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( i ) 

ABSTRACT 

A procedure c onbining solvent extracti on enrich­

oent techniQues and spectrographic analys is was developed 

for the QUanti tative deteroina tion of nany trace elenents 

in a wide range of s ilicate rocks and in a s eries of highly 

saline Antarctic  lake wat ers . 

Since a great deal of the work depended on s pec­

trographic analys i s 9  an inves tigation was carried out t o  

improve the precis ion and sens itivity o f  exis ting methods . 

An inproved method for the determination of spectral line 

intensities was developedq This  was based on the author's 

nodification of the partial Seidel function,  referred to as 

B-functions. A conversi on table for these  is given . A 

s cale calibrated in B-funct i ons was incorporated into a 

Hilger microphotometer enabling euch values to  be obtained 

directly without the use of c onvers i on tables . B-values  

can be  plotted directly on  to  the linear ordinate  of s emi­

log paper if the s elf-calibra t i on nethod is used for eval­

uo.t:Lng line intensities. This results  in a straightening 

of the characteristic curve with an attendant t ine saving 

and o.n improvement in the accuracy of the background ex­

t rapo lation .  A nomographic techniQUe was a l s o  developed 

for use in conjur�ction with this scale and resulted in a 

rapid evaluation of line intens i ties  but with s ome loss  

in precision. 



( i i ) 

Cathode exc i tation as distinct from cathode­

layer was c ompared with anode exc i tation under the same 

c ondit ions. Data on 33 elements were used t o  study relat ive 

self-absorption Dffects , absolute sensitivit i es ,  volatil­

isat i on curves , times for complete c ombustion9  and background 

effects . Data on 14 elements and 3 5  l ine pa irs were used 

to  s tudy reproduc ibilities in the three matri c es, NaCl , CaCl2 

and carbon .  I t  was shown that ca thode exc i tation i n  a 

carbon matrix afforded the greatest precision for a number 

of the more volatile elements. Anode excitation provided 

generally better precis i on if a NaCl matrix was used.  

CaCl2 was a very unsat isfactory rn.a trix . li1or the more 

vola ti le elements cathode exc i tation provided a higher 

sensitivity than anode exc i ta ti on but with increased back­

ground and cyanogen emission .  

The extraction of the elements Au, Zn , Cd, Hg, 

Ga� In, Tl, Sn, Pb ,  As , Sb and Bi from hydrochlori c  acid  

into the three solvents cyclohexanone 9 cyclohexanol and 

cycl ohexane was studied as a· func t i on of acid concentra tion.  

Cyclohexanone is a more effic i ent, but less selective 

extrac t�nt , than cyclohexanol, Cyclohexane has little 

extrac t ing power for these elements. 

Solvent extraction of hydrochloric  acid sol­

utions of a series of highly sal ine Antarctic  lake wat ers 

int o  cyclohexanone was used. to enrich the elements Zn, Pb, 

In1 Bi, Fe , Mn, Mo prior to spectrographic analysis . For 



( i i i ) 

thi s , the percent extraction of Fe �  rJn and Mo into cyclo-

hexanone from 3N hydrochloric acid was obta ined . This 

inves tigation has shown tha t  one of the s e  lakes 9 Lake Bonney 9 

has most  probably had a s ea w�ter origin o It i s  also 

pos s ible that another of these  lakes9 Lake Fryxel l 9  may also  

have conta ined s ea water in  the past . From the relativ e  

abundance o f  the various elements in the o ther lakes , i t  

wa s possible t o  c onduct a geochemical reconna i ssance of the 

areas surrounding the lakes . This suggested trillt  the two 

mos t  likely areas for minera l i sation in the McMurdo Oasi s  

area of Antarctica are the regi on surrounding and feeding 

water to Lake Hoare and the regi on surrounding Lake Joyc e o 

A c ons idera tion of the theory of dis continuous 

c ount ercurrent liquid-liquid extraction has shown that 

i t  is poss ible to s imultaneously determine the extra c ti on 

chara cteristics  of a large number of elements for a given 

s olvent system o If this technique is  c oupled with spec tro-

graphic analys is the determina t i on is particulnrly rapido  

The extraction of the elements Ti , V, er , �Jn, Fe , Co , Ni 9 

Zn9 Ga , As, Nb, M o 9  Ru, Rh, Pd , Ag, Cd, In, Sn, Sb , La , vv ,  

Re, Os , Ir , Pt , Au, Hg 9 Tl , Pb and Bi from hydrochloric 

a c id into methyl is obutyl ket one wa s studi ed a s  a functi on 

of  acid concentra tion .  The data were obta ined b y  s tudy-

ing spectrographically the distributi on patterns of the 

elements after equilibrat i on on a dis c ontinuous c ounter-

current liquid-liquid extrac tion appara tus . A c ompari s on 



of s ome of the data s o  obta ined with results for the same 

system as  reported by other workers showed that the tech­

nique is  val id and accurat e .  

Us ing thes e  data i t  was pos s ible to  devi s e  a 

s cheme vvhich c ould separa te Fe from the ma j ority of the 

( iv ) 

trace elements extrac ted by cyclohexanone from a hydrochloric 

acid solution of a rocko By a c ombina tion of batch extrac t­

i on with cyclohexanone and c ountercurr ent dis tribut i on w i th 

methyl is obutyl ketone i t  was possible t o  obtain quanti ta tive 

data for Zn and Ga and semiquanti tative da ta for In in a 

wide range of s ilicate rocks by spec trochemical analys i s . 

By the use of extraction int o  cyclohexanone c oupled w i th 

atomic abs orpti on spectrometry i t  was possible to det ermine 

the c oncentra tion of Pb, Cd and Bi in the same sui te  of r ocks . 

By the use of thes e  �echniques i t  was pos s ibl e  

t o  obtain fresh abundance da ta for the above elements in 

the four s tandard rocks , G-1J W-1 9  C�\S syeni te  and C�\S 

sulphj_de . 

The cyclohexanone/hydrochloric acid extra c t i on 

sys tem provides a sa tisfactory enrichment technique for 

the spectrographic analys i s  of trace elements in material 

with a low Fe c ontent . For mater ial c ontaining a high 

c oncentration of  Fe.9 i t  is  neces sary to combine thi s tech­

nique with discontinuous c ount ercurrent liquid-liquid 

extraction t o  s eparate  the_Fe before spectrographic ana lysi s . 



However � Qnder these c ondi tions? certa in elements can be 

determined by direct atomic abs orpti on spectrometry of  the 

cyclohexanone extracto 

(v ) 
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INTRODUCTION 



Of the wide range of ana lytical techniques available to 

the geochemist  today 9 only a few ai'e sui table for the determin­

�ti on of trace elements in rocks , minerals etc o (Vincent � 

1960 ) defines trace elements as  being tho s e  present in concen­

trations less  than O o 01% by weight , expressed as the oxides ) . 

rhe s e  methods include flame pho tometry , c olorimetry, X-ray 

fluorescence, mass-spectr ometry, activation analysis , polar­

)graphy, a t omic abs orption and a t omic fluorescenc e spectro-

3 Copy andemis s i on spectrography . Of thes e 9  emission spec tro­

sraphy has the advantage of extreme sens i tivity c oupled with 

bhe ability to simUltaneous ly determine a large number of elem­

:mts  o If, in this technique , elements are present in concen­

brati ons below their spectrographic detection limi ts then it is  

1eces sary to  carry out s ome enri chment procedure . Thi s can be  

�i ther by preliminary treatment of  the sample or by  instrumen­

�al modifica tions such as  the doubie-arc furnace  electrode 

: shaw , Joensuu and Ahrens, 1950; Wedepohl , 1 953 ) .s> for the 

letermination of vola tile  elements , and the boiler electrode 

)f Hall and Lovell ( 1958 ) . 'l1he pre-trea tment can be chemica l  

>r physical  e . g . the frac t i onal dis tilla ti on of volatile  elem­

;nts  from a c ompara tively large quantity of sample with c on­

Lensa tion onto electrodes ( Keck, 1IacDonald and r,Iellichamp , 

.95 6 ;  Degtyareva and Ostrovshaya , �963 etc o ) . Chemical 

)retreatment can be divided into four main groups:-

1 .  Go-precipita tion, as in the determination of In , Ge and 

Te by eo-precipita tion with Fe ( OH ) 3 ( Bronsht ein, 1962 ) . 



2 o  

2 .  abs orpti on onto i on-exchange res ins with sub s e quent 

elut i on9  a s  in the determination of Sn9 Cd9 Bi 9 Tl  

and &) in s i licate  rocks by  abs orpti on onto an  anion­

exchange resin ( Brooks ,  Ahrens and Taylor 9 1 96 0 ; 

Brooks and Ahrens 9 1 961 ; Ahrens , Edge and Brooks 9 

1 963 ) 0 

3 o  five-assay techniques - restricted to  the nob l e  

meta ls . 

4. s o lvent extrac t i on techniques9 where the tra c e  elem­

ents are c oncentra ted by extrac t i on from an a queous 

s o luti on with a sui table s olvent or complexing a gent. 

One of the advantages of an enrichment procedure that is  

not immediately obvious is an improvement in the prec i s i on 

of  the analytical procedure . Ahrens ( 1957 ) has shown t ha t  

the prec i s i on o f  cla s s ical methods for the determina t i on of  

an e lement is  inversely proport i onal to  the c oncentrat i on of 

the element 9 s o  that if an increas e  in c oncentrat i on can be 

effected then there i s  a c orresponding improvement in the 

accuracy of the determination.  

While  there are now analytical techniques avai lable with 

greater s ens itivity than emi s si on spec troscopy ( especially 

neutron activation ) , i t  i s  s till one of the mos t  rapid and 

s ens itive methods of analysi s  ava i lable9 particular ly i f  

accompanied b y  an enrichment technique o f  s ome sort . 

Minczewski ( 1 962 ) 9 in considering methods for determining 



trace  element c oncentra tions , shows tha t 9  for routine 

,., o. 

analysis· 9 emi s s i on spectroscopy, with chemical enrichment if 

necessary 9 is the mos t  suitable method . Of the enrichment 

t echniques lis ted above 9 e o-precipita t i on and i on-exchange 

have both been extens ively us ed in tra c e  element ana lys i s  in 

geochemis try wherea s  solvent extraction has received very 

little a ttenti on . 

The following are among the few examples of applica tions 

of this latter techni que:- Jeffery ( 1 95 6 ) determined Mo and 

W in silicate rocks by extrac t i on with a.-benzoinoxime into 

chloroformo Gal lium has been determined in rocks by oxtract-

i on with 8-hydroxyquinaldine and hydroxylamine into chloroform 

( Ishibushi9 Shigematsu and Nishilmwa9 1957;  Nishikawa9 1958 ) .  

Lounamaa ( 1957 ) has determined Ag9 Bi 9 Cd9 Cu9 C o 9  Ni9 Pb 9 

Sn and Zn in grani tes by extracting them a s  the dithi z onates  

into chloroform followed by spectrographic determinat i on and 

Hahn-Weinheimer ( 1957 ) extrac ted noble metals from a s oluti on 

of a gneiss  with quinidineselenol in chloroformo Oeschlarger 

( 1 960 ) determined Sn in s o il by extrac t i on from thiocyanat e  

into ethyl acutato; Cu in s oils has been extra cted with 

dithi zone in benzene and diothyl dithiophospha t e  in carb on 

tetrachloride ( Curti s 9  �961; Busen and Borzenkova 9 1 961; 

Nemodruk and Sta syuchenko , 1961 ) o Indium in ca ssiterite  has 

been determined c olorimetrically by extrac t i on with rhoda mine 

B into benzene (Rozbianskaya 9 1961 ) o Brooks ( 1961 ) ha s 

determined In and Tl in silicate  rocks by extraction of  their 
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i odo-complexes into ethyl ether with subsequent spectrographic 

analys is. Edge, Dunn and Ahrens (1962 ) have determined Mo 

in s i licate rocks by extraction into tributyl phosphate� 

Iron in limes t one has been determined by extraction as  the 

chloro-complex into methyl isobutyl ketone ( 4-methyl-2-penta­

none ) (borimoto, 1 962 ) .  Iilagnes ium has been extracted from 

silicate rocks with 8-quinolinol in chloroform (Geilmarm� 

1 961 ) .  Minc zewsld, Wieteslr..a and Mari zenko (1961 ) have deter­

mined Tl in rocks by extraction into di thi z one in chloroform; 

Greenland (1963 ) used extraction with di thiz one for the deter­

mination of Zn in the s tandard granite and diabas e7 G-1 and 

W-1 (Fairba irn and o ther s 9  1951 ) . Dithi z one in chl oroform 

has also been used to determine Au in geochemical inves t iga t­

i ons by an extractive titrat i on method (Pakhomora and Vys o t­

shaya 9 1963 ) .  

