7 6 
0 . 8 3 

( o I oo ) 

- 1 6 . 4  
- 1 2 . 2  
- - 1 . 1  

- o  
4 . 1  
4 . 6  
4 . 9  
5 . 6  
5 . 3  

< o I o o ) 

-8 . 8  
-4 . 0  

--5 . 1  
--4 . 0  

2 . 9  
3 . 5  
3 . 9  
3 . 0  
2 . 7  

b .  Oxygen i sotope r at io s  are r e l a t ive to s t andard mean ocean water 
( SMOW ) [ I? I J  

The existence of n ine distinct c l a sses of chondrite i s  

s igni f icant because it leads t o  the conclus ion that those 

c lasses were estab l i shed i n  the solar nebu l a . Thi s  means that 

the properties that distingu i sh one c lass  from other , the 

var i at ions in Mgi S i ,  Fei S i ,  oxidation state and a - isotope 

rat ios , for instance , in s ome way ref l ect nebular processes . 

There are four l ines o f  evidence for n ine c l asses : 

1 .  They are composit iona l ly very s imi lar to the Sun and 

quite unl ike other known s amp les of s o l id mater i a l  in the 

solar system . This suggests a re lat ively s imp le origin from a 
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common poo l o f  starting materia l . 

2 .  They have format ion ages s imi lar to those inferred f or 

the Earth , Moon and Sun , and presumably of the s olar system a s  

a whole , namely about 4 . 5 5 Ga . 

3 .  Virtua l ly a l l  chondrites , especially some o f  the l ow type 

3 ordinary chondrites ( H ,  EL , and EH ) n 1� ,  contai n  h ighly non­

equ i l ibrium a ssemblages that have been a ltered very l ittl e , i f  

a t  a l l , s ince the components came together . A n  examp l e  i s  the 

coexi stence of S i -bear ing meta l and s i l icates . 

4 .  Chondr ites conta �n isotopic evidence for accretion quite 

soon after the end of element syntheses . Also some el ements 

are present with i sotop ic proportions that are not encountered 

in any other known so lar system material . Apparent ly thi s  

mater ial  escaped the i sotopic homogeni zation exper i enced by 

most sol ids . 

The ma j or cha l lenge of modern meteorite stud ies i s  to 

study these complex , anc ient samp les from the ear l i est days of 

so lar system hi story , invest igate their diverse propert ies , 

and thus learn something about a unique t ime and p lace i n  the 

history of our - p lanetary system . 

IV- 1 - 2  Iron Meteorites 

For learn ing about the origin and evo lut i on of the 

solar system and the bodies such as the o ldest rocks , 

meteor ites are probably the only suitable mater i a l s  

ava i lable to us a t  present . Meteorites formed at the s ame 

time as the Earth 11 161 ,  and contribute to our understanding o f  

t h i s  p lanet and i t s  evolution . 

Of the meteorites types , irons are the most readi ly 

preserved once they land on the Earth , owing to the ir 

res istance to physical and chemica l weather ing processes . 

These samp les are thought by some , to be the fragments o f  

the cores o f  sma l l  p l anets and therefore represent the 

product of igneous processes s imi lar to thos e  that produced 

the Earth . 



To understand the nature of  these samples , 

class i f icat i on s chemes are necessary to separate the 

d i f f erent type of iron core fragments that are meteor ites . 

Levering e t  al . �� proposed one of  many modern 

c l a s s i ficat i ons , which have tended to reduce the number of 

classes of iron meteor ite . Thi s  classif icati on is an  

overs imp l i f ication , only j ustif ied as l ong a s  there is  

insuff ic ient information concerning the individual 

meteor ites . I ron meteorites may be subdivided according to 

their primary structure a s  shown in Table IV- 3 . 
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Tab l e  IV-3 structural C l a s s i f ication of Iron Meteorites IH71 

structur a l  
Class  

Hexahedrite 
Octahedrite 

Coarsest 
Coarse 
Medium 
F ine 
F inest 
Pless itic 

Ataxites 
Anoma lous 

Symbo l 

H 

Ogg 
Og 
Om 
Of  
Off  
Opl  
D 
Anom 

Bandwidth of Kamacite 
crystals  ( mm )  

3 . 3  
1 . 3  - 3 . 3  
0 . 5  - 1 . 3  
0 . 2  - 0 . 5  
< 0 . 2  cont inuous 
< 0 . 2  spindles 

var ious 

S ince the 1 9 6 0 ' s ,  numerous analytical data of  trace 

elements in  iron meteorites have been obta ined by many 

workers 150-521 • Two entirely d i f ferent approaches for the 

c l a s s i f i cat ion of iron meteorites have been proposed . One 

has been mentioned above and is based on the examination of 

the macrostructure of a section under a hand l ens . The other 

is based on accurate chemical ana lys i s  of the maj or 

elements . Both approaches support and have very good 

agreement w ith each other . The agreement of  structura l and 

chemica l classes is shown in  Table IV-4 . 



Table IV- 4 Compar i s on between the s tructural and 
Chemical Clas s i f icat ions of Iron Meteorites 

S tructural Chemical S tructural Chemical 

H I IA Of  IVA ,  I II C  
Ogg I I B  Off  I I ID 

Og I ,  I I I E  Opl I I C  
Om I I IA , I I I B ,  I I D  D IVB 

' 

The chemica l c l a s s i f ication i s  l argely based on the 

gal l ium , german ium , _ iridium and nickel contents of iron 

meteor ites 1 1 1 81 , that are h igh ly diagnost ic of the twe lve 

genet ic classes of iron meteorite as shown in Table IV-5 . 
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Table IV-5 Chemical C la s s i f i cation o f  Iron Meteorites nt� 

Group 

IA 
IB 
I IA 

I I B  
I I C  
I I D  

I I E  
I I IA 
I I IB 

I I ICD 
I I I E  
I I I F  

IVA 
IVB 

Ni  
( % )  

6 . 4 -4 . 8  
8 . 7 - 2 5  

5 . 3 -5 . 7  

5 . 7 - 6 . 4  
9 . 3- 1 1 . 5  
9 . 8 - 1 1 . 3  

7 . 5 -9 . 7  
7 . 1 -9 . 3  

8 . 4 - 1 0 . 5  

10-2 3 
8 . 2 -9 . 0  
6 . 8 -7 . 8  

7 . 4 -9 . 4  
16-2 6 

Ga 
( f..Lg / g )  

5 5 - 1 0 0  
1 1- 5 5  
5 7 - 6 2  

4 6 - 5 9  
3 7 - 3 9  
7 0 - 8 3  

2 1 - 2 8  
1 7 - 2 3  
1 6 - 2 1 

1 . 5 - 2 7  
1 7 - 1 9  

6 . 3 -7 . 2  

1 .  6 - 2 . 4  
0 . 1 7 - 0 . 2 7 

Ge 
( f..Lg / g )  

1 9 0 -5 2 0  
2 5 - 1 9 0  

1 7 0 - 1 8 5  

1 0 7 - 1 8 3  
8 8 - 1 1 4  
8 2 - 9 8  

6 0- 7 5  
3 2 - 4 7  
2 7 - 4 6  

1 . 4 - 7 0  
3 4 - 3 7  

0 . 7 - 1 . 1  

0 . 0 9 - 0 . 1 4 
0 . 0 3 - 0 . 0 7 

Ir  
( f..Lg / g )  

0 . 6 - 5 . 5  
0 . 3 -2 . 0  

2 - 6 

0 . 0 1 - 0 . 5  
4 - 1 1  

3 . 5 - 1 8  

1 - 8  
0 . 1 7 - 1 9  

0 . 0 1- 0 . 17 

0 . 0 2 - 0 . 07 
0 . 0 5 - 6  

1 . 3 -7 . 9  

0 . 4 -4 
1 3 - 3 8  

NEG - - negat ive ; POS - - po s i t ive ; * too few data for e st imat ion 

GejNi 
p lot 

NEG 
NEG 
POS 

NEG 
POS 
POS 

* 
POS 
NEG 

NEG 
ABS 
ABS 

POS 
POS 

Wa sson and Kimberlin 11 191 chose ga l l ium , germanium and 

iridium to plot against nickel on a log-l inear scale ( nicke l 

was on the l inear axi s ) . The groups are c learly reso lved . 

A l l  members o f  the same group fa l l , within the l imits o f  

s amp l ing and analytical  error , on a straight l ine . The 

s igni f icance of these p lots has been discussed in great 

deta i l  by Scott 11201 



IV-2 QUANTIFICATION OF GROUP I I IB ELEMENTS IN METEORITES 

Quant i f ication of group I I IB elements in meteorites 

presents a difficu lt ana lyt ical problem because their 

contents are extremely l ow ( ea .  a few ngj g  for indium and 

tha l l ium) and are associ ated with iron concentrations 

usual ly exceeding 9 0 %  in  iron meteorites . S e l ection of  a 

correct s amp l ing method i s  a key to obtaining accurate 

results of analys i s , part icular ly at the u ltratrace leve l . 

IV- 2 - 1  Treatment o f  Sampl e s  
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Samp l ing procedures a r e  very important for obtaining 

accurate ana lyses and may have to be quite d i f ferent for 

d i f ferent purposes . So  a successful analytical  method 

depends on ana lytica l subsamples having , with in tolerable 

l imits , the same concentrations of the ana lytes . If th is 

requirement i s  not met , the most competent analyst cannot 

generate useful results . S ince ana lysts are l ikely to be 

held responsible for confused data , they are we l l -advised to 

s crut i n i z e  the processes whereby the samp les are generated . 

Meteorite samples , particul arly irons , are somewhat 

inhomogeneous ( due in the l atter case to crysta l s  o f  

kamacite and taenite ) The fol lowing exper iments were 

therefore concerned with choos ing an optimum treatment 

method for these meteor ites . 

i .  Iron Meteorites 

Unl ike s i l icate rocks , iron meteorites con s i st of  

nearly 90%  iron , and have very h igh contents of  n ickel , 

copper , coba lt and other components . To ensure homogene ity 

of  s amples , the separat i on o f  meta l ,  sulphide and s i l icate 

phases from iron meteor ites and chondr ites is usua l ly more 

d i f f icult than minera l s eparation from rocks or chondr itic 

meteorites . Most attempts at separat ion recorded in the 

l iterature employ chemical as wel l  as mechanical methods , 



and no gener a l ly app l icable methods have yet been devised . 

For iron meteorites , Levering e t  al . [521 used a 3 mm 

dri l l  and hoped to avo id contamination by dri l l ing only 

those areas which showed negl igible contamination of the 

s amp les by the dri l l . The separat ion o f  the f iner gra ined 

aggregates is genera l ly effected by magnet ic methods , but 

even the init i a l  pulverisation has usua l ly presented a 

d i f f icult problem and few investigators record the 

ach ievement of uncontaminated samp les by these methods 

a lone . 
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Dissolution o f  iron meteor ite samp les was carried out 

by direct acid attack and the method was based on experience 

from previous research �.� on the determinat ion o f  germanium 

in  iron meteor ites . It  involved refluxing with concentrated 

acid . For the determination of ga l l ium , the meteorites could 

be attacked with 5M hydrochloric acid . Thi s  a c id disso lved 

the samp le at a much fa ster rate ( 1 5 m i n )  than the nitric 

acid {8 hours ) that has to be emp loyed if chloride i s  to be 

avo ided ( as in the case of germanium quant i f ication ) . 

However , there was a problem in that only very sma l l  p ieces 

of samp le were ava i lable . The procedure was therefore to 

make a bu lk so lut ion in nitric acid and convert a l iquots of 

such solut ions to the chloride or su lphate forms i f  that was 

required . 

For determination of ind ium and tha l l ium , a su lphuric 

a c id med ium was essentially required . Aliquots o f  the 

original nitric acid solut ion were therefore fumed to 

dryness and then 3M su lphur ic acid was added to redisso lve 

the res idue . 

A set of exper iments wa s carr ied out by d i f ferent 

attack methods . The comparison of some results of g a l l ium 

contents in Canon Diablo that were determined by NAA 

confirmed that a l l  dissolution methods empl oyed , afforded 

rel i able ana lyt ical data . The results are l i sted in Table 

IV- 6 . 



S ince determinat ion of  tha l l ium cannot be carri ed out 

i n  the presence of chloride ion , direct hydrochloric acid 

a ttack was only used for the determination o f  gall ium . 

Table IV-6 Comparison of Different Treatment Methods for 
Quantification of Gallium in the Canon Diablo I ron Meteorite 

Method 1 2 3 4 

Ga ( J.Lg / g )  found 8 0 . 9  8 0 . 3  8 1 . 4  8 1 . 5  
1 .  Direct acid attack by HCl in open air 
2 .  Attack by HN03 then converted t o  HCl solut ion in open air 
3 .  Att ac k  by HN03 under r e f lux then converted t o  HCl solut ion 
4 .  Att ack by HN03 .in a Tef lon bomb then HCl solut ion 

NB - Recommended value is 8 1 . 8  J.Lgfg1"11 
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From the above , i t  appears that there was n o  obvious 

d i f f erence between the methods . It is c lear that use of 

nitric acid to attack samp les to get or igina l s olut ions then 

c onvert ing to different acid media is appropr i ate . 

The f ina l procedure for sample attack was a s  f o l lows : 

c l ean the surface of an  iron meteorite s ampl e  by a f i l e  or a 

s andpaper and cut it by a hacksaw to p ieces of  0 . 5 - 2  g .  

P l ace the samp le in a Qu ickfit conica l f la sk w ith 1 0  mL of 

concentrated nitric acid in  presence of  bo i l ing chips . Heat 

the solution under ref lux for approximately 8 hours unt i l  

d i s s o lution i s  compl ete . 

Coo l the solution down and a port ion of  the origina l 

s o lution is then trans ferred into a Tef lon beaker for fuming 

out a l l  acids . The res idue i s  redisso lved in  the appropr iate 

a c id accord ing to the requirements of the deve loped 

ana lyt i c a l  procedure . 

Of  the three ana lyte elements , tha l l ium i s  the most 

l ikely to be lost during sample treatment , owing to the 

vol at i l ity of  its chl or ide . 

i i .  Chondrites 

The bulk composit ion of  chondrites includes s i l ica , 

a luminium , magnes ium and iron . The direct acid attack with 

nitric or hydrochloric acids cannot be used for such s amples 

because o f  the diff icu lty of  decompos ing s i l i cates . I t  i s  

therefore important to remove s i l ica from t h e  or iginal  

· ,  



samp l e s  by removing it  as SiF4 after treatment with 

hydrof luor ic a c id or else solub i l i s ing it  by fus ion . 

Severa l s amp le decompos ition methods were carried out 

on a s amp le of the carbonaceous chondrite Allende . The 

results are shown in F ig .  IV- 1 . 

The resul t s  o f  s amp le digestion with a 1 : 1  mixture o f  

sulphuric and hydrof luor ic ac ids for one hour were 

di s appo int ing , as only one-third of the expected maximum 

s igna l was detected . 
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Fus i on w i th sodium peroxide was a l s o  unsatis fact ory i n  

that the procedure w a s  lengthy and gave poor recovery o f  

ana lytes . 

After two consecut ive digestions with a 1 : 1  mixture o f  

hydrof luor ic a n d  n itric acids , the ana lyt ical s igna l 

increased and reached a l imiting va lue after three 

consecutive treatments with th i s  acid mixture . This 

procedure was therefore followed for a l l  subsequent 

ana lyt ical work with chondr ites . Prec i s e  deta i l s  of the 

proc edure are as f o l l ows : about 1-2 g of powdered chondri t i c  

meteorite samp l e  w a s  accurately we ighed and p l aced in  a 

Tef lon beaker . After add ition of 2 0  mL of acid mixture , the 

contents of the beaker were heated to drynes s  over a hot 

p late . The procedure was repeated tw ice more . The res idue 

was redisso lved by add ing a di lute acid appropr iate to the 

quant i f ication of a spec i f ic ana lyte e l ement . 

Quant i f i ca t ion o f  Group I I I B E l ements in Meteo r i t e s  

In Part Three o f  this thes is , the methodology for the 

determination of Group I I I B elements by graphite furnace 

atom i c  absorption spectrometry ( GFAAS ) have been descr ibed . 

A l l  analyt i c a l  procedures for both iron and chondrite 

samp les were based on these . My procedures are an  

a lternat ive to classical  methods such a s  color imetry , and to  

the modern instrumenta l  method . of neutron activation 

ana lys is and are relat ive ly sensitive and inexpens ive . 



Apparent Ga concentration (J..lg/g) 

Fig IV - 1  Effect of different acid mixtures and sample digestions on the 
dissolution of gallium from the Allende chondri tic meteorite 



IV-3 DISTRIBUTION OF GROUP I I IB ELEMENTS IN METEORITES 

IV- 3 - 1  Introduction 

In the 1 9 5 0 ' s ,  Brown and eo-workers f52• 121 • 1221 f irst 

determined trace e l ements in iron meteor ites . Somewhat 

l ater , a large number of analyses of other trace elements 

and minor elements were made by Goldberg et al . [1221 .  Thi s  

work led t o  the s ignif icant d i scovery that abundances o f  

some trace constituents are quant ised into groups that 

suggest divi s ion of meteor ites into speci f ic classes . 
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The elements ga l l ium and germanium were selected by the 

above workers to estab l i sh a class i f ication scheme for iron 

meteorites which d i f fered in some respects from the 

structura l  scheme . 

Accurate determinations of nickel , ga l l ium and 

germanium in several hundred meteorites enabled Wasson 
[1 19• 123• 1251 to expand and cons iderably improve th is 

c l a s s i f ication by def in ing a larger number of " chemica l "  

groups with much sma l l er abundance ranges o f  spec i f ic 

elements such as ga l l ium and german ium . 

In the 1 9 6 0 ' s ,  Ni chiporuk and Brown [! 261 showed that 

platinum and pal lad ium abundances are a lso quanti sed and can 

be used to class ify meteor ites , part icularly irons . Us ing 

semiquantitat ive emi s s ion spectrography , they determined 

ruthenium , rhodium , p l atinum and pal lad ium in 2 4  iron 

meteorites . It is only recently that further abundance data 

for these elements have been obta ined because of the 

l imitations of NAA for these speci f ic elements , though Ryan 

et al . [!271 developed a successful NAA method f or rhod ium . 

Us ing a combinat ion o f  so lvent extract ion and GFAAS , Hoash i 

e t  al . f1281 were able to determine ruthenium , p lat inum and 

p a l ladium in iron meteorites and were able to assess the use 

of these elemental  abundances in  classi f icat ion . There is 

c l early a need to f i nd additional elements that may have a 

c lass i f icatory role because many meteor ites have not yet 

been ass igned to spec i f i c  groups and remain " anoma lous . "  
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IV- 3 -2 Gal l ium i n  Meteorites 

An important concept in the study of iron meteorites 

was f irst proposed by Go ldberg et  al . 1511 . I n  assessing their 

gal l ium abundance data obtained from 4 5  iron meteorites they 

i ntroduced the concept of " quantized group s " . According to 

their ga l l ium contents they found that iron meteorites could 

be p laced into three dist inct classes , namely : 

Class I ,  4 5 - 1 0 0  �gj g Ga ; Class I I , 1 7 - 2 2  �gjg Ga ; Class I I I , 

1 . 7 - 2 . 5  �gj g  Ga . 

Levering e t  al . 1521 extended th is concept of 

" quant i z ation" in the ir ana lys is  of 88  iron meteorites for 

ga l l ium and some other e l ements . They mod i f i ed the earl ier 

three ga l l ium groups 15 1 1 , a s  fol lows : 

Group I ,  8 0 - 1 0 0  �gj g Ga ; Group I I , 4 0 - 6 5  �gjg Ga ; Group I I I , 

8 - 2 4  �g/g Ga ; Group IV , 1 - 3  �gjg Ga . Of the 8 8  meteorites 

they ana lysed , eleven were " anoma lous " in that they did not 

belong to any of the four groups . 

My deve loped procedure 11291 is a viab l e  a lternative to 

NAA for determination of ga l l ium in iron meteor ites . Th irty­

f ive irons that inc luded a l l  13 groups ( reduced from the 

origina l larger group ings by ama lgamation : i . e . I I IA and 

I I I B  have become I I IAB ) were determined for their ga l l ium 

contents . The abundance data as compared with those obta ined 

by NAA and other techniques are shown Fig . IV- 2 and in Table 

IV-7 . 



100 

-
CZJ 

· -
CZJ >.. 

� 80 -
8 -

-
-

£ 40 -

:;"j 20 0 

-
-

0 

-
�r 

I 
0 

co B 
7 

� 

, 
I I 

20 

/ 
/ 

)£ 

I I 
40 

e 
/ 

I 
60 

/ 

Ga (�g/g) by GF AAS 

ftJ 
/ (()  

� 

I I 
80 

/ 
/ 

/ o 
/ 

I 
100 

Fig.IV-2 Comparative abundance data for gallium in iron meteorites as 
determined by NAA and GFAAS 



1 0 0  

Tab l e  IV- 7 Gall ium Abundances ( �g / g )  in I ron Meteorites 
a s  Determined by GFAAS and other Method s  

Meteorite 

Group IA 
Annahe im 
Canon D iablo 
G l adstone ( No2 ) 
Toluca 

Group I B  
B itburg 
Four Corners 
Woodbine 

Group I C  
Chihuahua C ity 
Santa Rosa 
St . Francois 

Group I IA 
Forsyth County 
North Chi l e  
S i erra Gorda 

Group I I B  
B i l ibino 
Sao Jul iao More ira 

Group I I C  
Ba l l inoo 
Kumerina 
Perryvi l l e  

Group I I D  
carbo 
Needles 
Rodeo 

Group I IE 
Ar l ington 
Weekeroo Stat ion 

Group I I IA 
Cape York { Arg . ) 
Madoc 
Manitouwabing 
Merceditas 
Wa ingarornia 