A c ompletely new field of  s tudy has been opened with the 

development of applica ti ons of dis continuous , c ounter-current9 

liquid-liquid extra.ct i on to  inorganic  analys is , es;>ecially 

geochemis try (Brooks, 1965 a, b 9  c ;  Boswell and Brooks , 1965 ) .  

Sinc e relatively little .has been done o n  the us e o f  sol­

vent extraction for enrichment prior to spectrographic analysis  

i t  was decided to investigate the potentialities  of  the tech­

nique for geochemical ana lys is. 

When a metal i on is  extrac ted into an organic solvent 

it must  first form a neutral species , in general an uncharged 

c omplex, before it can be extrac ted into such a s o lvent. 



The uncba:e.ged c omplexes s o  formed can be divided into two 

general classes : -

5. 

( i )  neutral chelate complexes , charac teri s ed by a r eaction 

of  the form Mn+ + nR- -> MPn 
where R is  the anion of a suitable chelat ing �gent such as  

a c e tyla cetone or dithizone . 

( ii ) ion a s s ociation c omplexes � where opposi tely-cha rged 

i ons form a neutral i on pair . It has been shown tha t 9  in the 

case of rare earth nitrates  and for Bi in HI 9 the neutral 

a ggragate  can c ontain more than one pair of i ons ( LavrUL�ina 

and Chzhu9 195 9 ).  In the neutral species  the meta l can be 

present in ei ther the cation9 a s  in Cu ( 299-dimethylphenan­

throline ) 2
+ ClO� or in the anion as  in H+AuCl4

-
• 

The nomenclature used here differs from tha t  used by 

the authors of one of the s tandard texts on solvent extraction 

(horrison and Freiser 9  1 957 ) who
.

call the s o-called "neutra l 

chelate  c omplexes11 , c o-ordina t i on c omplexes . This implies  

that the "ion-ass ocia t i on c omplexes 11 are not 9  in fac t  c o- ord­

ination complexes 9 whereas the ma j or i ty of them are9  e o g. 

H+FeC14
- 9 H+Ini4

- and W o+scN- . Furthermore 9 it is  unlikely 

that  s ome of the species they list  in this category are in 

fac t  c o-ordination c omplexes; in part icular GeC14, when 

extracted into an organic solvent , will a lmo s t  c ertainly 

have simple Ge-Cl bonds and not any other type of b onding. 

The term "neutral "  in the name for the chela te  c omplexes is 

necessary since many elements which are extrac ted a s  i on 
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a s sociation complexes are present in either the anion or  the 

cation of the uncharged spec i es as a chela t e o In their 

regular reviews of the use of s o lvent extrac t i on in ana lytical 

chemis try, Morri s on and FreiaBr ( 1958 � 1960 , 1 962 , 1964 ) list  

many chela ting a gents in their discus s i on of i on associat i on 

extraction systems thus forc ing this di stinc tion between che­

la te complexes and neutral chela te c omplexcs o In their 

la test review ( Morris on and Freiser 9 1 964 ) 9 they recognis e  

this problem but even in their revis ed sys tem9 there is still  

the possibility of  ambigui ty in the nomenclature. 

When c onsidering the application of s o lvent extraction 

t o  geochemical analysi s , s everal fac tors must be born in mind 

in dec iding whether to use a "neutral chelat e "  extraction 

system or an "ion-ass ocia t i on "  extraction systemo 

Reagents  which form neutral chelat e  c omplexes with metal 

i ons are weak a cids of the form HR and since the formation of 

a chela te c omplex is essentially an acid bas e  r eaction9  the 

more basic  the a c id the s tronger the chelat e  formedo The 

extent of chelate  forma ti on depends not only on the value of  

the equilibrium c ons tant of the reacti on but also  on  the c on­

c entration of the; reagent anion. The lower the pH of the 

s o lution the lower will be the c oncentration of the latter s o  

that less chelat e  will be  formod. It therefore follows tha t ,  

t o  have optimum c onditi ons for chelate formation9 a high pH 

is  des irable .  This i s  not always satisfactory when deal ing 

wi th soluti ons of rocks: etc . which at high pH9 are l iable t o· 



hydr olyse and pre c ip i tate  ins oluble hydroxides and oxide s 9 

with the conc omitant risk of e o-precipita t i on of any trac e  

elements present . Most rocks are only soluble in acid 

7. 

solutions and9 to obtain optimum c ondi tions for extra c t i on 

with chelate systems 9 i t  often would be necessary t o  a dd a 

bas e  to rai s e  the pH. Addi tion of more ree.::.gcmts to  the 

s olution thus increa s es the possibility of c ontamina t i on with 

the elements under study . While  c orrection · for this can be 

made with a "blank" determina t i on 9  it  involves another source  

of error and is  therefore undesirable . Two chelat ing 

rea gents which h-'J.ve been developed recently and which are  rel­

atively s trong nc ids ( thereby removing s ome of the above 

obj ections) are thenoyltrifluoroacetone and �- i sopropylolleo 

Many of the elements of interest to geochemis tsll a l though 

forming chela te c omplexes 9 are not readily extracted into org­

anic sol  vents . For exrunple a lthough acetylacetone; forms 

chelates wi th over 60 metals (Freiser 9  1963) 9 c omple t e  e xtrac"t-:t 

i on into organic solvents is achieved for only 22 of the s e  

metals and among those  not extra cted 9  even after repeated  

extraction are  Au9 Cd, Hg9 Tl 9 Sn9 As and Sb all of whic h  

are o f  interes t  t o  the geochemi s t . 

While s ome i on-association systems involve the use of  

chelating a gents t o  form a charged ahelat e  ( e . g . the extract­

i on of Fe into chloroform a s  the phenanthroline c omplex w i th 

I- as  the coQnter ion (Vydra and Pribil 9  1 95 9)) s o  tha t  the 

difficulties menti oned above are s till present 9 there are many 
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systems that do not . Many i on association extraction s ys tems 

us e simple ions such as Cl-
9 I

-9 N03
- etc e with oxygenat ed 

solvents such as  ketones9 a lcohols 9 esters and ethers o In 

general 9  a rock is in an acid solution prior to s olvent 

extraction so that  if the acid is able to supply ligands 

for forming an i on associa ti on complex capable  of extrac t i on 

into an organic  s olvent 9 no further reagents are neces sary 

and the problem associated with blanking is  reduced.  Als o 9 

in general9 extraction of metal ions as  i on associa ti on 

c ompounds incr ea s es with increas ing concentration of ligand 

s o  that the high acid concentrations reQuired to keep a rock 

in s oluti on facilita te  extraction rather than retard i t  (a s  

in neutral chela te  extra c tion ) , provided t��t the acid anion 

is the ligand in the metal c omplexo Of particular intere s t  

i n  this type of extracted species  are the halo-metallic ac ids 

where metal i ons capable of forming nega tively charged halogen­

c omplexea are extracted in a s s oc ia tion with s olvat ed hydrogen 

i ons9 Diamond and Tuck ( 1960 ) have reviewed this sys t em 

and Marcus ( 1963 ) has an extensive s ection on itw In thes e 

systems the anion normally has one nega t ive charge and i s  

as socia ted with a proton9 s o lvated9  e ither with water9 o r  

with the organic solvent . This meanso that  the organic 

s olvent must be basic  and9 in general9 the more bas i c  the 

s o lvent9 the more effic i ent the extracti on .  The extrac tion 

of Ga from hydrochlori c  a c id s oluti on into various oxygen­

containing solvents showed that esters were better extra.c tant s  
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than alcchols which were better than ethers ( Bol1sho.kov 

and Sergakov9 1961) and a s imilar s tudy on the extrac tion 

'of i on association ·complexes of Zr and Hf into 80 different 

s o lvents ( Honshino 9 1 962) showed that the partit i on co-effic­

ients decrea s e  in the s equence: ketones 9 esters , alcohols , 

ethers which9 except for ethers, is  the order of decrea s ing 

bas icity. A new s eries of even more basic  solvates  tha t 

have received increas ed attenti on are the a lkyl and aryl phos­

phates and phosphine oxides such as tributyl phosphate  and 

tri-n-octyl phosphine oxide ( for an excellent dis cus s i on of 

these see  Marcus 9 1 963 ).  These  have proved to  be  very p ower-

ful extrac tants for inorganic i ons and are receiving extensive 

use as  such o  

From the above discus s i on i t  i s  clear th.9.t i on�as s o c ia t i on 

extraction systems appear to be  much more suitRble for gee­

chemical analys is than do neutral chela te extraction sys tems . 

It  was therefore decided t o  inves t i gate  the potentialities  

of  the former system.  As has been menti oned above , the best  

solvents in  this sys tem will be  the mos t  bas ic i . eo the a lkyl 

and aryl phosphates and phosphine oxides but these  he .. ve a maj or 

disadvantage in geochemical analys i s o One of the advantages 

of  using solvent extra c t i on ,  particularly i on association 

systems , i.s that once the two phases  have been s eparated,  the 

organic phase  into which the tra.c e  elements have been extra c t­

ed, can be  removed s imply by boiling9 l eaving the trace elem­

ents as s olids , ready for spectrographic analysis o The 



phosphorus compounds however 9 are s olids 9 s o  tha t  to  obtain 

maximum enrichment and hence greatest s ensi t ivity9  it would 

be necessary to s trip the trace  elements from the organic 

pha s e . This involves the us e of  more r eagents9 with the 

possibility of increased levels in the blank9 and therefore 

lower precision .  Fur'thermore 9 the c ondit ions neces sary t o  

completely remove one element from the organic phase might 

give incomplete removal of o ther elemer1ts thus requir ing further 

manipulations of c ondit ions w i th consequent loss  of simplicity 

and ease  of opera t i on, as  well a s  increas ed probability of 

c ontamination from the addi tional reagents. If 9 as mentioned 

above 9 a ket one 9 alcohol 9 or ester is used as the extracting 

agent 9 then evaporat i on will r eadily remove the s olvent and 

extracting agent without the possibility of further c ontamin­

a t i on from other reagents� From these  c onsidera t i ons , it i s  

clear that when dealing with trace  elements, phosphorus c ompamds 

will not be as sat isfactory as pure organic c ompo��ds o It  

was therefore decided t o  investigate s everal organic s olvents 

as potential extracting agents . ·  

From a study of  the absorpti on of  metal chloro-complexes 

onto . anion exchange re-sins (Kraus and Nels on9 1956 ) 9 Edge 9 

Brooks 9 Ahrens and Amdurer ( 1959 ) showed tha t 9  of the elements 

whi ch form 99% of the earth's crust ( 0, S i 9  Fe , Al 9 Na , K9 

Ca , 1iig9 M:c_9 and Ti ) only Fe forms an anionic chloro-c omplex .. 

Although this is  extrac t ed as  an ion associa t i on c ompound 

int o  organic s o lvents, the degree of extraction i s 9  in the 
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case  of diethyl ether � low a t  l ow acid c oncentrations . 

Hydrochloric a cid is  a c onvenient s olvent for rocks in tha t 

the only ins oluble chlorides are tho s e  of  Ag, Hg� and Pb .  

This 9 toge ther with the fact  that mos t  elements present in 

s ilicate  rocks in trac e  amounts form chloro-c omplexes where-

as the ma j or elements do not 9  makes the chl oride i on a sui table  

l i gand for s olvent extraction s tudies . 

Other possible ligands such as the o ther hal ogens and 

ps eudohalogensp nitrates:. and sulphates are all unsuitable for 

var ious reas ons . Morrison and Freiser ( 1957 ) have shown 

that fewer elements are extracted into ethyl ether a s  fluorides 

than in the c omparable chl or ide � bromide9 thi ocyanate  and 

nitrate sys tems and this will almost c ertainly be  true for 

other solvents . The bromide and iodide sys tems are also  

unsatisfactory in that there is  the possibility of oxida t i on 

of the ligand t o  the halogen especia lly in the cas e  of i odide .  

Any halogen s o  produced can b e  removed by reduction with so2 

but this produces sulphur in the soluti on with the possib i l i ty 

of absorption of  the trace elements . Als o� i t  is  preferabl e  

to  have only one ligand present in the rock s oluti on to  prevent 

uncertainty as to what species are being extracted .  If iodide 

or bromide sys tems were to be  used9 this  would neces s ita t e  

the use o f  pure HBr or H I  a s  the acid for keeping the rocks 

in solution which would not be  very satisfactory. For the · 

same rea s on thiocyana t e  cannot be used as  a ligand . Since 

a high acid c oncentrat i on i s  necessary to  keep the r ocks in 



s o lution9 the use of cyanide aB ligand i s  unsatisfactory be-

cause of the health hazard� Many sulphates  and perchlprates 
�� 

are ins oluble  and becaus e o:f this9 these  i ons are not suitablE 

:for use as  ligands in the s o lvent extraction o:f rock s olutions 

in spite of the :fac t  tha t  wi th these  i ons the diffi cul t i es 

associa ted with moxed ligands can be overcome by dis s o lving 

the rocks in the respective a c ids c The only other i on tha t 

c ould prove a sa tisfa ctory ligand is  the nitra te i on. It 

has been shown ( Morri son_and Freiser9 1 9579 1958,  1 960 9 1 9629  

1964 ) tha t  while many rare earths and s ome of the a ct inides 

are extrac ted into organi c  s olvents from ni trate s o lutions9 

many other elements are not . From the above 9 it  seems clear 

tha t  in the extraction of trace elements from rock s oluti ons , 

the use o:f  chloride i ons as  ligand appears the mos t  sat i s-

factory . 