Group I I I B  
L o s  Reyes 
Owens Val ley 
Z acatecas 

Group I I ICD 
Car lton 
Lames a 
Mungindi 
Nandan 

Group I I IE  
Cach iyuya l 
Coopertown 
P aneth ' s  Iron 

Ga by 
GFAAS 

8 0 . 1  
8 1 . 4  
6 4 . 5  
7 1 . 8  

3 6 . 6  
4 9 . 2  
3 4 . 9  

5 3 . 0  
5 3 . 3  
5 2 . 7  

6 0 . 1  
6 1 . 3  
5 9 . 6  

3 6 . 5  
3 3 . 4  

2 9 . 8  
3 4 . 7  
3 6 . 4  

7 1 . 1  
7 5 . 9  
8 1 . 3  

2 1 . 8  
2 9 . 1  

17 . 5  
19 . 6  
18 . 8  
1 9 . 8  
2 1 . 5  

2 1 . 3 
2 0 . 8  
2 1 . 4  

1 1 . 1  
1 1 . 1  
1 9 . 9  
7 6 . 1  

16 . 9  
1 6 . 9  
1 6 . 4  

Ga by 
other methods 

7 9 . 8  
8 1 . 8 ,  7 9 . 7 * 

9 3 . 7 ,  6 8 * 

7 0 . 6 ,  1 8 . 2 * 

3 4 . 8  
4 8 . 7  
3 7 . 3  

5 2 . 7  
5 4 . 5  
4 9 . 2  

6 0 . 8  
5 8 . 9  
5 7 . 4  

? 
3 7  

I 

3 6 . 8  
3 7 . 0  

7 0 . 0  
7 7 . 2  
8 2 . 1  

2 1 . 8 ,  2 1 . 9 * 

2 9 . 0 , 2 7 . 4 * 

1 9 . 2 ,  1 5* 

1 9 . 4  

1 9 . 5  
2 0 . 9  

2 0 . 9  
2 1 . 5  
2 0 . 3  

1 1 . 4 ,  1 0* 

1 0  
1 9 . 4  

1 6 . 9  
1 7 . 0  
1 6 . 9  



Group I I I F  
Clark County 
Moobi 
Nelson County 

Group IVA 
G ibe on 
Guanghua 
Nelson County 

Group IVB 
Hob a 
Skookum 
T lacotepec 
Weaver Mountains 

Group Anom 
Butl er 
Mundrabi lla  
Santa Cather i 

6 . 8 4 
7 . 8 7 
5 . 6 8 

2 . 0 6 
1 .  7 8  
4 . 9 9 

0 . 2 1 
0 . 2 0 
0 . 2 1 
0 . 2 4 

9 0 . 0  
5 7 . 8  
5 . 3 3 

Unaster�s ked data are from Wasson [ I ISJ 
• f rom Smales e t  al . rno1 
- f rom Wang et al . [ IJI J or Scott [ I20J 

6 . 9 ,  6 . 7 4 .  
5 . 8 4 ,  7 . 7 2 .  
5 . 3 3 

1 9 7  2 .  0 3 • 
. , 

- - , - - , 1 . 9  .. 
5 . 3 3 

0 . 1 8 4 .  
0 . 2 7 2  
0 . 1 9 5  
0 . 2 3 3  

8 7 . 1  
5 9 . 5  
5 . 2 8 ,  5 . 4 · 

1 0 1  

The ga l l ium abundances are shown i n  Fig . IV-2 a s  p lots 

o f  my data vs . those of other workers . The very close 

approximation to a l i near relationship i s  further evidence 

of the reliab i l ity and accuracy of my procedure , one that 

can be carried out in many laborator ies with minimum expense 

compared with NAA . 

IV- 3 - 3 Indium in Meteor ites 

Like most types o f  nat ive materia l , the indium content 

of iron meteor ites is extremely low probably because of its 

low pr imord ial  abundance and h igh volat i l ity and mobi l ity . 

Sma les et  al. �� reported a range of 0 . 3 - 4 1  ng/ g  indium in  

chondrites as determined by NAA . This procedure could not 

accurate ly determine levels below 1 ngj g .  A lmost a l l  of 

Sma l e s ' data showed levels below 1 0  ngj g .  

Because o f  the low abundances and the l imitat i ons o f  the 

NAA method , there is as yet no c l ear pattern as to the 

d istr ibution of indium in chondr ites or iron meteorites . 

Sma l e s  e t  a l . [SOJ indicated that the indium contents of 

coarse octahedrites are higher ( about 1 - 2  ngj g )  than in  the 
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other structural groups and gave abundances of  0 . 5 ,  0 . 7 ,  and 

0 . 8  ngj g  for three hexahedr ites . 

With my procedure , I was able to determine indium in  

the fol lowing irons : Toluca , G ibeon , Carl ton , Canon D iablo 

and Cape York and the results are l isted in  Table IV-8 . The 

values are however somewhat imprecise because of  

f luctuations in  the hol low cathode l amp that did not a l low 

for much scale expans ion . The data must therefore be 

cons idered a s  sem iquantitative and further analyses of iron 

meteorites were therefore not attempted . 

T ab le IV-8 I nd ium Abundance i n  Some I ron Meteorites 

Meteorite Group In ( J..Lg/g)  

Thi s  work Sma les et al . !BOJ 

Toluca IA 0 . 0 0 3  < 0 . 0 1 
Canon Diablo IA 0 . 0 1 0  0 . 0 1 2  
Cape York I l iA 0 . 0 0 8  < 0 . 0 1 
Carlton I I ICD 0 . 0 0 8  < 0 . 0 1 
G ibeon IVA 0 . 0 1 3  < 0 . 0 1 

Better results were obta ined for chondr ites and the 

data are l i sted in Table IV-9 . 

Table IV- 9 Indium abundanc e s  in Chondritic Meteorite s  

Meteor ite 

Allende 
Mokoia 
J i l in l 
Pla inview 
Summerf ield 
Umbarger 

Group 

CV3 
CV3 
H5 
H5 
L5 
L3 / 6  

I n  ( J..Lg / g )  

0 . 1 5 6  
0 . 1 6 1  
0 . 0 7 4  
0 . 0 8 0  
0 . 0 8 3  
0 . 0 8 5  

From the results shown i n  the Table IV-9 , there were no 

obvious trends among the dif ferent groups of chondrite 

except that the carbonaceous meteor ites seem to have much 

higher l eve l s  than do the ord inary chondr ites . A s im i l ar 

observation has been made for tha l l ium ( see below ) . 

However , a s  the number of  samp les analysed was sma l l  ( no 

others being ava i lable to u s ) , the data are only presented 

for the s ake of compl eteness . 
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T o  obta in rel iable indium abundances i n  meteor ites 

using the procedures deve loped by me , a more sens it ive 

analyt i ca l  method needs to be deve loped by use of a much 

l arger sample we ight . However , thi s  possibil ity is l imited 

because of the s carc ity of meteor itic mater ia l . 

IV- 3 - 4  Tha l l ium in Meteorites 

Quantif ication o f  tha l l ium in  meteorites presents a 

s imi lar problem to that o f  indium because o f  extremely l ow 

contents in the samples . Attempts have been made in the past 

to quant ify tha l l ium in meteorites by radiochemical neutron 

activation analys i s  (RNAA )  in whi ch tha l l ium is irradi ated 

to give 2�Tl which is mixed with a stable carr ier and the 

chemical yield determined . Thi s  procedure is extremely 

comp l icated and open to serious error parti cu l arly as the 

final  product has an act ivity typically of the order o f  two 

counts per minute 11 091 . Neverthe less , thi s  method has been 

used for quant i f ication of tha l l ium in a few chondri tes 1109•132-
1 351 where the - tha l l ium content is higher and the iron 

abundance lower , than in iron meteor ites . 

The quant i f i cation of tha l l ium in iron meteorites 

probably represents one of the ultimate cha l lenges to the 

analytical chemi st . As far as I am aware , this element has 

never previously been determined in the metal phase of iron 

meteor ites , though it  has been determined in  the more 

tRa l l ium-rich tro i l ite phase of the Canon Diablo and Toluca 

iron meteorites 1 1 091 

I have now been able to determine tha l l ium in 4 9  

iron meteor ites and 6 chondr ites us ing my ana lytical method 

descr ibed in the previous section of thi s  thes i s . The data 

and their geochemical s ign i f i cance are summar i z ed and 

discussed below . 

Abundance data for tha l l ium in  4 9  iron meteorites and 6 

chondr ites are comp i led in  Tables IV- 1 0  and IV- 1 1 . For 

irons , va lues range from 0 . 3 6 ngj g  tha l l ium in  S i erra Gorda 

( I IA)  to 3 9 . 2  ngjg in  Gibeon ( IVA ) . The data for iron 
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meteorites cannot b e  compared with other work because no 

other data are ava i lable . However , my va lues for tha l l ium in 

carbonaceous meteorites are very c lose to abundances 

reported by others 1107• 135-1381 . 

My 2 . 8 - 5 . 3  ngj g  tha l l ium reported for four ordinary 

chondrites are of course not representative o f  the group as 

a who l e , but in  the s ingle case where a tha l l ium abundance 

f or the s ame meteorites had been obta ined by another worker , 

the agreement was very c l o se . Huey and chao 11051 have reported 

3 . 7 9 ngjg f or Pla inyiew ( H 6 ) for which we have found 4 . 0  

ngj g .  

Certain general conclus ions can be made about the 

abundance data . The f irst of these ( al s o  observed by Reed et 

al . n�l , is that carbonaceous chondrites conta in about 3 0  

t imes more tha l l ium than do ordinary chondr ites . The s econd 

general observation is that there is some grouping o f  

tha l l ium va lues in iron meteor ites with the h ighest va lues 

being in  Group IVA ( 3 0 -4 0 ngj g )  and the lowest in  some of 

the Group II meteorites . 

i .  Corre lation Ana lys i s  

Tha l l ium abundances were corre lated against severa l  

variables including concentrat ions o f  nicke l , arsen i c , gold , 

iridium ,  osmium , p a l l adium ,  p l atinum , rhodium , and ruthenium 

( data from Hoashi 11391 and Hoashi et al . 11401 ) .  Correlation with 

coo l ing rates was a l s o  performed . Coo l ing rates were 

calcu lated from the expres s i on derived by Wasson 1141 1  based on 

original work by Short and Goldstein 11421 . Th i s  express ion can 

be g iven a s  follows : 

log CR = - 2 . 0 4 log BW - 8 . 9 4 log [ N i ] + 8 . 7  

where CR i s  the cool ing rate i n  ° C/Ma , BW i s  the kama c ite 

band width in  mm ,  and [ N i ]  i s  the % Ni  concentration . 

There was a s ign i f i cant corre lation between the 

thal l ium content of the iron meteorites and the cool ing 

rate , for which r = 0 . 4 0 ( 0 . 0 2 >P>O . O l ) . There were sever a l  

negative correlations between tha l l ium and platinum group 

metal s  ( PGM) . This was shown for tha l l ium vs . p latinum ( r  
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= - 0 . 3 3 [ 0 . 05>P> 0 . 0 2 ] ) ,  tha l l ium vs . ruthenium ( r  = - 0 . 3 9 

[ 0 . 0 2 >P> O . O l ] ) ,  tha l l ium vs . iridium ( r  = - 0 . 2 6 

( O . l O >P> 0 . 0 5 ] ) ,  and tha l l ium vs . rhodium ( r  = - 0 . 2 8 

[ 0 . 1 0 >P> 0 . 0 5 ] ) .  Negat ive correlations with the four PGM 

highl ight the cha lcoph i le behaviour of tha l l ium as has a l so 

been shown for pa l lad ium and arsenic by Hoashi e t  al . l140l . 

Thi s  i s  because cha lcophile  e l ements usua l ly g ive a negative 

correlation with s iderophile  PGM . 

i i .  Tha l l ium � s  a Taxonomi c  Determinant o f  Iron 

Meteor ite Groups 

It i s  we l l  known that the abundances of germanium , 

ga l l ium and certa in PGM elements ( espec i a l ly I r  and Ru ) when 

p l otted aga inst the nickel content of iron meteorites afford 

a means of clas s i fying irons into the ir respective taxonomic 

groups . The role o f  the tha l l ium content a s  a taxonom i c  

parameter is shown in Fig . IV- 3 wh ich is a p lot of tha l l ium 

vs . nickel concentrat ions in the iron meteorites ana lysed by 

me . 