It was decided t o  invest i gate  the extraction of the elem-

and Bi from hydrochloric a cid s olutions into organic s o lvents o 

These  elements all occur in trac e  concentrat i ons in s i l i cate  

r ocks and with few exceptions are  below spectrographic ;:-�,;te;ct-

neces sary ]:>e:fore thoy can · be de:terminec_ sp:ec..t:l"o :gr:J.phicallYo 

( Tl is  normally present in c oncentrations below spec tro graphic 

detection l imits but Willis 9  Kaye and Ahrens ( 1 964 ) have  devel 

oped a method for the direct spectrographic determina t i on of 

this element .. Kolbe ( 1 965 ) has determined Sn and Tl direc tly 

by us e of an oxygen j et ) . 
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Ag 

Au 

Zn 

Cd 

Hg 

Ga 

In 
Tl 

Ge 
Sn 

Pb 
Ag 

Sb 

Bi 

TablG 1 

Abundance  of Elements in I gneous Rocks 

and Their  Spectral 3ens i t ivityo 

c oncentrat i on in rocks 

(ppm ) 

55, 

0.08  

0 . 002 

40 

0 . 15 

0 . 08 

1 9  

0 . 11 

1 . 3  

1 . 1  

2 

1 5  
2 

0 . 1-0o2 

0 . 2  

detect i on limit 

(ppm ) 

10 

1oo�j: 

10 

100 

3· 
1 
1 

5 

10 

5, 

100 

2 0  

2 0  

13. 

�;� fo� Zn 3345 9 if  Zn 2.138 :l.s usGd the s ensi t i  vi ty i s  3 ppm o 

Data from Ahrens and Taylor (1960 ) .  



Preliminary inves tigations indi cated that9 in 

a chloride medium9 cyclic  solvents appeared t o  be  very 

efficient extractants for the elements of inter es t .  It 

14o 

was therefore dec ided to  investigate  the extraction of the 

e lements listed above into the three solvents9 cyclohexanone9 

cyclohexanol and cyclohexane from hydrochloric acid  soluti ons 

a t  different acid  c oncentra tions . These three solvents 

were investiga ted becaus e9 although it was suspected that 

cyclohexanone would be the best  extractant 9 i t  was hoped 

that it  might be  poss ible  t o  make s ome quanti ta t ive com­

parisons of the relative advantages of the three  s o lvents .  

Hartkamp and Specker ( 1956 ) have shown that cycl ohexanone 

i s  a particularly good extracta.nt for Cd and heStvy 11.1etals  

compared with alipha t i c  ketones  and ethers . Specker and 

Hoverman ( 1963 ) have demonstrated that the dis tr ibut i on of 

c·ertain metals  between ket ones and S:)luti .. Jns of halogen 

or  pseudohal ogen ions depends markedly on the s tructure 

of  the ket one . Ketones w i th the oxygen in the 3 or 4 

p o s i ti on are not nearly a s  good extractants as  2-ket ones 

due to the long and bulky alkyl groups on ei ther s i de of 

the carbonyl group in the former. In the same paper9 

they discussed the extraction of Zn ( CNS ) 2 into a s eries  

of  substituted cyclohexanones .  They showed that9 for 

cyclohexanones substituted in the 2 position the extraction 

decrea sed with increasing s ize of the subs t i tuted group . 



They c ons idered tlli s  was due to  s teric hindrance and 

showed that 4-methyl cyclohexc:mone-1 behave s  in a s irnilar 

manner to cyclohexanone s o  that steric hindranco9 not 

substitution, appears to  be responsible for the lowered 

extraction o  'rhey :o..ls o  found that9 for Zn ( CNS ) 2 , cyc l o-

15., 

hexanone is a more effic i ent extrac t�nt than similar s trai ght-

or branched-chain ket ones . Brubaker and Johnson ( 1959 ) 

have made a s i milar study on the extraction of Co fron 

HCL04-NaC:NS; ketones were found to be superior to ether s , 

and chain branching in either class  of solvent decrea s ed 

effectiveness .  They interpreted the resul t s  in terms of 

s olvent electron-donor properties  and steric  fac tors . 

With the exc epti on of Babko et al . ( 1 963 ) who 9 

in s tudying the extraction of c omplex Bi hal ides 9  showe d  

tha t B i  i s  43% extracted into cyclohexanone from a 1.1 M 

Cl- and 1N H2so4 s o lution, there have been no s tudies  r eport­

ed on the extraction �f nny of the o..bov0 metals into 

cyclohexanone from chloride s o lutions., 

The preceding dis cus s i on has shown tha t ther e  

i s  a wide range of extra c t i on systems that c ould conceiv­

ably be  used for enri chment in geochemical analysi so In 

the work that follows an attempt  has been made to a s s e s s  

the potential significance o f  solvent extrac t i on in 

geochemis try by the development of new tecrti1iques and 

their applica t i on to the analys i s  of rocks 9 minerals  and 

saline lake waters . 
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PART I 

THE DEVELOPMro�T OF 

IMPROVED SPECTROCHEMICAL 

TECllHQUES 



In view of the importance of spectrographic analys i s  

in the inves t i gation 9  i t  was decided t o  s tudy certain aspects 

o f  the spectrographic t echniQUe in order to  increa s e  the speed 

and preci s i on of the method before quantitative studies  of 

any solvent sys tems were undertaken . 

The two major a spect s  c ons idered were�-

(n) improved methods for the determination of spec tral 
\) 

line intens i ties . 

and (b ) a comparison of cathode and anode exc i tation in the 

cL. c .  arc . 

Other minor modifications were made during the inves ti ga tion 

o.:s new equipment became ava i lable  and will be  discus s ed in 

the relevant s ections. 
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(a. ) Improved Methods for the Determination of Spectral 

Line Int ensities. 

As the measurement of spectral line intens ities  in 

spec trochemical ana lys is  has a lways, involved a c er ta in amount, 

o f  t edious and lengthy effort , many attempts have been made 

in the past  to  devel op improved methods of measurement. 

In many labora tories, spectral line intens ities  a.re 

measured by the s elf-calibrat i on method (Ahrens and Taylor , 

�960 ) us ing a step sectoro This involves plotting l o g  

galvanometer deflection aS' a function of log  relative intensit 

0 An inherent fault of suc.h methods lies in the difficult y  of 

accurate extrapolation o f  low background readings to  a pre-

determined c ons tant densi ty,  s ince the characteristic  curve 

of the emulsion is not l inear at the extremes. The import-

ance of background r eadings has recently been empha s i s e d  by 

Slavin ( 1962b )"  Several methods for s trai ghtening the 

characteristic, or H and D, curve have been developed. The 
d 

firs t of these  involved plotting the functi on,  log ( �), 

a gainst log  r ela tive intens ity t o  extend the linear range 

of the curve-. (d0= full-scale galvanometer deflection,  d = 

a c tual galvanometer deflection ) . 
d 

The Seidel function ,  log ( �- 1 ) ,  (Kaiser 9  1 941 ) and the 
d 

part ia l-Seidel funct i on,  [log ( � -
d -

1 )  + alog �j/(l+a) 

( a=c ons tant ) , (Honerjaeger-Sohrn and Kaiser, 1 944 ) both provide 

a more linear relationship between the photographic response 

and log relat ive intensi ty ,  w i th a c onse�uent improvement in 
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a ccuracy of measuring low backgrounds. Indeed, by a sui table 

choice  of a in the partial-Seidel function ,  a linear relation-

ship can be obtained over the whole working range . A c omm-

ercial draughting appara tus ( the Res:pektra calcula tor ) , bas ed 

on the use of the :partial-Seidel function for calculat in g  

rela tive intensi ties has been :produced ( Kai s er ,  1951 ; Anderson 

1956 ) 0 An alternative method for s tra i ghtening the extremes 

o f  the characteristic  curve has been developed by Kerbyson 
d 

( 1 963, ) �  who modified the Seidel function to  log ( �- a L 

where a i s  a c onstant arbi trarily chos en to  give a s tra i ght 

line when the fQDction is :plo t t ed a ga ins t log  rela tive expos-

ureo In all the above methods , the transforma tion from the 

linear galvanomet er s ca le to the appropriate function was 

made before :plotting graphically or by :plotting on graph :paper 

with the ordina te calibrated with the appropriate  transf ormat­

i ono This latter method has b e en used by Wheeler (1956 ) ,  

who , in a method devel oped in c onjunc t i on with Duffy and 

Reed,  :plotted galvanometer deflections , measured on a linear 

s cale , onto specially :prepared 11 Seidel 1 1  graph :paper and hence 

obtained a linear :plot without the necess i ty of a Seidel  trans-

formation by the us e of tableso An alterna tive approach 

has been made by Hodge ( 1 961 ) and Haaland ( 1 962 ) who have 

developed slide-rule readings to  intensi ty ratios..o 

While a scale for inc orporation into the galvanome ter 
d 

o f  the microdens itometer gradua ted in opacity ,  ( d
0 ) , is  

available  c ommercially, there are no  references in  the 
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literature t o  the use of galvanometer s ca l es calibrated in 

any of the transformati ons known t o  give an extens i on of 

the linear regi on of the calibra.tion curve. ( Cros swhite 

and Dieke , 1953 , have made an appropria te transforma tion 

by incorpor2ting the variable into the electrical c ircuit 

of a modified densitomet er ) . 

It was therefore dec ided to  inves ti ga t e  the pos s ibility 

of  c onstruct ing a densi tometer galvanometer scale in 

units of a transformation giving a cha rac teristic curve 

with a great er linear rangeo Of these , the partial-Seidel 

function of Honerjaeger-Sorun and Kaiser ( 1944 ) s0emed to 

be  the most promis ing. The s e  authors showed tha t ,  in the 
d d 

expressi on L.-
log (d

0 
- � )  + o.:log  d

0J/ ( �+CX ) 9 ex was approx.-

ima t ely � for mos t  photographic plates. .• Considera tion was 

therefore given to  us ing the transforma t i on 

d d 
P = �L-

log (d
0

- �) + log d
0J 

for the construct i on of the ga:lvonomctor s cale. This  

funct i on has however two ma j or disadvantages: if it  i s  to  be 

incor�orated into an optical s cale : -

( i ) s ince the z; ero value o f  P c orresponds to  a galvonom-

eter deflecti on of 30 .. 9 on a l inear s ca le of 50 uni ts9 

s ome read ings will be nega t ive and o thers positive with 

an attendant risk of c onfusion9 particularly with a 

moving scale. 

( i i ) all values on the s cale9 except for tho s e  
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c orresponding t o  linear deflections less than 4 ( full-scale 

l inear deflection =50 ) wou�d be decimals so tha t  decimal 

points , as  we:ll a.s numerals WOllld hnve to be incor:poro.. ted 

onto the s ca le.  

To  overcome these disadvantages� a modified partial-

Seidel funct i on, known arbitrarily a s  a "B " function 9  l1..as 

been derived ( Boswell and Brooks 9 1965a)9 where 

or  

B = lOOP + 60 
d d 

B - 50L
-

log ( d
a -1 ) + logd

0 + 1 . g/ 

Values of thes e  B-func.ti ons for deflections c orresponding 

t o  a linear scale graduated from 0 to  50 are given in Table 2o 

The zero now occurs a t  a go..lvonometer reading of 47 . 2  on 

the former linear scale s o  tha t  virtually all results  are 

:positive . Furthermore , the use of unwieldy dec imals has 

been elimina ted s o  tha t ,  for example,  a partial-Seidel 

value of O o 030 becomes s imply 63 B-units. 