There is c l ear separat ion o f  groups I IAB , I I C ,  I ID ,  

I I IAB , high-Ni I I I CD ,  I I I F , IVA and IVB . Groups IAB , I I E ,  

and I I I E  show cons iderable over lap with the f i e lds o f  other 

groups . It may be s ignif icant that two of these overlapping 

groups ( IAB and I I E )  belong to the so-cal led impact 

meteor ites ( supposedly formed by impacts of iron-rich 

/ mater ial on a parent body of chondr itic compos ition ) as 

opposed to the rema in ing "magmat i c "  group s . 

Despite the relat ive ly good group separation achieved 

by a p lot of nickel vs . tha l l ium abundances in iron 

meteorites , there is no s ign i f i cant corre lat ion between 

these two elemental concentrations whereby it would have 

been possible to determine the s o l id/ l iquid di str ibution 

coe f f i c ient o f  tha l l ium by use o f  the Rayle igh equat ion . The 

poor correlation with nicke l may be due to the re lat ively 

high vo lat i l ity o f  tha l l ium ( b . p .  14 5 7 0 C )  compared with 

nickel ( b . p .  2 9 o oo c )  so that the former might suf fer part i a l  

l o s s  dur ing the magmatic process . I ndeed Reed e t  al . [I09J have 
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commented on the " scatter " of tha l l ium concentrat ions in  

ordinary meteorites .  

i i i . Conclus ion and D i s cu s s ion 

1 0 6  

A relatively l arge pool o f  new data f or the abundance 

of tha l l ium in iron meteorites has now been estab l i shed and 

should be used for further research on the fate of vol at i le 

e l ements during the evolut ion of the magmatic and impact 

groups of irons . 

The data pool for tha l l ium abundances i n  chondr ites i s  

too sma l l  t o  b e  able to form any definite conc lus ions but 

the initial data seem to indicate that some o f  the early 

RNAA data might have erred on the low s ide . The GFAAS method 

uses relatively ava i lable instrumentat ion and has the 

potent ial  to provide a new large pool of data to study the 

large ly unknown geochemi stry of tha l l ium and in particular 

its important role in cosmothermometry . 
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Tab l e  IV- 1 0  Tha l l ium and N i ckel Abundance s  i n  I ron 
Meteor ites 

Meteor ite Group Ni ( % )  T l  ( ng j g )  

. Annaheim IAB 8 . 8 2 1 4 . 9  
B itburg IAB 1 2 . 4 0  5 . 6  
Canon D i ablo IAB 6 . 9 8 4 . 6  
Four Corners IAB 8 . 9 0 8 . 1  
G l adstone IAB 7 . 5 3 1 8 . 0  
Toluca IAB 8 . 0 7 9 . 6  
Woodbine IAB 1 0 . 6 0 8 . 4  

Chihuahua City I C  6 . 6 8 9 . 1  
S anta Ros a  I C  6 . 6 3 6 . 7  
st  Franco i s  I C  6 . 7 7 1 6 . 8  

B i l ibino I IAB 5 . 8 0 6 . 3  
Forsyth eo . I IAB 5 . 5 0 1 0 . 1  
North Chi l e  I IAB 5 . 5 7 6 . 1  
sao  Ju l iao de Moreira I IAB 6 . 1 0 7 . 8  
S ierra Gorda I IAB 5 . 2 7 0 . 3 6 

B a l l inoo I I C  9 . 7 2 2 . 0  
Kumerina I I C  9 . 6 9 2 . 7  
Perryvi l le I IC 9 . 2 7 8 . 1  

Carbo I I D  1 0 . 2 0 4 . 5  
Needles I I D  1 0 . 3 0 5 . 5  
Rodeo I I D  1 0 . 2 0 3 . 6  

Ar l i ngton I I E  8 . 4 2 2 . 9  
Weekeroo Stat ion I I E  7 . 5 1 5 . 7  

Cape York (Woman )  I I IAB 7 . 5 8 8 . 1  
Los Reyes I I IAB 8 . 7 1 1 6 . 4  
Madoc I I IAB 7 . 5 2 7 . 3  
Manitouwabing I I IAB 7 . 3 2 5 . 6  
Merced itas I I IAB 7 . 8 2 2 . 9  
Owens Va l l ey I I IAB 8 . 5 3 1 2 . 5  
Wa ingaromi a  I I IAB 9 . 14 8 . 6  
Z acatecas I I IAB 9 . 0 0 1 2 . 5  

earl ton I I I CD 1 3 . 0 0 2 6 . 6  
Lames a I I I CD 13 . 1 0 8 . 2  
Mungind i I I ICD 1 1 . 5 0 1 4 . 7  
Nantan I I ICD 6 . 8 0 1 9 . 5  
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Table IV- 1 0  Continued 

Cachiyuya l I I I E  7 . 8 8 1 3 . 6  
Coopertown I I I E  8 . 4 7 2 0 . 6  
Paneth ' s  Iron I I I E  8 . 9 8 7 . 9  

C lark eo . I I I F  6 . 7 9 2 1 . 2  
Moonbi I I I F  7 . 7 0 1 5 . 0  
Nelson eo . I I I F  7 . 0 2 1 6 . 0  

G i beon IVA 7 . 6 8 3 9 . 2  
Guanghua IVA 7 . 7 0 3 0 . 0  
Ste inbach IVA 9 . 0 8 2 6 . 3  

Skookum IVB 1 7 . 1 0 8 . 5  
T l acotepec IVB 1 5 . 8 0 8 . 1  
Weaver Mounta ins IVB 1 6 . 8 0 7 . 6  

But ler ANOM 1 5 . 5 0 2 . 5  
Mundrabi l la ANOM 7 . 7 2 6 . 9  
Santa Catharina ANOM 3 3 . 6 0 3 . 0  

Table IV- 11 Tha l l ium Abundances in Chondritic Meteorites 

Meteorite Group Tl  ( ng j g )  

A l l ende CV3 1 6 9  
Moko ia CV2 1 5 8  
J i l in H5 2 . 8  
P l a inview H5 4 . 0  
Summerf ield L5 5 . 3  
Umbarger L3 / 6  3 . 1  

IV- 4 THE MANITOUWABING IRON METEORITE 

The Manitouwabing iron meteorite was found i n  

Man itouwabing , Ontar io , Canada ( 4 5 ° 2 6 ' 2 4 " N ,  7 9 ° 5 2 ' 3 2 11 8 )  i n  

1 9 6 2 [I 17J . Initial work o n  the minera logy o f  thi s  meteorite was 

performed by Knox l1431 in 1 9 6 4 . The ma in mass of about 3 9  kg i s  

a t  present held a t  the Univers ity of Toronto and there i s  a 

sma l l  p i ece o f  1 9  g at the Nat i onal Museum , Washington DC . 

Accord ing to Graham et  al . l1441 , Mani touwabing might be paired 

with Madoc . 

Perhaps because of the l imited d istr ibut ion of 

Manitouwabing , surpri s ingly l ittle work has been carr ied out 

on the chemica l composition of thi s  meteorite which , 
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neverthles s , h a s  been ass igned t o  Group I I IAB , presumably on 

the bas i s  o f  its medium octahedrite { Om )  structure . 

We have recently been fortunate enough to acquire a sma l l  

p iece o f  Mani touwabing and I have carried out a chemical 

ana lys i s  o f  its most important constituents with a v i ew to 

conf irming its class i f ication and examining the the s i s  that it 

might be pa ired with Mado c . 

IV- 4 - 1  Analytical Methods 

The f o l l owing e l ements were quant i f ied in Manitouwabing 

and Madoc : ga l l ium 11291 and tha l l ium 11451 , a s  we l l  as pa l l adium ,  

p lat inum and ruthenium 11401 were determined by GFAAS ; n i ckel by 

f l ame AAS ; arsenic , go ld , i r idium osmium , and rhodium by INAA ; 

and german ium by hydride generation AAS 196•971 . A l l  analyses were 

carried out on dup l icate samples . 

IV- 4 - 2  Results and D i s cuss ion 

The exper imenta l results are shown in Table IV- 1 2 . The 

much h igher leve ls of iridium ,  osmium , arsenic , plat inum , 

rhodium and ruthenium in  Madoc compared with Man itouwabing , as 

we l l  a s  fhe much lower pal ladium content of Madoc indicate 

quite c l early that these two meteorites are not pa ired . 

Agreement between my data for ga l l ium , germanium and irid ium 

i n  Madoc and those o f  Scott e t  al . 11461 i s  extreme ly good . The 

tha l l ium content of the two meteor ites at 7 . 3  ngj g  for 

Manitouwabing and 7 . 5  ngj g  for Madoc i s  however very close , 

but i s  probably fortu itous . 
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Tab l e  IV- 12 E l emental concentrations i n  Manitouwabing and 
Madoc l1471 

E lement Manitouwabing 

N i  ( % )  7 . 3 4 
As ( tJ.g I g )  2 . 8 2 
Ga ( tJ.g l g )  1 8 . 8  
Ge ( tJ.g I g )  3 5 . 0  
Au ( tJ.g l g )  0 . 5 5 
Ir  ( tJ.g l g )  1 .  52  
Os ( tJ.g l g )  0 . 7 3 
Pd ( tJ.g l g )  4 . 4 0  
Pt ( tJ.g l g )  1 3 . 3  
Rh ( tJ.g I g )  1 .  5 6  
Ru ( tJ.g l g )  6 . 9 8 
T l  ( ng l g )  5 . 6  

* From S cott et al . {146) 
NB Data for Ni , G a , Ge , and Tl 

e l ement s were determined by 
or Ryan et al . [ 127] 

VI - S  GENERAL CONCLUS IONS 

are my 
Hoashi 

Madoc 

our Data Other Data• 

7 . 4 7 
4 . 5 7 

19 . 6  19 . 4  
3 5 . 5  3 6 . 4  

0 . 6 0 
5 . 7 6 6 . 8  
5 . 1 9 
2 . 8 7 

17 . 9  
2 . 2 0 

1 0 . 2  
7 . 3  

own . Other ( 140] 
' 

I t  i s  conc luded that the ana lytical methods deve loped for 

the quant i f icat ion of ga l l ium and tha l l ium in meteorites have 

produced s ign i f icant data of ass istance in class if ication o f  

such nlater ials . 

It  i s  a l so  concluded that the deve loped methodology ( i . e .  

so lvent extract ion combined with GFAAS ) i s  a viable 

a lternat ive to NAA wh ich is not ava i lable in most laboratories 

and certa inly not in New Zealand . The methods that I have 

deve loped are sensit ive , reliable , and accurate , except 

perhaps in the case of indium where l imits of detection were 

too h igh to enable quant i f ication of th is e l ement in iron 

meteorites . 

The most s ign i f icant achi evement o f  thi s  work was to 

provide tha l l ium abundances in 4 9  iron meteor ites that had 

never previously been ana lysed for thi s  element . The 

acquis ition of such an abundance poo l has obvious appl i cations 

to taxonomic c l a s s i f icat ion o f  iron meteor ites , as wel l  as 

some app l ication to the f i e ld o f  cosmothermometry where 

tha l l ium ( and indium) abundances are important . 