A galvanometer scale. calibrated directly in B-values 

has been c onstruc ted and incorpora ted into a Hilger FR300 

Galvoscale attached to a L452 non-recording microphoto-

meter o This enables the s e  values to  be obta ined directly 

w i thout the us e of c onvers ion tables thus giving a sub s to..ntial 

s hortening of the time: involved in evaluating pho tometric 

da tn e This new scale: i s  shown in Fig o  1 o.nd extends from 

- oo to + oo with an effec tive working range of from 0 to  

200 B-unit s 9  corresponding to original galvanometer readings 



Table  2 

Conversion Table  for B-functions� 

Gah·o. 
Readiug 0.0 

o +oo 
1 229.5 
2 198.9 
3 18 0.9 
4 167.9 
5 157.7 
6 149.3 
7 142.2 
8 13 5.8 
9 130.2 

10 125.0 
11 120.5 
12 116.1 
13 112.0 
14 108.2 
15 104.6 
16 101.1 
17 97.9 
18 94.7 
19 91.7 
20 88.7 
21 85.9 
22 83.2 
23 80.3 
24 77.7 
25 75.1 
26 72.5 
27 70.0 
28 67.3 
29 64.8 
30 62.3 
31 5 9.8 
32 57.2 
3 3 5 4.6 
34 5 2.0 
35 49.3 
36 46.6 
37 43.8 
3 8 40.9 
39 37.9 
40 34.7 
41 31.3 
42 27.8 
43 23.8 
44 19.5 
45 14.6 
46 8.7 
47 1.6 
48 -8.1 
49 -24.1 
50 -00 

0.1 
529.8 
225.5 
196.8 
179.5 
166.8 
156.8 
148.6 
141.5 
13 5.2 
129.6 
124.5 
120.0 
115.7 
111.6 
107.9 
104.3 
100.8 

97.5 
94.4 
91.4 
88.5 
85.6 
82.9 
80.1 
77.4 
74.9 
72.3 
69.7 
67.1 
64.6 
62.1 
59.5 
56.9 
54.4 
51.7 
49.0 
46.3 
43.5 
40.6 
37.6 
34.4 
31.0 
27.4 
23.4 
19.1 
14.1 

8.1 
0.8 

-9.3 
-26.1 

0.2 
297.7 
221.5 
194.7 
178.0 
165.7 
15 5.9 
147.8 
140.8 
134.6 
129.1 
124.0 
119.5 
115.2 
111.2 
107.5 
103.9 
100.5 

97.2 
94.1 
91.1 
88.2 
85.3 
82.6 
79.8 
77.2 
74.6 
72.0 
69.4 
66.9 
64.4 
61.8 
59.3 
56.6 
5 4.1 
51.5 
48.8 
46.0 
43.2 
40.3 
37.3 
34.1 
30.7 
27.0 
23.0 
18.6 
13.6 

7.4 
-0.1 

-10.6 
-29.1 

0.3 
284.6 
218.1 
192.7 
176.6 
164.6 
15 5.1 
147.0 
140.1 
134.0 
128.6 
123.5 
119.0 
114.8 
110.8 
107.1 
103.6 
100.2 

96.9 
93.8 
90.8 
87.8 
8 5.1 
82.3 
79.6 
77.0 
74.3 
71.7 
69.2 
66.7 
64.1 
61.6 
59.0 
56.4 
5 3.8 
51.1 
48.5 
45.7 
42.9 
40.0 
36.9 
33.7 
3 0.4 
26.6 
22.6 
18.1 
13 .o 

6.8 
-1.0 

-12.0 
-32.3 

rmprl 
I Massey U 
I 

Abstracl 
Improved methods for the measure! 

have been developed. Such techniques a! 
fication of the partial Seidel function,! 
conversion table for these is given. A I 
has been incorporated into a Hilger 1 
values to be obtained directly withod 
B-values can be plotted directly on to I log graph paper if the self-calibration 
line inten.sities, there is an attendant I 
in the accuracy of background extra1 
nique developed for use in conjunctio! 
rapid evaluation of line intensities bu: 
It is concluded that the technique wil 
some existing photometric methods. I ' 

lntroduct\ 
As the measurement of specti 

trochemical analysis has always i 
of tedious and lengthy effort, i, 
made in the past to develop imp� 
ment. : 

In many laboratories, spectrd 
ured by the self-calibration ni 
sector. This involves plotting Id 
as a function of log relative inj 
in such methods lies in the difl 
polation of low background reJ 
constant density since the chl 
emulsion is not linear. The i� 
correction has recently been ei; 
The Seidel function (3) or the I 
provides a more linear relatio� 
graphic response and log relati� 
quent improvement in the ac� 
backgrounds. Improvement in t 

microphotometric data has beenl 
who, in a method develooed in 

21 . 
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Microphot om e t er s c al e  cal ibrat ed in B-val u e s . 



22 , 

of 47o 2 an& �. 9 respectively . For comparison 9  the origina l  

linear calibra t i on is  incorporated below the B-value scale o  

Data obta ined from the B-value scale Day be 

plotted dir ectly onto the linear ordina te of s emilog graph 

paper followed by the standard procedure for the s e lf-calib-

ration method (Ahrens and Tayl or 1 1 960). Table 5 shows 

a s e t  of typical results obtained from the measurement of 
0 

a s tepped spectral line of As 2 780 A on an Ilford Ordinary 

pla t e  . .9 with a plot of the gal vo.nome ter readings for the 

ana lys i s  line and background intersecting line repres enting 

an arbi trary c onstant dens ity of 100 B-value units. A 30 

cm spherical lens was placed in front of the s tep sec tor 

t o  ensure vertical uniformity of illumina t i ono  The s li t  

widths o f  the spectrograph and microphotometer were 0 . 015 

mm and Oo2 mm respectivelyo Table 3 also  shows the diff-

erence between success ive s t ep r eadings ( ��B ) . The 

microphotometric data are a lsc) shown graphically in Fie;,.rure 

2o The transmiss ion rat i o  for the s t ep s ector was 2 .0o  

0 

Table 3 .  Photometric Data for As 2 780 A 

Step No o 1 

Line Density 
in B-values 1 7600 

'•' 6.B·'· 

Background Dens ity 
in B-value;g 

!\ B;;� 
63 . 5  

2 3 4 

151.0 126 . 4  99  .. 0 

2 5 . 0  24 . 6  2 7. 4  

3 8  .. 5 

25 . 0  

5 6 

71 . 5  46.0 

2 7. 5 2 5 . 5  

*The AB value for a particular step refers to the di ff­
erence between it  and the preceding s t ep .  
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Plot o f  microphot ometric dat a using B-values . 
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If 9 as i s  generally a ssumed in malcing background 

c orrections� the photographic response for·the analys is 

l ine and the .. baekground are the same , background correction, 

i s  made by drawing a l ine through the galvanometer r eading 

for the background parallel to that for the analysis  l in e . 

This results in increased accuracy in background c orrect i on 

s inc e �  by reason of the greater linear range obta ined us ing 

B-values 9  the galvanometer r eading in B-values will norma lly 

lie  on the linear portion of the curve 9 whereas9 in cas e s  

where the galvanometer reqding for background is  l ow 9  i t  

would normally be  on the pla teau o f  the characteristic  

H and D curve when us ing linear deflections . There 

i s  however , c ons iderable doubt  tha t  the photographic resp onse 

for a spectral l ine and adjacent background are the same . 

S trock ( 193 6 ) claims tha t  monochromatic  light has a photo-

graph1c response 1 . 5  times great er than .that for c ontinuous 

radiation .. Several authors including Peirce and Nachtrieb 
-l 

( 1941 ) and Ahrens ( 1945 ) have found no observable differ-

ence s  in slope. Rieman and Gall  ( 1962 ) have found back-

ground to  have a different s lope than spectral l ines . Slav in 

( 1962a ) has found, by applica t i on of the theory developed 

by Arrak ( 1962 ) 9 that the effect  of  the micrometer s l i t  

width i n  determining the s lope of  the spectral l ine and 

background is c ons iderable. If the slit  width is  less  

than a certa in value, the line and background will  give 
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charac teristic  curves w i th different gradients .. However9 

if  the slit  i s  wide enough the apparont photographic res-

ponse for both l ine and bacl{ground will be the same.. He 

shows that  for Eas tman Spectrum Ana lys i s  No 1 and Ilford 

Line film the slit  width must be grea ter than 100� for 

this la tter c ondit i on t o  apply. 

When the slopes for the analysi s  l ine and background 

are not identical9  background c orrection us ing the B-value s  

scale i s  s till s imple , a s eparat e  s eries  o f  curves being 

drawn for the ana lys is l ines and background with the 

appropriate gradient . 

The photographic response of a plate (Y) and the 

difference in B-values for adjacent s teps are s imply related 

a s  follows:- As shown earlier 

where 

B = lOOP + 60 
d d 

P = �L 1 o g ( d
o ) + 1 o g ( d

o - 1.27 

and9 from the paper of Honer j a eger-Sohm and Iilliser ( 1944 )  

y - /\P 
- i\I 

where 6 P i s  the change in P c orresponding t o  a relat ive 

intensity 

But 

ch:::mge of  6I. 
l� B -dP = 100 

where .0 B and L\ P are c orresponding changes in B and P 

respectively o 

vVhence 4B 
y = 100 6 I 

where �B is  the difference between B-values c orresponding 



t o  a difference in relative intensities9 ili. It i s  

therefore clear tha t the values of 6 B given in Table  3 

25.  

are proporti onal t o  the photographic respons e of the emuls i on .  
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A rapid n6mographic method for evaluation of spectral l ine 

intensities. 

Following the development of the B-function ,  a rapid  

nomographic t echniQue for  the measurement of spectral l ine 

intens ities has boon developed ( Boswell and Bro oks9 1 96 5a ) o  

I t  is  evident from Figure 2 that a direct relationship 

mus t  exist  between 6 B 9  the B-value for the first step of 

the spectral line 9 and the log of its intens ity.  Let the 

microphotometric reading of the first step be B and I the 

intercept of the calibrat i on line with the line B = 100 . 

The intensities  c orresponding to  the first and second s ector 

s teps are  ten and twenty respectively . 

Therefore9 

B - 100 
= 

log 10 - log I log  10 - log 20 

where DB is  the difference between B-values for two con-

s ecutive s teps . 

Hence 
0.301 (B-100 ) 

= 6B 

This is an expression of the form: 

and can therefore be repres ented by a nomograph of the 

" Z "  type linking I ,  1-l.B and B ( Mackey, 1 944 ) .  
A nomograph of this type enabling the transforma t i on 

from B-values t o  intens ities  to  be carried out rapidly o.nd 
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effic i ently a s  shown in Figure 3 .  A cursor i s  placed directl 

on the appropria te B-value and then laid acros s  the correct 

L\ B.. The intercept on the intens ity axi s  then gives 

the value of the intensi ty of the line. 

To obtain the optimum advantage from this nomograph9 

the following experimental procedure is recommended . 

A t o tal of 23 s eparat e  spectra are recorded on a s ingle 

10 "x4 "  plat e o A s even-step sector with a transmis s ion 

rat i o  of two is  used  for the firs t spectrum and the re­

maining 22 are obtained with a two-step filter having a 

transmis s i on ratio  of four . The purpose  of this lat t er 

procedure is  t o  afford an alternative weaker  s�ep for 

pho tometric measurement in cas e s  where the densi ty of 

the original line is  too  great for accura t e  measur emen t o 

In such cas.es the derived intens ity must  be multipli ed by 

a factor of four . From the photometric readings for the 

s tepped spe c trum9 the LiB-value at that particular wav e­

l ength is  obta ined by calcula t i on or by graphical means o 

The t echnique is  extremely rapid and results may b e  ob­

tained in a fraction of the t ime required for the self­

calibrat ion methodo  This advantage of time-saving is t o  

s ome degree  offse t  b y  the fac t  that a method depending 

on a single reading mus t  of nece s s i ty be less accura t e  

than one where the e s timated line o f  best  f i t  is drawn 

through three or more points. Neverthele s s 9 the nomo-
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graph may safely be used in s emi-quantita tive spectro-

chemical analysi s 9  and als o in quantitative work where 

relatively large coeffic ients of varia tion are encountered . 

A c omparison of spectral line intens i ties  of ropli c.a tes 
0 

of  Au 2.676 A obta ined by the s elf..:calibra t i on and nomo-

graphic me thods is s hown below in Table 4 .  

0 

Table 4 .  Line Intens ities of Au 2676 A Without Background 

Correct i on .  

Replicate  
No . � 

Intens ity by 
s elf-cal ib­
rati on 

2 3 4 5 6 7 8 9 �0 

method::• 64 .0 42.0 44 .0 3 6 .0 3 0 .3 3 0 ,.7 2 6 .5 27 .3 35 o0 3 6 .0 

Intens ity by 
nomographic 
method 64 .8 42 .0 42 .5 34.6 3 0 .0 30,.2 26 .4 27.6 34 .0 34 .8 

::< Determined us ing B-values .  

The microphotometer scale calibra ted in B-values 

has been used exclus ively in this laboratory over the pas t  

three years and has proved t o  be  c ompletely sa tisfa ctory.  

It may be read as  eas ily a s  a l inear scale and the plot t ing 

of  the results  is  carried out more readily than before . 

Its ma in advantage i s  that low backgroLUld r eadings can b e  

extrapola ted to  the constant densi ty level with more 

c onfidence than in the cla s s i ca l  method us ing linear galva-
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nometer deflections for the characteristic curve . Further-

more ,  becaus e of the increa s ed linear range obtained when 

us ing the scale9  the number of points used in plotting the 

curve can be increased t o  give a more accurate  estimat e  

o f  the s tra ight line o f  best  fit with a consequent improve-

ment in the accuracy of the intercept of the l ine with 

the c ons tant-dens ity leve l a 

The nomogro.phic technique is  us ed with a dvantage. 

where only a single pho tome tric  reading is used to calculate  

the intens ity of a spectral l ine . To do this it i s  necess-

ary to  know the gan�a of the plate  ( expre s s ed a s  6 B) a  

This can be obta ined either from measurement of s everal 

s teps of  a s t epped spec trum at one particular wavel ength 

on the plate  (provi sion i s  made for this in the procedure 

r ecommended above for us ing the nomograph9 by incorporating 

a s even-stepped spectrum at the t op of the plate ) or from 

use of the method of Di eke and Crosswhite  ( 1 943 ) 9  in which 

c erto.in Fe multiplets of kn own intensity are measured and 

us ed to calibrat e  the pla t e . The former method i s  pref-

erable sinc e 9  by using i t 9  i t  is  poss ible t o  calib�te 

the plate  a t  any point whereas the latter method suffers 

from the disadvantage that the emul s i on is  assumed t o  be 

of cons tant gamma over the wavelength range on the plat e 9  
a..-{.. /"4., I.... 

a doubtful a s sumption (Ahr ens 9 1960 ) .  A further advantage 

of the nomo graph method is  that  background corrections are 

obtained directly without the use of Gauss ian subtraction 



logari tbrns ( Honer jaeger-Sohm and Kaiser 9 1 944 ; Mi tchell 9  

1964 ) . 



(b ) A Comparison of Cathode and Anode Exc i tati on o  

Before the introduction of cathode-layer exc i t­
�J�  

ation in  the d . c .  arc 9 ( Mannkopff and Peters 9A
1943 ) anode 

exci tation was the usual technique in spectrochemical 

analysis . Although the use of anode exc itation declined 

31 . 

somewhat following the dis covery of the cathode-layer effe c t 9  

it  has been more widely us ed in recent years and b o th methods 

would appear to be of e qual interest today .  Little  has 

been published on a c omparison of the two methods of e xcit-

ation from experiments carri ed out Qnder the same conditions 

and cathode exc i tation 9  as distinct from ca thode-layer 

exc i tation9  has received an even briefer menti on .  Ahrens 

and Taylor ( 1 960 ) have however , used the data of a number 

of independent workers to  compare anode and cathode-layer 

excitation and have c ome to the c onclusi on tha t  the a dvan-

tages of cathode-layer axc i tation have been overstated in 

the pas t .  They appear 9 on balance 9  t o  favour anode 

exc i tation but stress the difficulty of making compa ri s ons 

on data obta ined under different experimental c ondi t iollS e 

The merits  of ei ther of the · two methods have been di s cus s ed 

by s everal o ther workers . ( Thiers et al 9 1 95 5 ;  Peirce e t  a l 9  

1940 ; i�rens and Liebenberg9  1 946 ; Mitchell 9 1 964; 

Strock, 193 8 9  1 946 ) 

Stra sheim and Camerer ( 1955 ) have c ompared anode 

and cathode-layer exc i ta t i on for the analysis  of Cr 9 Co 9 
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Ni 9 Zn9 Ti 9 V 9 Sn9 }Jlo and Pb and c onclude that preci s i ons 

obta inable by the two methods are s imilar . Howover 9 their 

c onclus i ons are bas ed s olely on the slopes of working 

curves for the various l ine pairs and bear no relation t o  

coefficients of varia t i on of replicate arcings . Skornyakov 

( 1 955 ) has di scussed relative volatilisation of some �5 

elements in anode and ca thode-layer exc itat i on .  

In this study the potentialities  o f  ca thode 

exc i tation (a s  distinc t from ca thode-layer exc i ta t i on ) in 

spectrochemical analysi s  have been investiga ted and compared 

directly with anode exc i tation under the same expGrimontal 

c ondit ions .. 

In order t o  obta in a meaningful c omparison of  

the two techniques 9 the following properties  were s tudiedo  

Abs olute s ens i tivity, t imes required for c omplete c onsump­

tion of the sample 9 rates  of volatilisation ,  times for 

complete vola tilisation of each element , background inten­

s i ties , self abs orpti on and finally, the reproduc ibi l i ty 

of intensity ratios  of a number of l ine �Qairs in three 

different ma trices . Although the results will only hold 

for the experimental c ondit ions used in these  s tudies , tr1ere 

i s  li ttle reas on to  suppo s e  tha t  they will not apply to a 

much wider range of experimental c onditions . 

A s tudy of spectral l ongi tudinal intensi ty 

dis tributi on was not carried out s ince this is  a lr ea dy 



well known (Ahrens and Taylor 9 1960 ; Vainshtein and Belya ev9  

1 958 ) 0 For the same r ea s on no study was made of arc 

t empera tures . 

The experiments were carried out on a Hilger 

E742 large automatic  spectrograph with quartz optics o In 

a ll cases  the opera ting c ondi t ions were as  summarised in 

Table 5 o  

Tabl e  5 

Spectrographic O.perat i�g Condi t ions . 

Slit  length 

Slit  width 

Wavelength range 

Photographic pla tes 

Current 

Exposure 

Electrodes 

Photographic process ing 

Dens i tometry 

Optical System 

Arc gap 

12mm 

o . 015mm 
0 

. 2400 - 3400 A 

Kodak IN 

7 amp d . c .  

To c ompletion 

Johnson Iviatthey 4B graphit e . 
1/16 1 1  internal diameter x 6 ram deep 

4 min o at 20 ° in Kodak D o  19b 

Hil ger microphotometer with 
Galvos cale calibrated in B-values . 

Convex quartz lens placed a t  s l i t  
t o  give even i lluminat i on a t  thi s 
point and to provide an ima ge 
of the arc at the collima t or o 

4 mm . 
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Absolute sens itivities . background intens i ties and vola t i l-

isation rates . 

Experiments an abs olute s ens itivities  were carr ied 

out by arcing identical weights of a charge of two parts 

of carbon powder t o  one part of ,Johnson Mo.tthey R . U .  pmvder 

and measuring the spectral line intensities  of 33 elements . 

In order to o.void  errors due to vario. tion between plo. tes , 

samples wer e arced in triplica t e  on the same plate for 

uach of the two methods of exc i tation $  Good agreement 

between the triplicates of each series was obtained by 

careful control of the c ondi tions . Photometri c  r:aeasuro-

ments of line intensi ti es were carridd out by a Hilger 

microphotometer with a s cale  co.libro.ted in B-values  ( s e e  

previ ous secti on ) t o  provide a lineo.r respons e for the photo­

graphic emul s i on .  Table  6 shows line intens i ties , back­

ground values and the ra tios  of both thes e  Quantities  for 

the two methods of exc i ta t i on .  

The table als o shows the times needed for c omplete 

volatilisation of 12 elements Pb , Tl , Sn , Ga , In, Au, Sb , 

Ag, Bi , Zn , As and Cu, together with the ra tio of these  

t imes for cathode and anode exc i tation .  The vola tilis­

a t i on experiments were carri ed out separa tely on samples 

c ontaining trace amoQnts of the elements in a carbon ma trix� 

The arc ings were in triplicate and the plate  holder was 

racked at  5 sec . intervals t o  obtain vola tilisati on curves . 

The curves for Pb 9 which typ ify those  for the other 
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Table 6 

lR.elative Intens i t ies  and Intens i ty Ratios  for Cathode and 

Anode Excitation.  

Element Line Cathode excitation A node excitation 
(A) A B c b D E F a 

Tl 2767 27 4 8 2 3·4 2.0 
Mn 2798 I I 6  47 2.5 
Sn 2839 7 24 3 12 2 .3 2.0 
Ga 2943 7 24 3 9 2.3 2 .3  
Fe 3020 37 18 2 .I  
In 3256 14 45 24 7 23 IO  2 .0  2 .0  2.4 
B 2497 321 I68 1 .9 
Si 2514 I IS 6o 1 .9 

Pb 2833 I3 2I 7 7 1.9 3 ·0 
Mg 2942 37 2 1  r .S 
Au 3 122 IS 4I 24 IO 15 I I  2 .7 r . S  2.2 
p 2535 25 I S ! .7 
Sb 2598 20 22 12 IO 1 .7 2.2 
V 3I84 44 40 28 17 2 .3  r .6  
Ag 3280 57 49 24 36 23 IO 2 . 1  r .6 2.4 
Al 3082 I25 26 8 I  1 2  2.2 1 .5 

Bi 3067 20 32 · 2o I6  I2  8 2 .7 1 .3  2 .5  
Na 3303 370 309 1 .2  
Zn 3282 777 48 I S 628 2 3 6 2 . !  ! .2  2 .5  
As 286o I2 7 I I  2 I .  I 3 ·5 
Be 3 I3I  76 68 I .  I 
Mo 3I 70 I6  45  IS 20 2 .2 I .  I 
Cr 2843 IO IO  I .O  
Ti 3234 lOO 34 I I 7 I9 0.9 

·Cu 3247 So 39 24 86 19 8 2 . I  0.9 3 ·0 
Eu 3930 I I I  I I9 0.9 
y 32 I 6  I 4  23 o.6 
Ca 31 79 665 so I380 1 7 2.9 0.5 
La 3337 20 41  o. s 
Zr 3273 I 3  39 0.3 
Yb 3289 5 23 0.2 

a A, a =  Line intensities, corrected for background. 
B, b =  Background intensities. 
c, c = No. of 5-sec time intervals to completely volatilise the element. 
D Ratio Bfb. 
E Ratio Afa. 
F Ratio Cfc. 



e lements y  are shown in Figo  4 .  

Self' absorpti on 

Samples c onta ining from 5 p . p . m . to  50% of a 

s ingle element in a carbon matrix were arced under the 

c onditions of Table  5 .  Intens i ty ratios  of a high- inten-

s ity s trongly-abs orbing l ine and a weaker non-abs orbing 

l ine of the same element were measured and the results  

plotted a s  a funct i on of  c oncentrati on .  Where possib le 9  

a pair of. lines of the same mult iplet wa s us ed . The line 

pairs us ed were y In 3256/3274, Cu 3247/3274 9 Ag 3280/3383 ,  

Tl  2 918/2921 ,  Ag 2349/2456 y Bi  3067/302 5 y  Zn  3 345/3346 9 
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Au 2676/3122 51 Pb 2833/2823 and Sn 2850/317 5 . In mos t  

cases , nesults  of  high pre c i s i on were hard t o  obtain becaus e 

of the inherently irreproduc ibl e  nature of  the onse t  of 

s elf-abs orption .  However y there was littl e  differenc e 

in effec t  whichever method of exc i tation was used and the 

pat tern throughout was 9  in mos t  cases , of intens ity ra tios  

ris ing t o  a l imi t.ing value a t  l ow concentrat ions . 

Reproduc ibility 

Reproduc ibility mea surements for the two methods 

of exc i tation were carri ed out by arcing up t o  14 replicates 

of trace  amounts. of a number of elements .  Three matrices , 

HaCl 9 CaC12 and carbon, were used to  study the effects 

of different arc t emperatures  and matrices  on reproduc i-

bilities . These  three ma trices  were cho s en for the follow-

ing rea s ons : - NaCl and carbon are both c ommon matrices  
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s o  that a c omparison of their  b ehaviour i s  of intrins i c  

interest .  Marks and Ha ll ( 1 946 ) studied the effects  

of various matrices on the intensi ty of Sn 2840 and found 

that of the matrices s tudied CaO gave maximum intens i ty 
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for Sn 2840 . Scott ( 1 945 ) showed tha t  of the three matrices 

l ine intens i ty for a number of element s . It  was therefore 

poss ible that CaCl2 would give even more intense emi s s i on 

than CaO and therepy enhance s ensitivitY o 

The r elative intens ities of 35  l ine pairs were 

measured and the coefficient of variation of  each of the s e  

was determined . The results  are shown in Table  7 .  

During thes e experiments � the t imes for the complete  

c ombust i on of the samples were recorded and are  shown in  

Table 8 .  

From Table 6 i t  i s  clear that for most of  the 

elements studied9  cathode exc i tation afforded greater 

s ens itivity in a carbon matrix . For the rema inder of  the 

elements � anode exci tation provided greater s ens i t ivi ty .  

Attempts t o  c orrelate  these  results with exc i ta ti on po t ent­

ials and ionizat i on pot entials were not successful . 

However , tho s e  elements showing greater sens itivity for 

anode exc i tation were in the main r efra ctory ?  whereas: the 

remainder included a large proportion of more volatile  

.element s . 
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Table  7 

Reproducibility Tests  on Three Different Matrices . 