GROUP IIIB ELEMENTS IN CRETACEOUS­

TERTIARY BOUNDARY CLAYS 

V- 1 INTRODUCTION 

V- 1 - 1  The cretaceou s-Tertiary Boundary 

/ l l - 1 1 3  

The sc ience o f  palaeontology i s  governed by the existence 

of a number of geol ogical per iods or system boundaries at 

maj or f loral and fauna l breaks . Many o f  these boundaries seem 

espec i a l ly we l l  p laced , for some o f  them represent distinct 

evo lutionary changes or ext inct ions that occurred during short 

time interva ls on a worldwide sca l e . Exp lanati ons of these 

often dramat ic changes in  the fos s i l  record have not been 

tota l ly sat i s factory , espec ially s ince a globa l scale and a 

short , l imited time must be cons idered . 

The boundary between the Cretaceous and Tert iary 

geo logica l periods can be ident if ied in the sedimentary record 

by the rapid di sappearance of typ ical Cretaceous fos s i l s  

followed by the appearance of typical Tert iary forms . The 

precise palaeoto logica l boundary usua l ly corresponds to a c lay 

layer a lmost devo id of fos s i l s  11471 

Ever s ince Alvare z et al . �� proposed that mass 

ext inctions ( 7 0 % )  of all l i fe forms at the terminal Cretaceous 

had been caused by impact from a large ( 1 0 km) a steroid or 

comet , there has been l ive ly discus s ion o f  the subj ect . The 

original Alvarez theory had been based on the discovery o f  an 

ir idium-r ich boundary at three diff erent loca l it i es throughout 

the world , though later studies extended this to we l l  over 

1 0 0 . Th i s  enrichment of iridium is s igni f icant because this 

element i s  relatively abundant in extraterrestrial  mater i a l s  

( 5 0 0 - 1 0 0 , 0 0 0  ngj g ( =ppb ] ) and very rare in  the Earth ' s  crust 
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{ < 1  ngj g ) . The theory was l ater strengthened by the d i scovery 

of impact-derived shocked quartz at sever a l  l ocal ities 11481 , and 

by the presence o f  carbon particles probably originating from 

wild f ires a fter the impact 11491 . 

A counterva i l ing argument by O f f icer and Drake 11501 

proposed that the high i r idium content o f  the boundary c lays 

was evidence of extens ive vo lcanic act ivity at the t ime 

(poss ibly related to the f ormation of the Deccan Trap s )  s ince 

it has been shown by O lme z et al . 1151 1 that iridium i s  present 

in  volcanic emiss ions . from Ki lauea on the i s l and o f  Hawa i i . 

One o f  the strongest arguments proposed by the "vo lcani c "  

school of thought w a s  that no " smok ing gun "  h a d  been found . 

That i s  to s ay that no impact crater o f  the r ight age and s i z e  

had h itherto been discovered . 

The recent di scovery of a 1 8 0  km impact crater in  the 

Yucatan Pen insu l a , Mexico with exactly the r ight age 11521 has 

shown the exi stence of a potenti a l  ir idium s ource and has 

grfatly strengthened arguments for the catastroph i c  impact 

theory of mass extinctions at the termina l Cretaceous . The 

original paper � by Alvarez et al . �� c ited three l oca l it ies at 

which the irid ium-rich c lay layer had been f ound . These 

inc luded the K-T boundary at Woods ide Creek f irst descr ibed by 

Strong 11 531 . The geochemi stry of th i s  sequence was l ater 

reported by Brooks et al . �� . Several other iridium-r ich K-T 

s ites have now been reported in New Zea land at Chancet Rocks 

11541 , Wa ipara River 11551 , Needles Point 11561 , and at Wharanu i 11571 . 

A l l  o f  these s ites except for the Mid-Canterbury Wa ipara River 

sect i on are from Marlborough Province near the sett lement of 

Ward ( See Fig . V- 1 ) . 

The Cretaceous / Tert iary ( K / T )  boundary rock sect i on from 

the F laxbourne River area has rece ived considerable attent ion 

because it represents one o f  the most compl ete iridium-ri ch 

sequences yet recorded worldwide�l . It  was moreover found as a 

recently exposed s ite result ing from quarrying and was 

therefore comp letely fresh and free of weather ing ef fects . 

Strong et  a1 . �1 were a lso  able to show that i n  thi s  same 

sequence , the concentrations of n i ckel and chromium relat ive 
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to iridium and norma l i z ed to thi s  ratio in  C l  carbonaceous 

chondrites , indicated a meteoritic rather than volcanic source 

for these elements . 

Despite the now wor ldwide acceptance by the sc ient i f i c  

community that a large meteoritic o r  cometary impact occurred 

at the end of the Cretaceous , there are st i l l  s cient ists who 

ma intain that iridium was derived from vo lcanic activity . 

There i s  clearly st i l l  a need to do further work on K / T  

sections i n  order to either reinforce or d isprove the impact 

theory . 

V- 1-2 Quant i f i cation of Elements in K/T Boundary c l ays 

Fol lowing the init ial  work by Alvarez et al . �1 , many 

elements have been quant if ied and invest igated in the K / T  

boundary (Kyte e t  al . l 1 58 1 ,  Strong e t  al . l641 , Brooks e t  al . l631 ) • 

Although some of the elements enr iched in  the K / T  boundary 

c lay (Ni , Ir , eo , er , Ni , etc . ) are probably o f  cosmic origin , 

others are clearly terrestrial (As , Sb) . The l atter group o f  

elements tends - to b e  cha lcophile ( sulphur- loving ) . Anoxic 

conditions in the oceans fol lowing the K/T boundary impact 

wou ld readily cause scaveng ing of cha lcoph i l e s  from the water 

co lumn s ince these elements are read i ly prec ipitated as 

sulphides under such condit ions . Researchers have a lso noted 

that cha lcophi les can be s imi larly enr iched in coal ash , 

caused by the low oxidat ion potent ial  of the medium l 1591 

E f f i c ient leaching of the ej ecta from the l and and atmosphere 

would be able to concentrate most of the d i s s o lved 

cha lcophi les into the th in cl ay boundary layer . 

Severa l cha lcoph i l e s  ( such as antimony , arsenic , copper , 

and z inc)  have previous ly been quant i f ied in  boundary c l ays� . 

I have in addition determined ga l l ium , ind ium , and tha l l ium to 

add to this l i st . The technique was a modi f i cat ion of the 

procedures used above for ana lys i s  of meteorites and was 

app l ied not only to K / T  boundary c l ays but a ls o  to volcanic 

lava and ash from Ki lauea in Hawa i i  and P i natubo in  the 

Phi l ipp ines . The boundary mater ial  was ma i n ly from the 
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Woods ide Creek and Flaxbourne River sequences i n  New Z e a l and 

but a lso inc luded K/T materi a l  from outs ide thi s  country . I t  

i s  noteworthy that none of these e l ements can be determined 

rout inely by NAA and the data on their abundances are 

therefore very sparse . I present perhaps the f irst data for 

these e l ements in the K/T boundary and have used them to 

interpret their s ignif icance for the volcanic vs . impact 

theories . 

V-2 S ITE LOCATIONS, GEOLOGY, GEOCHEMISTRY AND B I OSTRATIGRAPHY 

Most of  the work was carried out on the two important K / T  

boundary s ites a t  Woods ide Creek and F laxbourne River ( see 

Fig . V- 1 } . D iagrams of the stratigraphic columns have a lready 

been given by Strong 1 1531 and Strong et al . 1641 . A br ief 

geo logic a l  descr iption of  each sequence now f o l l ows : 

�v-2 - 1  Woods ide creek 

The strat igraph ic interva l as descr ibed by Strong 11 531 is  

we l l  displayed in the gorge of Woods ide Creek in north-eastern 

Mar lborough ( a l so see Fig . V- 1 } . The sect ion there is of  

part icular biostrat igraphic interest because the 

disconformabl e  K/T contact can be accurately located in a 

cont inuous ly foss i l i ferous sequence where strat igraphi c  and 

structural relationships are straightforward . D iagnostic 

foss i l s , whi ch can be  corre lated both loc a l ly and 

internat iona l ly ,  occur near the contact , both above and below . 

Woods ide Creek consists of two format ions compr i s ing 

l ight-col oured , hard , highly s i l i ceous l imestone . The younger 

Amuri Limestone , about 1 0 0  m thick is part of the Dannevirke 

Series . The under lying Mead H i l l  Format ion , about 7 4  m thick , 

i s  o f  Late Cretaceous to Ear ly Tert iary age and thus conta ins 

the Cretaceou s / Tert iary boundary . Thin part ings of s ofter 

l imestone and s i lty mudstone ( some only a f ew mm thi ck )  are 

present throughout the sequence . 

· -
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v-2 -2 Flaxbourne River 

The F l axbourne River K / T  boundary s ite , is in NZMS 

Quadrang le P 2 9  ( 1 : 5 0 , 0 0 0 } , some 4 km southeast of the 
� . . 

sett lement o f  Ward , 1n the Mar lborough prov1nce o f  New 
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Zealand ' s  S outh I s l and . The loca l ity l ies  near the mouth o f  

the F laxbourne River , with i n  the belt o f  moderately and 

compl etely deformed upper Cretaceous and P a laeogene l imestone , 

which more or less para l l e l s  the coast for about 2 0  km , from 

the Ure River to Cape . Campbel l  [160J . Other K/T boundary 

loca l ities were previous ly described about 5 km away at 

Needles Po int , and 2 km away at Chancet Rocks [63•154• 1561 

i .  L itho logy 

Litho l ogica l ly ,  the F laxbourne River K / T  boundary section 

is s imilar to the nearby Chancet Rocks section l63 •1541 . The 

essent ial  d i f f erence between the two s ites is that at Chancet 

Rocks th� l owest few cm of the boundary interva l ,  inc luding 

the boundary clay , is usua l ly miss ing owing to marine eros ion 

o f  the relative ly soft boundary unit , and inf i l l ing o f  the 

resultant cleft with sed iment . 

A co lumnar sect ion of the Flaxbourne River sequence is 

shown in Fig . V-2 . The CaC03 contents are shown i n  parentheses 

after the rock descript ions . Nine l itho logic units were 

def ined with i n , or adj acent to , the interva l s amp led : 

( 1 }  The interva l - 1 0 0  cm to - 1 4  cm ( Unit 1 }  cons i sts of 

a thin to med ium bedded , brownish grey l imestone with thin 

marly part ings . 

( 2 )  Unit 1 is over l a i n  by 1 0 0  cm of thickly bedded 

ma ss ive browni sh grey l imestone without the marly partings 

( Unit 2 ) . As the thickest s ing le bed in the succe s s i on , it is 

an exce l l ent marker for the Uppermost Cretaceous throughout 

the whole reg i on , includ ing Wood s ide Creek . 