Line Coefficients of variation 
pair NaCl matrix CaClz matrix Carbon matrix 

Anode Cathode Anode Cathode Anode Cathode 
GafCu 1 9 . 1  10. 7 36.0 23.0 29.6 6.8 
Ga/Pb 34·0 1 7.0 42.6 24·5 1 4· 1 4· 1 
GafSn 1 7·3 1 7.0 54·6 35·4 5 · 8 9·6 
Bi/Pb(I) 18.3 9.2 58. 3 1 ! .2 19.0 10. 3 
Bi/Pb(II) 1 3.0 16.o 37·2 28.8 1 ! .2 5 · 5  
Hg/Ga 1 3.8 1 7-9 
HgfAs 13 ·4 1 4·7 

CdfAs 1 5.6 28.2 42 ·5 43·3 57-2 1 ! .4 
CdfCu 33·0 4 ! . 7  55 . 1  56.7 12.2 5·9 
Cd/Bi 1 7 . 1  33·3 23·5 45· 6 8.2 7·9 
Sn/Ag 1 7.0 10.5 43·0 39·0 1 7.0 8.4 
Sn/Sb 1 6.9 3! . 1  42 ·5 34·9 9-2 3·5 
SnfGa 17·4 15·3 5 1 .6 4 1 ·9 5 ·6 9-0 
Pb(U)'Ga 14.2 1 7:0 28.4 25 .8 1 ! .5 4· 1 

AsfZn 8.2 15 · 3  50.C 1 4. 1  10. 3 1 3- 3 
AsfSb 8. 5 18.o 18.b 2 ! .6 8. 3 6.2 
AsfGa 23. 1  32 ·4 34·9 30 -4 6.3 q.o 
AgfCu 5 ·0 7·9 24·9 4·3 8.4 3 · 5  
AgfBi 2 I . I  27·7 58.o 4 8·7 7 ·8 5 · 7  
AgfPb(I) 9-2 19.5 26 .. : 46.0 14 .8 7·0 
ZnfPb(I) 1 ! .6 12.0 27·4 35·7 1 1 . 6 1 4·7 

Zn/As 7·3 1 5. 2  42.0 r6.3 9·7 10. 4 
Zn/Sb 16.9 1 6.9 44· 8 25 · 5  4·9 1 7 .0 
SbfSn 10. 5 24. 1  32·4 35·9 8.8 2.5 
Sb/Zn 10.9 1 5 .6 52 -3 2 ! . 1  1 ! .5 1 8.o 
CufAg 5·0 8.2 26.o 8.4 7 ·0 4·5  
CufBi 2 ! . 9  19.0 50· 3  56.0 7·3  7· 1 
Tlfln I0. 4 20.0 20.0 22.6 9·0 3 ·6 

Tl/Sb 7·6 2 ! . 0 57·7 47·3 45·5 1 ! .3 
In/As ' 7·4 I2.6 49· 8 34·3 3 5 ·0 1 3. 2  
InfTI 8. 3 22.7 35·0 32-� 9·4 10.4 
AufCu 20.1 I0.5 54·9 42.8 I I .7 ! 2 . 2  
AufAg 2 ! . 8  1 4.0 75·5 3 8·3 . 20.6 I I. 8  
Pb(I)/Bi I 5·3 9·3 5 ! .7 I 8 .7 1 2 . I  1 0 . 8  
Pb(I)fGa r8.9 19.3 46·9 50·5 9·3  7·5 

Averages 15 - 5 % I 8 . 4 % 4 ! . 6 %  32. 1 %  1 4 - 2 %  9 - 2 %  

• Lines used were : As 286o, Ag 3280, Au 2676, Bi 3067, Cd 3261,  Cu 3274, Ga 2943, Hg 25 36, 
Pb(I) 2823, Pb(II) 2833, Sb 3267, Tl 3229, Zn 3345, !n 3256. 



Table 8 

Time Required for Complote Combustion of the Sample 

Excitation 

Anode 

Cathode 

NaCl matrix 

68 + 3 s ec 

100 + 5 sec  

CaC12 matrix 

50 + 10 sec  

95 + 8 sec  

Carbon matrix 

35  ± 2 sec  

80 + 6 sec  

A disadvantage of  cathode excita ti on is the 

high background which in these  experiments was greater 

by a fac tor of  2 or 3 than that  for anode excita ti on .  

However 9 it  i s  s ometimes des irable  t o  have backgrounds of 

sufficient intensi ty for them t o  be measured with reas on­

abl e  accuracy9  provided that they do not represent too  

large a fra c t i on of  the intens i ty of  the analys is line o 

Reproducibility experiments have produced inter­

esting and s i gnificant data for a number of volatile  elements 

Of the 33 line pairs measured for the NaCl matrix, 22  showed 

lower c oeffic i ents of varia t i on with anode exc i tati on �  

The reverse was the cas e  for the carbon matrix where 2 3  

out of 3 5  arc ings showed l ower c oefficients with cathode 

sxcita t i on .  The line pairs were s elected by choosing 

the best  for each method of exc i ta ti on and for each ma trix 

and then measuring the same line pairs under all the o ther 

conditions employedo The highest  precision for cathode 

excita t i on with a carb on matrix was 2 . 5% for the Sb/Sn 



40 . 

line pair and 4 . 97:: for the Zn/Sb pair for anode excita t i on �  

That overall preci s i on i s  also  better for ca thode exc i ta t i on 

is  shown by a s tudy of the average coeffi c i ents of varia t i on 

of 35  line pa irs which give values of �4 . 2% and 9 . 2% for 

anode and cathode excita tion respectively for the carbon 

matrix. The NaCl matrix gives lowest  values of 9 . 2% 

for Bi/Pb with cathode excitation 9  5 . 0% for Cu/Ag with 

anode excitation and average values for all line pairs of 

15 . 5% and 18 o 4% respectively . 

It is  c oncluded therefore 9 that 9 at  lea s t  for 

these  1 3  elements , ca thode exci tation with a carb on matrix 

would afford higher precision than anode exc i tation .  

When a NaCl matrix is  used9 there i s  less difference between 

the two teclmiques 9  though in this cas e 9  anode exc i ta t i on 

would appear to  offer the better results . This may b e  

expla ined by the hi gher tempera ture o f  anode excitation 

enabling the depressant effect  of NaCl on line intens i ties  

of various elements (Ahrens and Taylor , 1960 ) to  be over­

c ome to s ome extent , wi th a c onsequent improvement in 

reproducibility .  The higher precision for ca thode 

exc itat i on in a carb on ma trix may be due in part s  to incom­

plete c ombus tion in the anode due to  the higher ra te  of  

material c onsumption and the physical ej ection of  s ome of  

the material . The slower burning cathode would tend t o  

reduce this effect . The same c onclusi on w ould s e em t o  



41 . 

apply to  the CaC12 matrix, but due to  the poor r eproduci­

bility and irregular burns with this material �  the only 

definite  c onclusi on that  can be made is tha t 9  for reproduc­

ibility9  i t  i s  far inferior to  carbon or NaCl a s  a matrixo  

In order to  summaris e  the findings and c onclus i ons 

of the work described here 9 a table  ( Table 9 )  has been 

prepared in which the chara cteri stics of both methods of 

exc i tation have been c ompared . 



Table 9 

& Comparis on of Anode and Cathode Exc itat i on Under Identi cal 

Property 

Absolute sens itivity . 

Time required for 
complete c onsumption 
of sample . 

Time for c omplete 
vola ti lisa tion of an 
element o 

Vola tilisation curves .  

Self aDs orption .  

CN emi s s i on .  

Background emiss i on .  

Reproduci"bilities . 

General c onclus ions . 

Condit i ons 

Conclus i ons 

Higher with cathode exc i ta t i on 
for a num"ber of volatile elements . 
Higher with anode exc i ta t i on 
for s ome refractory elements . 

Consumption occurs approximately 
twi c e  as  fas t  with anode excit­
ation for each of the three  
matrices  used in  these experiments , 

Cons iderably higher for cathode 
exc i tation 9  a two t o  threefold 
factor being involved.  

Curves  are s imilar in shape 
for b oth methods of exc i ta t i on 
but with c ons iderable c ompres s i on 
of the time axis for anode exci t­
a ti on .  

Appears t o  b e  approxima tely the 
same for both exc i tation methods . 

Grea ter for cathode exc i tation . 

A two t o  threefold increa s e  for 
cathode excitation .  

Overall 9  slightly "better for 
anode excitati on with a NaCl 
matrix but appreciably better 
for cathode excitation with a 
carb on matrix. 

Cathode excitation appears t o  
offer advantages in s ens i tivi ty 
for  a num"ber of non-refra c t ory 
elements and gives greater overall 
preci s i on in a car"bon matrix for 
a num"ber of vola tile elements o  



PART I I  

A STUDY OF THE EXTRACTION OF A 

. NUMBER O:B' ELENiENTS INTO CERTAIN 

CYCLIC SOLVENTS o 



( a ) Introduct i on and Preliminary Investiga t i on :  

Three  solutions of the elements Cu9 Ag9 Au9 

Zn 9 Cd9 Hg 9 Ga 9 In9 Tl 9 Ge 9 Sn, Pb 9 As 9 Sb 9 and Bi were 

prepared in approximately 11N 9 6N and 3N hydrochloric a c i d  

with the elements present i n  the same c oncentra t i on i n  ea ch.  

Aliquots of these three s oluti ons were then oxidis ed with 

Cl2 and equilibrated with the s o lvents cyclohexanol9  carb on 

tetrachloride 9 isopropyl e ther 9 amyl aceta te  and methyl 

isobutyl ketone o The organic phases  were then s eparated 

from the a queous phases 9 mixed with NaCl 9 taken to  drynes s  

and arced . Visua l  inspec tion showed tha t  cyclohexanol 

extracted more elements than any of the o ther solvents 9 

and the amount extracted into the organic pha s e  was higher 

for cyclohexanol than for any of the other s o lvents . 

Although Ge was included in the soluti on whic h  

was equilibrat ed with the organic s olvents 9 this element 

was not found in the residues of either the organic or 

a queous phases . This was most probably due to  the fac t  

that  GeC14 is  very volatile  ( Hodgman 9 1955 ) and will be  

lost  on  evaporating a soluti on c ontaining Ge  in  the presence 

of chloride i ons o This was c onfirmed by evaporating in 

the presence of NaCl 9 a s o lution c onta ining an amount of  

Ge  well in  exc ess of the spectrographic detection limi t .  

On arcing9 the residue showed no trace o f  this element o 

As menti oned previ ously 9 Honoshino ( 1962 ) has 



shown that  the partition c o- efficients for Zr and Hf decr ea s e  

i n  the sequence 9  ketones 9 es ters 9 alcohols ,  e thers 9 s o  tha t  

cyclohexanone should be a more efficient extractant than 

cyclohexanol . It  was therefore decided to inves tigate  

the extraction of  the above elements from hydrochlor i c  

a c id soluti ons into the three solvents 9  cyclohexanone , 

cyclohexanol and cyclohexane 9 in order to  obta in a c omparison 

of the extraction properties of the three solvents . Since 

it was proposed to carry out the s tudy by spectrographic 

analysis  of the residue from the organic and aqueous pha s es 

after equilibration and evapora tion9  a preliminary inves t-

i gation was made as  to  the feasibility of the teclLni que . 

This showed tha t ,  as  well a s  Ge 9 the extraction of Cu and 

Ag could not be  determined spectrographically becaus e of 

the presence of these  two elements in the rea gents in such 

c oncentrations tha t a blank correction would have been 

inordinately high o Whil e  Pb was also present as  an im-

purity in the reagents , its  concentrat i on was such tha t an 

a ccurate correction was possible . 

The extraction of the elements mea sured a s  percent 

extraction (%E )  given by : -

100 D %E = D + r ( 2 o 1 )  

where D is the dis tribut ion co-efficient for the element 

and r is the ra tio  of the volumes of the aqueous and the 

organic phases  a t  equilibrium ( Morrison and Freiser9  1957 ) o  



�he distributi on co-efficient is obta ined a s  follows : -

The fundamental assumption in Quantitative 

1pectrochemical analysis  is tha t the intens ity of light 

:mi tted by an element is proportionad to the number of 

t toms present . Provided effects  such as s elf abs orpt i on 

tre abs ent 9 the intens ity of light emi tted by the s ource 

�an be replaced by the intens ity of the line a s  actually 

1easured ( I )  and the number of a toms of the element repla c ed 

)y the c oncentration ( C ) of the element in the sample 9  i o e . 9 

I = KC 

�ha t these assumptions are va lid is  supported by the fac t  

�hat curves o f  log intensi ty plotted aga ins t log c oncentrat­

Lon (known as "working curves 1 1 )  in general have unit  s lope 9 

i S  expected from the reaationship � 

log I = log K + log C .  