( 3 )  Unit 3 i s  a 2 - 5  cm layer of soft o f f -white marl with 

a very irregu l ar thickness . The contact with Uni t  2 undulates , 

as Unit 3 tends to mask and f i l l  irregularities on the surface 

of Unit 2 .  Th i s  unit is not well  represented at Chancet Rocks . 
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( 4 )  The boundary clay (Unit 4 )  i s  def ined o n  the bas i s  

of the sharp l ithological ( and biostratigraph i c )  changes that 

occur atlwhat is here def ined as z ero on the sca l e  of the 

stratigraphic column . The contact with Unit 3 is p lanar and 

sharp , and is marked by an abrupt co lour change from off-white 

to dark grey . The average thickness i s  2 0  mm. The lower h a l f  

of the clay ,  cons i st ing of f inely divided mater ia l ,  merges 

into the upper part of the unit which is interspersed with 

sma l l  l imestone lenses . The basal  contact shows no evidence o f  

eros ion . Instead , it  appears t o  present continuous 

sedimentat ion dur ing a sudden drastic change in  oceani c  

conditions which a ltered accumulation rates o f  various 

sedimentary components . A ma j or decrease in carbonate 

depos ition was one such change . 

( 5 )  Unit 5 consists o f  an 8 cm layer o f  l aminated dark­

grey l imestone ( technica l ly a calcareous mudston e )  . A s imi lar 

dark l imestone a l so  occurs at Chancet Rocks where it is of 

comparable thickness . 

{ 6 )  The dark l imestone of Un it 5 i s  overl a in by a 4 0  cm 

layer o f  thin-bedded greyish-green ca lcareous mudstone ( Unit 

6)  • 

( 7 )  Un it 6 is in turn over l a in by a thickly bedded 

browni sh weathered l imestone (Unit 7 ) . 

( 8 )  Un it 8 consists of an 8 m layer o f  medium-bedded 

ye l l ow-green l imestone that overl ies Unit 7 .  

( 9 )  The uppermost recorded unit con s i sts of mas s ive grey 

l imestone with " sponge " fos s i l s  ( Unit 9 } . 

i i . Biostratigraphy 

The pre l iminary foramini fera l study descr ibed by Strong 

et al . �J confirmed the pos ition of the K / T  boundary and 

surveyed the general strat igraphic success ion . The z ero point 

on the scale not only indicates a pos ition o f  sharp l ithologic 

and biostrat igraph ic change , but also marks the l ower boundary 

of the abrupt rise  in the irid ium content . Thi s  z ero point 

l ies  between l ithologic Units 3 and 4 .  
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Cretaceous samples contain a typical New Zea land l atest 

Cretaceous bathya l fauna with very abundant large p lanktonics 

and sparse benthics . Trans ition z one s amp l es are characteri sed 

by a fauna of d iminutive Cretaceous planktonic and benthic 

specimens . Except for their t iny s i z e ,  practica l ly a l l  o f  them 

appear ident ical to Late Cretaceous species that have been 

recorded from under lying strata at Flaxbourne R iver or from 

elsewhere i n  New Zealand . The decrease i n  specimen s i z e  is the 

most striking feature at and above the iridium anomaly , below 

whi ch many species of . forams are two to three t imes the s i z e  

of the same species found above the boundary . Only the benthi c  

Al lomorphina cretacea , rare below the anoma ly but common above 

it , reaches about the s ame s i z e . 

Other contacts between the pre- and post-anoma ly faunas 

are the appearance of new benthic taxa , an  increase in  the 

abundance of benthics from < 1 % to an est imated 1 0 %  and an 

overa l l  decrease in foraminifera l abundance . 

The quest ion arises a s  to whether the post-anomaly 

Guembe l itria cretacea z one ( the boundary c lay)  was somehow 

reworked from older underlying strata . A number o f  factors 

suggests that th is is not the case : 

clay ; 

( 1 )  appearance of taxa not recorded below the boundary 

( 2 )  absence of other taxa wh ich are abundant below the 

boundary ; 

( 3 ) drast ic decrease in s i z e  for most species ; 

( 4 )  changes in relat ive abundance o f  p lanktonic taxa ; 

( 5 )  increase in propert ies of benthi c  foramini fera ; 

( 6 )  lack of sedimentologica l evidence for bioturbat ion 

or other reworking . The contact between the boundary clay and 

the under lying marl shows no s igns of eros ion and the sed iment 

contain ing Guembel itria cretacea is f inely laminated . 

Reference to the exi stence of " Cretaceous survivors "  

recogn i z es that taxa above the boundary are not j ust reworked 

sediments £ 16 1 1  
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i i i . P r evious G e o chem i s try 

Abundances of CaC03 and more than 2 0  e l ements were 

obta ined by Strong et a l . �  and other workers . These elements 

may be p laced in groups as fol lows : 

1 .  This group conta ins As , eo , er , Cu , N i , Sb and Zn . 

Thes e elements show an  enr ichment in  the vicinity o f  the 

boundary ( s imi lar to that of Ir and Pd) and then return to 

the ir previous abundance levels . 

2 .  The s ideroph i l e elements er , Co and Ni  are depleted in  

crus t a l  rocks relat ive to meteorites like their f e l low 

s ideroph i l es , Ir and Pd . There fore some o f  the excess of these 

elements at the boundary may be der ived from a meteoritic 

source . 

3 .  The other four cha lcophi les of the f i rst group 

(As , eu , Sb , and Zn) do not have s ignif icant ly h i gher 

concentrat ions in meteorites than in crustal rocks . The source 

of the ir enr ichment at the K / T  boundary must be terrestrial . 

4 .  I n  the next group ing , the elements A l , Fe , K ,  and Mg , 

are enr i ched at the boundary but rema in at h igh l eve l s  in the 

Tert iary sed iments . Thes e e l ements are usua l ly enr i ched in 

c lays . It is probab le that the K / T  event l ed to a last ing 

change in sedimentation patterns lead ing to an increa se in 

c l ay depos ition . 

5 .  The last four e l ements (Mn ,  P ,  sr , and U )  show a 

marked decrease in Tert iary sed iments . This may be an arte fact 

o f  calculating the e l ementa l abundances on a carbonate free 

basis , wh ich is only va l id if the elements concerned are 

pres ent in the clay fract ion . It is l ikely that the 

a forement ioned elements are part of the carbonate fraction . 

V - 3  MATERIALS AND METHODS 

V- 3 - 1  S amp l e  Co l l e c t ion 

Samp les were obta ined from the Woods ide Creek and 

F laxbourne River s ites as we l l  as from other we l l  known K / T  

occurrences a t  Stevns Kl int ( Denmark ) , and Browni e  Butte 

( �ont inental sect i on from New Mex ico ) , Zumaya ( Sp a i n ) , and 



Gubbio ( Italy - s ite of the origina l work by Alvarez e t  al . 

�l ) .  Samp l es o f  volcanic lava from Ki lauea and from Mt . 

P inatubo were a lso obta ined . 

The materials  were ground to - 1 0 0  mesh and stored i n  

sealable p lastic bags . A tungsten carbide concentri c  r ing 

grinder was used to grind the samples . 

V-3 -2 Samp l e Dissolution 

12 1 

I n  order to decompose l imestone and s i l ica i n  K / T  

boundary c l ays , a 1 : 1 .mixture of hydrof luor ic and nitric ac ids 

was used . About 0 . 5 - 2  g o f  powdered K/T boundary c lay was 

weighed accurately and p l aced in Teflon beakers . A vo lume of 

1 5  mL o f  the mixed acid reagent was careful ly added to the 

s amp l e  and the samples were heated to dryness on a hot p l ate . 

Another porti on of 1 5  mL o f  mixed acid was then added and the 

procedure repeated . The procedure was repeated once more . The 

res idue was redissolved in an acid appropriate to the e l ement 

that was to be quant i f ied . 

V-3 - 3  Ana lyt ical Procedures 

A l l  samp les were analyz ed for ga l l ium , indium and 

tha l l ium by a combination o f  extraction into methyl i sobutyl 

ketone {MIBK)  followed by ana lys is of the organic phase by 

graph ite furnace atomic absorption spectrometry { GFAAS } a s  

deta i led in  Part Three o f  th i s  thes is . 

The abundances o f  ga l l ium , ind ium and tha l l ium o f  these 

K / T  boundary clays and volcanic emiss ions are l i sted in  Table 

V-1 . The table a l so includes iridium values quant i f ied by 

C . J . Orth us ing radiochemica l neutron act ivat ion ana lys i s  

( RNAA) at the Los Alamos Nat ional Laboratory , New Mexico . 

V-4 RESULTS AND DI SCUSS I ON 

The analytical data inc lude wide coverage o f  the New 

Zeal and s ections at Woods ide Creek and Flaxbourne River a s  

we l l  a s  boundary samp l es from s ites in Italy , Spa in , Denmark 

and USA . 
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The abundance data have been expressed on a deca l c i f ied 

{ CaC03-free)  bas i s  to avo id spur ious f luctuations due to 

variation in  carbonate depos ition . The effect of thi s  i s  to 

assume that all the trace elements were in  the non-carbonate 

port ion of each samp l e . The data are recorded in  Table V-1 . 

I t  i s  c lear from Table V- 1 that ga l l ium , indium and 

tha l l ium are enr i ched at a l l  of the s ix K / T  boundaries 

analyz ed . The extent o f  thi s  enrichment i s  not immediately 

c lear because of the background va lues . I f  however the mean o f  

the Cretaceous and Tertiary background i s  subtracted from the 

concentrat ions of a l l  three elements in the vicin ity of the 

K / T  boundary , more meaningful values for the excess abundances 

can be ca lculated . These are shown in  parentheses in  Tabl e  V- 1 

and were used in subsequent calculat i ons . 

Strong et a l . �� have shown that the abundances of 

s ideroph i le elements such as coba lt , iron , chromium and n i ckel 

in boundary clays are very much higher than if  the ir source 

had been vo lcanic emi s s i ons as suggested by Officer and Drake 

[ 1501 .  Based on the data of O lmez et  al . [ 15 1 1  for trace elements in 

vo lcanic emiss ions from Kilauea , abundances of the above 

s ideroph i les in K/T boundary clays when norma l i z ed to iridium 

and to the Element / Ir ratio in C l  chondrites were several orders o 1  

magnitude higher than in Ki lauea emiss ions . Strong et  al . [�I 
therefore proposed that vo lcanic act ivity could not have been 
respons ible for enrichment of iridium and s iderophi les such a s  
coba lt , iron , chromium and nicke l i n  the K/ T  boundary . The 
same authors did however notice that chal coph i l e  arsenic was 
not enriched at a l l  in  boundary clays relative to volcani c  
emi s s ions and that copper , ant imony and z inc were only 
s l ight ly enr iched , if at a l l . 

I n ow have abundance data for three more cha lcoph i les  

( g a l l ium , indium and tha l l ium ) and the element / irid ium ratios 

norma l i z ed to C l  chondrites are shown in F ig . V-j . Data from 

Strong e t  al . [�J are inc luded for compari son . It is c lear from 

the f igure that cha lcophi l es are not s ign i f icantly enriched at  

the K / T  boundary compared with volcanic emiss ions . I t  i s  also  
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clear that these e l ements are not derived from volcanism s ince 

there is no concomitant reduction in  the abundances of 

siderophi les  such a s  nickel , chromium , and iridium that have 

lower abundances in volcanic emiss ions than in boundary c l ays . 

Table V-1 E l emental abundances ( ng j g  [ ppb ] for In and Ir and 
�g/ g [ ppm] for Ga and T l )  in K / T  boundary and other geological 
samp l e s  ( al l  data expre s s ed on caco3-free bas i s ) 

RocK: In'Eervai Ga In ·rr 
WOODSIDE CREEK 

K - 3 5 0 0  cm 1 . 5  < 1 0  0 . 0 3 
K - 3 2 5 0  cm 3 . 5  < 1 0  0 . 0 3 
K - 1 2 5 0  cm 2 . 6  < 1 0  0 . 09 
K -4 0 0  cm 4 . 5  < 1 0  0 . 2 2 
K - 1 5  cm 8 . 5  < 1 0  0 . 2 0 
K - 6  cm 5 . 9  < 1 0  0 . 6 0 
K - 1  cm 1 4 . 7 ! 9 . 7 ) < 1 0 ! 1 )  1 . 7 8 ! 1 . 4 8 ! 
B 0 2 7 . 7  2 2 . 7 � 1 0 3  9 3 )  3 . 8 3 3 . 5 3 
T + 0 . 2  cm 17 . 1  1 2 . 1  1 3 8  1 2 8 )  2 . 1 0 1 . 8 0 
T + 5  cm 5 . 2  < 1 0  1 .  5 0  
T +7 cm 8 . 1  1 3  0 . 2 6 
T + 1 0  cm 5 . 9  < 1 0  0 . 5 4 
T + 1 4  cm 3 . 2  < 1 0  0 . 2 2 
T + 1 8  cm 3 . 4  < 1 0  0 . 1 2 
T +2 5 0  cm 4 . 5  < 1 0  0 . 1 0 
T + 5 0 0  cm 8 . 0  < 1 0  0 . 0 6 

FLAXBOURNE RIVER 
K - 5 5  cm 12 . 0  < 1 0  5 . 8 8 
K -8 cm 17 . 0  < 1 0  6 . 2 1 
K - 3  cm 2 6 . 0  2 7  7 . 8 4 
B - 1 . 5  cm 2 7 . 7 � 1 1 . 7 � 2 9 4 � 2 8 4 � 1 0 . 4 0 � 6 . 1 0 � 
B - 0 . 5  cm 2 6 . 0  12 . 4  3 0 5  2 9 5  7 . 7 0 3 . 3 0 
B 0 3 1 . 1  1 0 . 7  2 3 3  2 2 3  9 . 8 5 5 . 5 5 
T + 1 . 5 cm 1 5 . 3  17  4 . 2 2 
T +2 . 5  cm 12 . 0  < 1 0  4 . 0 3 
T +4 . 5  cm 2 2 . 3  < 1 0  5 . 3 9 
T +7 cm 1 2 . 6  < 1 0  3 . 5 3 
T + 1 1  cm 1 6 . 9  < 1 0  2 . 6 7 
T +2 5 cm 1 1 . 2  < 1 0  3 . 6 5 
T + 5 0  cm 1 4 . 0  < 1 0  2 . 1 9 
T +7 1 cm 9 . 2  < 1 0  1 .  7 2  

GUBBIO 
B 0 1 1 . 7  1 6 7  3 . 7 0 

STEVNS KLINT 
B 0 2 1 . 0  8 6  0 . 9 6 

ZUMAYA 
B 0 1 2 . 8  9 1  1 . 1 8 

BROWNI E  BUTTE 
B 0 2 1 . 9  8 8  0 . 6 0 

PINATUBO ASH 
2 4 . 7  3 1  9 . 5 5 

KILAUEA LAVA 
1 7 . 5  2 6  9 . 4 5 

K - Cretaceou s I�me stone , 8 bou ndary clay , 
T - Tert iary l imestone . 
1 - from Al varez e t  al . 1 1621 , 2 - from Orth e t  al . 1 1631 , 

Ir 

< 0 . 05 
< 0 . 05 

0 . 1 0 
0 . 1 1 
0 . 2 1 
4 . 7 0 
6 . 2 1 ( 5 . 2 )  

1 1 8 . 0J 1 1 7 ) 
4 2 . 0  4 1 )  

3 . 0  
2 . 5 7 
4 . 0 5 
2 . 4 3 
1 .  7 0  

< 0 . 0 5  
< 0 . 0 5 

0 . 1 9 
0 . 6 4 
1 . 9 4 

2 6 . 7 0 � 2 4 . 7 � 
7 . 8 9 5 . 8 9 

2 1 . 7 4 1 9 . 7  
2 . 1 8 
8 . 5 3 
5 . 1 0 
1 .  0 7  
1 . 1 9 
0 . 3 8 
0 . 2 0 
0 . 2 1 

3 .  g o t 
8 7 . o a t 

4 .  o a t 
5 .  6 02 

0 .  4 83 

0 .  4 13 

3 - c a l cu l ated from my I n  value and t h e  I n / I r  rat io in K i l au e a  vo l c an i c  
emis s ions ( Olme z e t  al . 11511 ) .  
NB - Abundances in parentheses are background corrected . 
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Table V-2 shows a mass ba lance o f  ga l l ium , indium , thal l ium ,  

arsenic , antimony , copper and z inc i n  the Flaxbourne River and 

Woods ide Creek K/T boundary c lays . The abundance data for arsenic , 

antimony , copper and z inc were taken from Strong e t  al . IMJ . Assuming 

a chemical composition s imi lar to today , i f  the Cretaceous ocean were 

a source for these trace e l ements , an impos s ibly great depth of water 

would be requ ired for gal l ium ( 8 3 0 0 to 17 , 3 3 0  m ) . In the case of 

tha l l ium and i nd ium , an accurate value for the corresponding ocean 

depth cannot be ca lculated because of the uncerta inty as to the true 

e l ementa l contents in . thi s  medium . However , a mantl e  or chondr itic 

source does not seem feasible in view o f  the very l arge amounts of 

mater ial  ( over 14 t j cm2 ) needed . 

Tab l e  V-2 Mas s  balance for chalcophiles in the Flaxbourne River and 
Woodside creek K / T  boundaries , New Zealand . 

Boundary c lay ( JJ.gf cm ) 
F laxbourne River 
Woods ide Creek 

Ocean mass needed ( kg j cm2 ) 
F laxbourne River 
Woods ide Creek 

Crusta l mas s  needed ( g j cm2 ) 
F laxbourne River 
Woods ide Creek 

Mantl e  mass needed ( g f cm2 ) 
F laxbourne River 
Woods ide Creek 

Ga 

2 5  
52  

8 3 3  
1 7 3 3  

1 . 7  
3 . 5  

In  

0 . 5  
0 . 2  

>2 6 
> 1 0  

5 . 1  
2 . 2  

T l  

1 3  
8 

> 1 3 0 
>8 0 

2 6  
1 6  

4 . 5  5 9 3  1 4 1 3 0  
9 . 5  2 4 4  8 6 9 5  

As Sb 

5 1  9 
1 1 0  

1 7  1 8  
3 6  

2 8  4 5  
6 1  

2 2  1 0 4  
4 8  

Cu 

3 9 6  
3 7 2  

1 3 2  
1 2 4  

7 . 2  
6 . 8  

4 . 0  
3 . 8  

Est imates of ocean , crusta l ,  and mantle masses are based on 
abundance data in Green IIMJ 

Zn 

1 2 4 0  
1 4 0 7 

1 2 4  
1 4 0  

1 8  
2 0  

2 2  
2 6  

A crustal source for some or a l l  o f  the cha lcoph i les does 

not seem at a l l  unreasonable in view of the modest quant ities 

needed ( 1 . 7 - 4 5  g j cm2 ) .  Such a source has a lso been proposed by 

Strong et al . �1 on the bas i s  of the ir data for arsen i c , copper , 

antimony and z i nc .  

I propose that a crustal component was derived from ej ecta 

f o l l owing the impact at the termina l Cretaceous . For ga l l ium , 
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indiurn and copper the amounts ( 1 . 7 -7 . 2  g j crn2 ) are roughly 

equ ival ent to the amount of c lay ( 2 -5  g j crn2 ) depos ited ( as suming 

a dens ity of 2 . 3  and c lay th ickness of 1-2 ern) . The greater 

amounts of tha l l ium , arsenic , antimony and z inc required , do 

however present a problem , but there is no reason to suppose that 

this  excess could not have been contributed from the water column 

s ince only modest depths of water ( up to 1 4 0 0  m) would be needed 

to supply this excess and it is  l ikely that the anoxic conditions 

fol lowing a K/T impact wou ld have fac i l itated scavenging of 

cha lcophi les from the water column . Measurement o f  a l l  seven 

cha lcoph i les at cont inental s ites wou ld be an obvious way to 

assess the oceanic contribut ion to the abundances of these 

elements in K/T boundary s ites . Unfortunate ly there are f ew 

cha lcoph i l e  abundance data ava i lable except for my own values for 

ga l l ium , indiurn and tha l l ium . My own 0 . 0 6 �g/g thal l ium for the 

cont inenta l Raton Basin s ite , which is  far lower than for any of 

the marine K/T boundary clays , wou ld seem to der ived large ly from 

the water co lumn . 

To summarise , I propose that the ma j or source o f  

cha lcoph i les i n  K / T  boundary clays i s  crusta! impact ej ecta and 

that the oceans have suppl ied a secondary source that i s  

important for elements such as tha l l ium . A f irmer a ssessment o f  

the relative contr ibut ions of these two sources w i l l  only fol low 

a more detai led study of cha lcoph i l es in cont inent a l  K/T sections 

and it is  to hoped that such work wi l l  eventuate in the non-too­

distant future . 



SUMMARY CONCLUSIONS AND RECOMl\ffiNDATIONS 

FOR FUTURE WORK 

VI - 1  ANALYTICAL PROCEDURES 

For the purpose �f the quant i fication of the Group I I IB 

elements ga l l ium , indium and tha l l ium , in  meteorites and other 

geo logica l mater i a l s , it was necessary to develop a h ighly 

sens itive ana lytical method that could determine ngj g  

concentrat ions o r  even lower . Part Three o f  thi s  thes i s  describes 

development of such a techn ique f or ana lys i s  o f  meteorites and 

other geologica l materials . 

The greatest problem inherent in extraction o f  Group I I IB 

elements into MIBK was the interference from iron that was eo­

extracted with the ana lytes thus seriously depress ing the 

ana lytica l s igna l s . Thi s  was espec i a l ly a problem with iron 

meteorites that can contain in excess of 9 0% iron . 

The problem was so lved by add ition o f  potass ium iod ide to 

the aqueous phase that efficiently reduced iron to its d iva lent 

state so that it was not coextracted with the ana lytes . Although 

other reductants such as ascorbi c  acid have been used for 

iron ( I I I )  f1051 , they were not su i table for s amples conta ining such 

high iron concentrat ions as in iron meteorites . 

My deve loped method i s  speedy and sensitive , and avoids the 

pos s ib i l ity of loss of the ana lytes as was inherent with 

class ical methods of iron separation involving precip itation a s  

hydroxide . 

Potass ium iodide p l ays another important role i n  the s olvent 

extraction system by forming iodo complexes with indium and 

tha l l ium that are both stable and extractable into MIBK . Ga l l ium 

i s  an exception and i s  better comp lexed a s  the chloro complex 

before extraction . The presence o f  chloride i s  however , 

inadvisable i f  tha l l ium i s  to be quant i f ied because o f  the 
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vol at i l ity of  the complex that can be l ost duri ng the charr ing 

stage of  the GFAAS procedure . The same problem does not exist 

with the i odo complex . 

Theoretica l l y ,  thal l ium ( I  } can precipitate in  the presence 

of  iodide l32l and thi s  might effect the extraction . However , my 

experiments have shown that thi s  is not a prob l em i f  the amount 

of added iodide is careful ly contro l led . The use of 0 . 15 g of 

iodide per mL of solution was in the safe range but should not 

exceed 0 . 2 5 g .  