If an internal standard is to  be used for QUantitative analys is  

then9 if  its c oncentra tion is kept cons tant we have : 

= log K '  + log C X ( 2 . 4 )  

where I and I are the mea sured intens ities  of the analys is  X S 

�nd internal standard lines respectively and Cx i s  the c on-

8 entration of the element to be analysed L-
Ahrens and Taylor 

( 1 960 ) have a comprehensive dis cussion on internal s tand­

�rds etc . 9 L7 . The concentra t i on of an element in a sample  

therefore is directly proportional to  the rat i o  of the 



intens ity of a spectral line of the element t o  that of an 

internal s tandard . 

The dis tributi on co- effic ient 9 D 9  for an element 

di s tributed between two solvents is the ra tio  of the c on-

c entra tion of the element in the organic pha s e  t o  that in 

c 
D = 0 °  ( 2 . 5 )  

a 

where the subscripts o and a refer t o  the organic and 

a queous phases  respectively. Sinc e 9  as  dis cus s ed above 9 

the c oncentra tion of an element is proportional t o  the 

ra tio  of the intens ities of the spec tral lines of the elem­

ent and interna l  standard 9 ( 2 o 5 )  becomes : 

D = 

( Ixfii ) o 

( Ixfii )a 

which can then be substituted into ( 2 . 1 ) .  It is  therefore 

clear that  the percent extrac t i on of an element can be 

obtained spectrographically without the necess ity of c on-

s tructing working curves  for each element . 



(b ) An Inves tigation of cyclohexanone 9 cycl ohexanol and 

cyclohexane as extracting solvents for the chl oro-complexes 

of Au9 Zn? Cd? Hg2 Ga 9 In9 Tl 9 Sn2 Pb 2 As 2 Sb 2 Bi _�. 

It was propos ed tha t a soluti on c ontaining all 

the above elements in the appropriate s trength of hydrochlor­

ic  acid be eq_uil ibrated with the appropriate  solvent , taken 

t o  dryness and arced us ing another element a s  a c ommon 

internal s tandard o Thi s however was impractica l  as all 

the elements being c ons idered c onstituted the s o-called 

volatile group for spectrographic analysi s  (Ahrens and 

Taylor , 1960 ) o Since a good internal s tandard must  have  

approxima tely the same volatility as  the element to be  

analysed, the internal s tandard must  also c ome from thi s  

group o The only other elements  included in the volatile  

group are the alkali metals . These were investigated a s  

possible internal standards but found unsa tisfactory . 

Since it  was not pos s ible to  us e a single 9 common 

internal s tandard, a different approach was made o From an 

inspect i on of Table '7 ( Part I ) i t  was clear tha t ,  for the 

e lements under c onsidera t i on and the sys tems s tudied,  cath­

ode excitation of a carbon matrix afforded the highes t  

prec ision in spectrographic analysi s . From the data 

presented in Table '7 9  the element giving the lowest  c o­

e fficient of variation for each element t o  b e  analys ed,  

was selected and used as  the internal s tandard o In thi s 
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way it  was pos s ible to  prepare two solutions such tha t  all  

the elements in the one ooluti on had their c orresponding 

internal s tandards in the other s oluti on c  The c omposition 

of the two s o lutions and the internal s tandards for each 

element are given in Table 10 together with the c o-effic­

i ents of variation of the intens ity ratios  of the various 

line pa irs . The concentrations of the elements were adjus ted 

to  give intens i ties in the range 10-200 intensity units 

( s e e  Part I ) . The approximate  c oncentra tions of the elem­

ents in the aqueous pha s e  before extraction are given in 

Table 10 . 

Solutions of the elements in the appropria te 

s tr ength of hydrochloric acid were shaken for approxima tely 

30 minutes with an equal volume of the organic  solvent 

which had been pre-equilibra ted with the c orresponding 

strength of acid .  (The s olutions of  the elements  in  the 

hydrochloric acid were s o  prepared tha t �  in all ca s e s ,  the 

c oncentrat i on of a particular metal was the same ) o The 

s o lutions were allowed to s ettle 9 were s eparated into two 

phases 9 c entrifuged and filtered through dry filter paper 

to ensure c omplete separa tion of the phases . Equal volumes  

of the two pha s es were mixed with 1 ml . of the appropriat e  

internal s tandard soluti on and 4 0  mg. of Johnson Mat they 

" Specpure " carbon powder , taken to drynes s  and arced on 

a Hilger E742 large automatic  spectrograph with quartz 
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Table 10 

Solution Uomposition5 Internal Standards and Co-effic i ents  

of  Variat i on of Intensi ty Ra tios . 

Element Concentra tion 
(g . /1 . ) 

Solution A . 

Au 0 . 06 

Cd 0 . 2  

Ga 0 . 03 

Bi 0 . 03 

Tl 1 

so 1 

Zn 1 . 6  

Hg 4 

Solution B .  

Pb 0 . 1  

In 0 . 03 

Sn 0 . 1  

As 1 

Lines used were : As 2860 , Au 

Interna l  
Standard 

Cu 

Cu 

Pb 

Pb 

In 

Sn 

As 

As 

Ga 

Tl 

so 
so 

2676 , Bi 

Co-efficient 
of Variat i on 

12 o 2  

5 .. 9 

4 . 1  

5 . 5  

3 . 6  

2 o 5  

10 . 4  

14. 7  

4 . 3  

7 o 4  

3 . 5  

6 o 2  

30679  Cd 3261, Cu 

3 274, Ga 2943 , Hg 253 6 ,  .In 3256 , ·po 2 83 3 , .so 3.2 6 7 , 1rl 3 2 2 9 7  

Z n  3345 . 
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optics . The spectrographic operating c onditions are given 

in Table 11 . All extractions were car� ied out a t  2 5 °C o  

All determinations were done a t  least  in duplicate and in 

s ome cases  up to s ix determinations were made . The dis ­

tribution co-efficient for each element was calculat ed 

from equa t i on ( 2 . 6 )  and thi s 9 together with the appropriat e  

value for r substituted into equation ( 2 . 1 )  to  obtain the 

percent extracti on o  

Although the organic phases  were pre­

equilibrated with the appr opriate s trength of hydrochlor i c  

a c id before extraction,  i t  was not practical  to  d o  this 

for the acid s olution .  Accordingly, in the cas e  o f  cyc l o-

hexanone , there was a volume change during extrac t i on due 

to the s o lubility of the ket one in the acid.  The volume 

ratios  a t  equilibrium ( r )  after mixtures of e qual volumes 

of  a cid and pre-equil ibrated s olvent at  25 °C were determined 

and are given in Table 1 2 . 
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Table 11 

Spectrographic Operating Conditions . 

Slit length 

Slit width 

Wavelength range 

Photographic pla tes 

Current 

Excitation 

Exposure 

Electrodes 

Photographic processing 

Dens itometry 

Optical system 

Arc gap 

12 mm 

0 . 15 mm 
0 

2500-3400 A 

Ilf'ord N-30 

7 amps  d . c .  

Cathode 

To c ompletion 

Johnson Ma tthey 4B graphit e 9  
1/16 " internal diameter b y  4 mm 
deep e 

4 min at  20 ° in Kodak D19b 
developer 

Hilger microphotometer with 
Galvos cale  calibra ted in B-values 

Convex quartz lens plac ed at s l i t  
t o  give even illumination a t  this 
point and to  provide an ima ge 
of' the arc a t  the c ollima tor o 

4 mm 

Table 12  

The R atio  of the Volumes of  )?re-equilibra ted Cyclohexanone 

and H.ydrochloric ) .. cid a t  E quilibrium .  

Acid c oncentration (N )  r = 
:::-:
V,...o-=1�.-'o.-..r_..g""" .. '--:p:o-ha----_s..._e-=-. 
Vol . a q_ .  pha s e . 

1 . 28 

1 . 33 

1 o 38 

1 . 52 



(c ) Results and Discus s i on .  

The percent extrac t i on of the elements a s  a 

function of hydrochloric  a cid c oncentration for the s o lvents 

cyclohexanone , cyclohexanol and cyclohexane are given in 

Table 13 . The data for the two former solvents are shown 

graphically in Fig .  5 �  

Table �3 

Extraction of Certain L;lements from I{ydrochloric j:;_ci d  Sol-

uti ons into the Solvents Gyclohexanone 9 Cyclohexanol and 

Cyclohexane . 

Metal Acid Cone . % Extrac tion .  

( N )  cyclohexanone cyclohexanol cyclohexane 

Au 0 . 5 100 100 0 
1 100 100 2 . 6  
2 100 100 1 . 3  
3 100 100 0 
4 100 0 
5 100 0 

Zn O o 5  9 . 9  0 0 
1 66 ., 7  23 . 8  0 
2 89 . 6  5 9� 8 0 
3 88 . 6  65 . 1  0 
4 61 . 0  0 
5 54� 2 0 

Cd 0 . 5  . 0  0 0 
1 3 9 . 6  14 . 7  0 
2 74 . 5  41 . 0  0 
3 80 . 6  54 . 8  0 
4 71 . 6  0 
5 63 ., 9  0 

( c ontin o ) 
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Hg O o 5 5 2 ., 5  2 9  .. 3 0 
1 81 o 8  20 .; 6 0 
2 94 .. 0 54 ;, 0  0 
3 94 .; 1  34 o 2 0 
4 52 ,/r 0 
5 3 9 , 8 0 

Ga 0 .. 5 7,.; 0 0 6 . 9  
1 3 0  .• 4 0 5 ., 2  .... 
2 94 . 9  2 . 2  1 . 7  
3 1 0 0  2 9 . 2  7 . 0 
4 69  .. 7 5 , 3  
5. 88 o 6  0 

Jn 0 . 5  1 5 . :1,  0 0 
1 3 8 � 7  0 0 
2 76 o 3 1 0 . 8  0 
3 100 9 o 9 0 
4 7 . 9 0 
5 12 .. 6 0 

Tl 0 . 5  1 0 0  1 0 0  0 
1 :LOO lOO 0 
2 :LOO lOO 0 
3 100 :LOO 0 
4 100 0 
5 100 0 

Sn 0 . 5  43 . :L 79 ,. 6  0 
1 93 . 6  97 . 3  0 
2 100 9 9 . 4  0 
3 100 9 9 . 5  0 
4 9 9 . 5  0 
5 99 . 6  0 

Pb 0 . 5  1 7 . 8  8 � 3 0 
1 22 ., 4  1 8 c 7 0 
2 41 .e 8  1 8 �.4 0 
3 46 . 1 1 9 . 7  0 
4 1 8 � 9  0 
5 1 9 � 2  0 

As 0 . 5  12 . 7  0 0 
:L 1 1 . 1  3 9 . 4 0 
2 7 . 8  5 9 . 6  0 
3· 0 71 . 5  0 
4 75 ., 0  0 
5 78 . 0  0 

( contin o ) 
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The extrac tion o f  el ement s int o cycl ohexanone and c y c l oh exanol 

as a func t ion o f  hydrochl oric acid c onc entratio n .  
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Sb O o 5 18 . 8  0 0 
1 13 o 6  0 0 
2 �6 . 6  � 0 3  0 
3 47 . 4  18 . 2  0 
4 3 8 o 9 0 
5 78 . 9  0 

Bi O o 5 71 .. 7 2 9 . 5  17 . 8. 
1 67 . 4  22 . �  7 . 7  
2 67 . 8  26 . 2  27.� 
3 5 9 . 1  26 . 3  13 . 5  
4 32 . �  0 
5 34 . 9  0 

When cyclohexanone is mixed with a soluti on 

approxima tely 4N in hydrochloric acid1  a s ingle homogeneous 

phase  is formed . For this rea s on extraction data for 

cyclohexanone at acid c oncentra tions grea ter than 3N were 

not obta ined . For the same rea s on no results  were avail-

able for cyclohexanol above 5N hydrochloric acid.  

In  almost every ca se  there was increa s ed extract-

i on with higher acid c onc entration and, �with the exception 

o f  As and Sn9 all elements had a higher percent extrac t i on 

in cyclohexanone than in cyc lohexanol . Cyclohexane is  

clearly a very inefficient s o lvent 5 as  would be expected 

s ince there is no pos s ibility of the cyclohexane molecule 

being incorporat ed into the co-ordination sphere of the 

metal c omplex or s olvating the protons in the i on a s s oc-

iation c omplex t o  facili tate  extrac tion .  The extrac t i on 

of Au, Bi and Ga by cyclohexane 5 although minor 5 was 

unexpected in view of the inert nature of the solvent . 
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The possibility of entrainment c ould be ignored since none 

of the other elements present in the same s o luti on pri or 

to  extraction were observed in the organic pha s e  after 

extraction9  showing tha t  s epara tion of the phases  was comp­

lete o The pos s ibility of interference from other spectral 

lines was inves tiga ted but found unlikely o 

The results given here c onfirm the work of  

Honshino ( 1 962 ) who found tha t 9  in general 1  ket ones are 

better extrac tants than alc ohols ( excepti ons here are in 

the cas es of Sn and As ) . 