A salting-out propedure by addition o f  appropriate reagents 

increased the solub i l ity of the ana lyte complex in the organic 

phase . An example was the enhanced extraction of  tha l l ium after 

addition of  d ipotass ium hydrogen phosphate . A lthough the iodo 

tha l l ium comp lex i s  strongly extracted into d i ethyl ether , 

extract ion into MIBK was only moderate . However , in  the presence 

of 1 . 5  g j mL of d ipotas s ium hydrogen phosphate ,  the d istribution 

ratio for extraction of  tha l l ium increased more than three t imes 

compared with an uns a lted aqueous phase . S a lt ing out by use of 

potass ium hydroxide wa s a l so found to be bene f i c i a l  for 

extract ion of  indium . Add it ion of 0 . 1  g of  potass ium hydroxide 

per mL of ind ium iodide so lution s ignif i cantly increased the 

percent extract ion of the comp lex into M I BK . Add it ion of such a 

sma l l  amount of hydroxide did not s ignif icant ly a f f ect the 

a c id ity of the 3M sulphur i c  acid solution . 

No s a lt ing-out exper iments were used for g a l l ium because 

the extraction of the chloro comp lex into MIBK was a lready h igh 

enough to enable quanti f icat ion of thi s  e l ement in meteorites and 

other geol ogical mater i a l s . 

I n  the development of  a method for quant i fy i ng tha l l ium it  

was observed that there sti l l  was a sma l l  amount of  coextracted 

iron in the organic phase . This gave a sma l l  absorpt ion peak i n  

the GFAAS procedure . T o  overcome thi s  probl em , a backextract ion 

procedure was used which invo lved shaking the organic phase with 

4 mL of 3 M H2S04 in the presence of 0 . 5  g of potas s ium iod ide per 

mL of  aqueous phase . Backextraction reduced the iron content of 

the organic phase to be low 2 0 0 �gjmL , a concentration l evel that 

d id not cause interference . There was a l s o  no detectable loss o f  
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tha l l ium during this backextraction procedure . 

Extraction of gall ium was the s implest o f  the extraction 

methods and involved use of a hydrochloric acid  medium whi ch 

forms a strong and stable extraction system into MIBK and 

invo lves the chloro complex . Unl ike indium and tha l l ium , gal l ium 

is present in geological samples in the �g/g  rather than ngj g 

range so  that there is need of only a moderately sensitive 

ana lytical method . My developed procedure therefore had adequate 

sens it ivity for a l l  samples that I expected to analyse . 

A useful  techniqu� for increas ing analyt i c a l  sensitivity in  

GFAAS i s  to ut i l ise multiple loading inj ect ions . S ample s o lution 

is accumulated in the graphite furnace by these multiples where 

drying is carried out after each inj ecti on . The process i s  

repeated unt i l  suf f i cient ana lyte has accumulated and then the 

usua l charring and atomi sation steps are perf ormed . 

A preheating step was necessary to avo id l o s s  o f  sample at 

both ends o f  the graphite furnace , particu larly organic solvents . 

A preheat ing temperature of 7 5 ° C  produced s at i sfactory s igna l s  

with increased magnitude and reproducibi l ity . 

Some standard reference rocks were ana lysed for testing the 

establ i shed procedures and the data obtained were c lose to the 

recommended values . These methods were a l s o  tested aga inst 

samp l es a lready ana lysed by other workers and aga in gave good 

agreement . 

Gal l ium , ind ium , and tha l l ium were determined in  geo logical 

samp les by use of my deve loped procedures .  Limits o f  detect ion 

were 2 ng for ga l l ium , 1 5  ng for indium and 4 . 5  ng for tha l l ium .  

These l imits could , i f  neces sary , be lowered cons iderably by 

increa s i ng the tota l mass of ana lyte depos ited i n  the furnace , 

by increas ing the s ingle inj ection volume or by use of multiple 

loading inj ect ions . Another way o f  lowering l imits  o f  detection 

was to decrease the organ ic/aqueous pha s e  rati o  so  that the 

ana lyte became more concentrated in the sma l l  organic phase 

vo lume . 

It i s  concluded that the developed methods are sens itive , 

rapid , and inexpens ive to perform , as wel l  a s  a l l owing for the 

rout ine determination of the above three e l ements in meteorites 
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and other geol ogical materials . Perhaps the most s igni f i cant o f  

the methods i s  the quant i f ication o f  tha l l ium that cannot 

otherwise be determined by neutron activation analys i s  ( NAA} at 

the ultratrace leve l . 

VI - 2  ANALYS I S  O F  METEORITES 

My deve loped procedures for determination of ga l l i um , indium 

and thal l ium were successfu l ly app l i ed to the analys i s  o f  

meteor ites , Cretaceo�s /Tertiary boundary c lays and other 

geol ogica l materia l s . 

One o f  the a ims o f  thi s  work was to obtain abundance data 

for ga l l ium , ind ium , and tha l l ium in order to eva luate their use 

for c l a s s i f icat ion of meteor ites .  New abundance data for tha l l ium 

in  about 5 0  iron meteorites were obta i ned by my analyt i c a l  

procedure . The tha l l ium contents o f  these irons ranged from 

0 . 3 6 - 3 9 . 2  ngj g .  Though there are no other tha l l ium data for iron 

meteor ites with which my va lues could be compared , my l eve l s  of 

tha l l ium i n  s ix chondr ites were very close to abundances reported 

by others . 

A p l ot of n i ckel vs . tha l l ium abundances showed spat i a l  

separat ion o f  Groups I IAB , I I C , I I IAB , I I I CD ,  I I I F , IVAB , and IVB 

into separate f i e lds . There was however cons iderable overlap o f  

Groups IAB , I I E ,  and I I IE  with other f i e ld s . 

Ga l l ium abundance data in iron meteorites are usua l ly 

obta ined by NAA . From the results o f  my analyses o f  about 5 0  

iron meteorites , the deve loped procedure appears to b e  a viable 

a lternative to NAA for ga l l ium determinations s ince it  i s  far 

less expens ive and has comparable l imits o f  detect ion . 

I nd ium concentrations in iron meteorites are apparently 

extreme ly l ow and were at or below the l imit of detection o f  my 

methods . However , . the developed procedure could be used to 

ana lyse rocks , stony meteorites and other geo logical materia l s . 

S ix chondr ites were ana lysed for indium with the method and 

satisfactory data obta ined for abundances o f  Group I I I B  e l ement s . 

As no additiona l chondr ites were ava i lable to me at the t ime , I 
was not able to obtain an overa l l  p i cture for the d istribution 

o f  indium among the d i fferent c lasses o f  stony meteorite . 
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VI-3 ANALYS I S  OF CRETACEOUS/TERTIARY BOUNDARY CLAYS 

The cha lcoph i l e  trace elements Ga , I n ,  and Tl were 

quanti f i ed in Cretaceous /Tertiary boundary c lays from Woods ide 

Creek and F laxbourne River in New Zea land , and from Stevns Kl int 

( Denmark ) , Brownie Butte ( continental s ite from Raton Basin i n  

USA) , Zumaya ( Spain)  , and Gubbio ( Italy )  . S amp l es of  volcanic ash 

from K i l auea { Hawa i i )  and Mount P inatubo { Ph i l ippine s )  were a l s o  

ana lysed f o r  the same e l ements . Re lative to the Ir content 

( normal i z ed to Cl chondrites ) ,  there was no enrichment of Ga , I n , 

and Tl , or of other cha lcophi les such as As , Cu , Sb , or Zn , 

compared with vo lcanic emiss ions from Ki lauea . However , because 

of the high degree of relative enrichment of s ideroph i l e  eo , er , 

Fe , and Ni  ( low in  vo l canic emis s ions ) at the K/T boundary , 

vo lcanic act ivity was c l early not a s ign i f icant source of I r  

accumulat ion in these terminal Cretaceous sediments . Mas s  balance 

ca l culations showed that a lternat ive sources of cha lcoph i les at 

the boundary appeared to be impact ej ecta of crusta l mater ial  at 

least in  the case of Ga , I n ,  and cu . Amounts o f  Tl , Sb,  and Zn 

in exces s  o f  those depos ited by impact ej ecta could be expla ined 

by scaveng ing from the ocean under the anoxic cond itions 

following a K/T impact event . 

VI-4 CLAS SIFICATION OF THE MANITOUWAB ING IRON METEORITE 

A previous ly undescr ibed iron meteor ite named Manitouwabing 

was ana lysed by me l1 651 for ga l l ium and tha l l ium as wel l  a s  

germanium . The stud ies showed that i t  be longed t o  Group IAB and 

is not pa ired with Madoc as had been suggested by Graham e t  
al . [ 1441 

VI - S  RECOMMENDATIONS FOR FURTHER WORK 

I t  has been shown how my developed methods could be used to 

determine ga l l ium , ind ium , and tha l l ium in a wide range o f  

geo logical  mater i a l s . The data have served to increase our 

knowledge about meteorites and the ir origins . The methodol ogy has 
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however not attained its ultimate potent i a l , s o  that further work 

along the following l ines i s  recommended : 

( 1 )  Indi urn could not be determined i n  iron meteorites 

because l imits of detection were not suf f i ci ently low .  There i s  

clearly scope to improve the extraction and GFAAS procedures .  

Thi s  might be achieved by devis ing extraction systems with a 

higher va lue of the organicj aqueous phas e  analyte d istribution 

ration ( D ) . With higher va lues of D ,  a h i gher aqueous j organi c  

phase ratio wi l l  be permissible and result i n  higher 

concentrations of the ana lyte in the organ i c  phase and 

consequently lower l irni ts of detection . Improved more stabl e  

high- intens ity ho l l ow cathode l amps wi l l  a lso a l low for greater 

scale expansion of the GFAAS s igna l  in order to l ower l imits o f  

detection even further . 

( 2 )  The work has c learly shown the u s efulnes s  of tha l l ium 

abundances a s  taxonomic parameters for c l a s s i f icat ion of iron 

meteor ites . Limitations of s amples and o f  t ime have a l lowed for 

ana lys is  of only two or three s amples from each taxonomic group . 

It i s  recommended that in the future , cons iderably more iron 

meteorites be ana lysed for tha l l ium , parti cu larly in Groups IAB , 

I I E  and I I I E ,  in order to fu l ly assess the taxonomic potential  

of abundances of this  e l ement for c l a s s i f ication of iron 

meteor ites . 

( 3 )  Group I I IB elemental abundances have not been obtained 

to any extent in stony meteor ites , aga i n  due to poor l imits of 

detect ion of many classical and instrumenta l  techniques . There 

is c learly a need to extend our pool of knowledge in this field 

in order to understand more about the evo lutionary history of 

chondri tes . The six chondri tes were a lready ana lysed in this  work 

are obvious ly too few to a l l ow for any f i rm conclus ions . 

( 4 )  My work has shown that there i s  s ome potenti a l  for the 

use of hydr ide generat ion AAS for determining Group I I IB 

e l ements . The ma in problems s o  far encountered were inadequate 

sens itivity and poor s igna l  reproduc ibil ity . 

Future work should be concentrated on producing a faster 

rate of hydride formation and reduc ing or e l iminat ing hydride 

decompos it ion before the gaseous react ion mixture r eaches the 
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f l ame ce l l . A poss ible solution t o  this probl em might b e  the 

d i sc overy of a reductant that can accompany the hydrides in the 

gaseous state before decomposition in the f l ame . 
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