It i s  clear that when these  s o lvents are t o  b e  

us ed for the s elective extrac t i on o f  a particular element 9 

cyclohexanol is more satisfactory thnn cyclohek�none . 

For example , indium and thallium in a 0 . 5  N solution of  

hydrochl oric acid can be quanti tatively s eparated with 

cyclohexanol but not with cyclohexanone . Similarly9  

t in and lead can b e  s eparated  more efficiently at l ow a c id 

c oncentrat i ons by cyclohexanol than by cyclohexanone . 

When an efficient but not s elec tive extracting 

medium is  required9 then cycl ohexanone with an a queous 

phase  c ontaining a high c oncentration of hydrochloric a c id 

i s  preferable . Ifulmekoski and Sundholm ( 1963 ) have 

foQDd tha t  ethyl methyl ketone/ hydrochloric acid is  

a better solvent for paper chromatography of cat i ons than 

cyclohexanone/hydrochloric a cid9  presu�ably because the 



former (a weaker extractant than cyclohexanone ) enables 

the cations to be better s eparated.  



( d ) Preliminary investiga tions into the geochemical appli­

cations of  the cyclohexanone/hydrochl oric  a c id extraction 

system.  

Since cyclohexanone i s  an  effic ient extra cting 

medium capable  of extracting a large number of tra c e  elem-

ents from hydrochloric a cid soluti ons i t  wa s dec ided to  

investigate  the poss ibility of using i t  in c onjunct i on 

with spectrographic analys is for trace  element determinat-

i ons in material of geochemical interest . 

5 7 . 

It is  clear from Fig .  5 tha t ,  wi th the exception 

of Bi , all elements are  better extracted by cyclohexanone 

from 3N hydrochloric acid  than any lower acid  c oncentra t i on .  

Therefore , a soluti on o f  a grani te-gneiss  from the Charles ton 

area , New Zealand and a sample of water from Lake Bonney, 

Victoria Land, Antarctica , were made 31T in· hydrochloric 

a c.id and extracted wtth cyclohexnnone . The organic pha s e  

was taken to  dryness and the residue arced . The elements 

for which extraction da ta have been obtained and which have  

been identified spectrographically in  these  residues are  

l i s ted in  Table �4 o 

Tabl e  �4 

Elements D.etected in C yclohexanone E xtracts  of  a S oluti on 

of  a Granite-Gneiss  and Lake Bonney Water . 

Mat erial 

Granit e- gnei s s  
Lake Bonney wa ter 

Elements present 
Zn Cd Ga Tl Sn Pb Sb Bi 

+ 
+ + 

+ + 
+ 

+ 
+ 

+ 
+ + + 



While  s tudying the extra ction of the grani te­

gneiss  s olut i on i t  became clear that in 3N hydrochloric 

a c id Fe was appre9iably extro.c ted by cyclohexanone o While 

this is of no c ons equence in ma terial c onta ining little  

or no  Fe 9 and indeed is an  advanta ge 9 enabling trace  amounts 

of  Fe to  be determined9 this is not the case  for mat erial 

in w�ich Fe i s  present in moderate or high c oncentrat i ons . 

Since most  s i li cate  rocks c onta in between 1% and 10% Fe, 

the extraction of Fe gives rise  to two problems o First ly 

Fe has a very c omplex spectrum ltkely to  cause exc es s ive 

interference particularly with Bi 3067 , 7 9  and s ec ondly , 

because of its  hi gh abundanc e 9  the extra cted residue c on ta in­

ing the trace  elements will have undesirable bulk nith 

c onsequent los s  in s ens itivi ty.  

For  the highest  s ensitivity therefore it will be 

necessary ei ther t o  prevent the Fe extracting into the org­

anic phase  or to s eparate the Fe from the o ther extracted 

elements either before or after extraction o  The two 

principle tecn...niques for preventing an o therwis e cxtrac tabl"e 

species from extracting into an organic s olvent are the 

us e of masking a gents or the alteration of the va lence 

s tate  of the element o Both thes e  possibilities were 

investiga ted as  follows and found unsatis factory . 

( i ) Use of masking agents ; Identical s o lut i ons 

c onta ining all  the elements under c ons iderat i on 9  toge ther 

with Fe , were mixed with the following pos s ible masking 



a gents : citric acid9  tartaric acid9  trichloracetic acid9  

e thylenediamine totraacetic  acid9  dipyridyl and orthophen-

anthroline . Aft er extraction from 3N hydrochloric acid  

into cyclohexanone the aqueous and orgnnic phases were s ep­

arated and arced . The spectra were examined to  find the 

phase  conta ining the Fe . In all cases  the Fe occurred 

in high c oncentration in the organic pha s e .  Two reagents 

whi ch have been extens ively used as  mas king agents for Fe 

in solvent extra c tion are the F- and CN- i ons . These  

however c ould not be used with the high acid  c oncentra t i ons 

necessary for good extraction under the above c ondi tions , 

the former becaus e of the ability of HF to etch gla s s  and 

the latter becaus e of the health hazo.rd . 

( ii ) Alterat i on of Valence Sta te : Iviorrison and 

Freiser ( l957 ) s tate tha t  Fe ( I I I ) is better extracted by 

oxygena ted s o lvents from a chloride media than is  Fe ( I I ) . 

If  the Fe in solution is r educed to  the lower valence s ta t e  

then it might not be extracted . A s imilar solution to tha t  

used in ( i ) above· was therefore reduced by the addi tion of 

l i thium borohydride , extrac ted from 3N hydrochloric  ac i d  

into cyclohexanone 9 the pha s es s eparated,  arced and the 

spectra examined . Large quant ities  of Fe were found in 

the organic pha s e  indicating tha t  either Fe ( II ) is extracted 

by cyclohexanone or that Fe ( II ) was oxidi s ed to  Fe ( I I I ) 
during the extraction .  In any case r eduction would have 

proved unsatisfa ctory s ince it  would have c onsiderably 



Peduced the extracti on of Tl , Au and Sb . 

The possibili ty of remoVing the iron prior to 

extraction was inves tigated but fow�d impractical . The 

two possible methods of doing this are precip i ta t i on or 

extraction with another solvent . Precipita t i on is not 

satisfactory because of the ever pres ent risk of c o-pre-

60 . 

cipita tion of  tra ce  elements . Prior extrac t i on with another 

s o lvent is also  unsatisfactory because of the pos s ible 

eo-extraction of trace elements ,  no simpl e  sys tem specific 

for Fe and applicable t o  the high acid concentrat i ons 

nec essary t o  keep rocks in soluti on being lmmvn t o  the 

author . 

The rema ining pos s ibility,  that of s eparat ing 

the Fe from the rema inder of the extracted elements after 

extraction, was therefore investigated o In a recent s tudy 

( Brooks , 1965a ) the potentialities  of dis continuous , c ounter  

current 9 l i quid-liquid extraction for inorganic s eparat i ons 

have been hi ghli ghted. It was therefore decided to 

inves tigate  this techni que with a view to applying it to 

the separa tion of Fe from the trace  elements extracted 

with it from a rock soluti on by cyclohexanone . 

di s cus sed in Parts IV and V.  

This is  



PART III 

THE USE OF CYCLOHEXM�ONE FOR THE DETERMINATION OF 

Zn, Pb S'  In9 Bi , Fe 9 Mn and Mo 

IN THE LAKES OF McMURDO OASIS , ���TP�CTICA . 



(a ) Introduct i on 

Although the preliminary investigation into 

the applica t i on of the hydrochloric acid/cyclohexanone 

extraction system to gu .1chemical trace  analys is showed tha t  

F e  was well extracted,  this causes n o  problems i n  systems 

in which there is li ttle or no Fe . In ma terial whi ch ha s 

only trace amounts of thi s element , its  extraction by the 

s o lvent can indeed be us ed to determine the amount of Fe 

pre s ent in the original ma terio.l 9 provided the percent 

extraction of Fe is &�own . 

The Taylor and Wr ight Valleys , Iv'!cHurdo Sound, 

Antarctica , c onta in a s eries  of lakes of  particulo.r intere s t  

to  the geochemi s t . These  are Lakes Bonney, Joyc e ,  Fryxell 

and Hoare in the Taylor Valley and Lake Vanda in tllo Wright 

Valley ( see  map ,  Fig .  6 ) � Although ice  covered, the 

deeper regions of the lakes are not fro z en,  Lake Bonney 

having a maximum tempera ture of 7 CC approxima tely 15m . from 

the surfa c e  (_A.ngino , Ar>mi ta ge and Tash, 1 964 ; Hoare et a l ,  

1964 ) . The maximum tempera ture f :·,r Lake Vando. occurs in 

the bottom 6m . and i s  25 °C (Armita ge and House ,  1962 ; 

Wilson and Wellman, 1962 ; 1\ngino and Armi ta ge , 1 963 ) .  

Lake Fryxell has a maxtr:mm tempera ture of approxima tely 

2 ,  25 °C at  a depth of approximately 9m . (;mgino , Armi tage 

and Tash, 1962 ; Hoare et al , 1965 ) .  

Thes e  lakes , espec ially Bonney and Vanda , are 
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saline and strongly dens ity s tra tified ( see  references  

for  Bonnc;y and Vanda above; ) � with the waters a t  the bottom 

of tho lake s ·  conta ining large anounts of dis s olved s olids 

( s e e  Table 15 ) .  

Table  15 

Total Dissolved Mat ter 11nd Macro Element Composition of  

Bottom Water of Certain Antarctic Lakes . :;� 

Lake Solid 
Mo.tter 

(56 )  

Vanda 17 o 65 
Bonney 3 9 . 09 
f?ryxc;ll 0 ., 97 
Toyce 0 . 50 
Hoc_re (a·es t 
Lobe ) 0 . 11 
Hoo.re ( E ast  
Lob c. ) 0 .. 10 

Na 

6 . 4 
24 . 1  
23 . 1  
24. 9  

18 . 8  

18 . 8  

Compositi on 

K Mg Ca 

0 . 2  20 . 0  0 . 9 
1 . 0  11 .. 0 O o 3  
1 o 5  4 . 0  0 . 9 
1 . 9  4 . 3  0 . 7  

3 r' ., o  4 . 3 1 .. 7 

5 . 2  4 .. 3 1 . 7  

( % )  

HCO 3 C l  

0 . 2  72 . 4 
0 . 1  63 . 4  

3 3 . 3  3 8 . 3  
23 . 7  43 . 1  

61 .. 7 10 . 1  

61 . 7  10 . 1  

i: From da to. supplied by Professor ;� . r;: .  Wil s on�  Chemis try 

)epartment � Vic toria Univc;rs i ty of Wellington . 

Wi lson ( 1 964 ) and Roberts and Wi lson ( 1 965 ) have 

3hown thQt by approxima t ely 1 9 000 years a go Lake Vanda 

1ad lost  most  of its  wa ter by evaporation ( the lake has no  

)Utflow ) and Gll tha t rema ined was a few feet  of sa tura ted 

3alt s olution ?  princ ipally CaC12 • At this time the clima t e  

�hanged 9  fresh water began flowing in on t op o f  the s trong 

�al t  s o luti on and since then the salts have been diffusing 

tpwnrds • A sirailnr mechanism. is  proposed for the forma t-

. on of dens i ty gradients in the other lakes (Wils on 9  pers on-
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a l  c ommunica t i on ) . The- i ons pres ent in the wa ter a t  the 

bottom of the s e  lakes are therefore much more c oncentrat ed 

than they were in the original water present in the lake s .  

The ions in the wat er origina lly present in the 

lakes can be regarded as c oming from a combination of any 

or all of the following s ourc es : ­

( i ) Atmospheric . precipitation .  

I t  i s  well known that ra in water a t  c ons iderable 

distances from the s ea c onta ins apprec iable quantities  of 

s everal inorganic ions ( Junge, 1963 ; Ericks on9 195 9 9  1960 ; 

Komabayas i 9  1 962 ; Oddie ,  1 960 ) and it  is poss ible that 

the sal t s  in the lakes are in part ,  obtained from melted 

snow . Wil s on ( 1 965 ) has shown the presence of inorgani c 

salts at  the South Pole e Angino 9 Armitage and Tash ( 1 962 ) 
I 

have postulated salts from s ea spray blown from McMurdo 

Sound as contributing to the salts in Lake Fryxell .. 

( ii ) Relic s ea wat er . 

This has also been suggested as an origin for the 

salts in Lake Fryxell by the la tter authors and also  for 

Lake Bonney (Angina et al . 1964 ) . 

( iii ) Thermal Springs o 

By a c onsiderat i on of the temperature profile 

of  Lake Vanda and the rat i o  of c oncentration of cer ta in 

elements in the water of this lake 9 Angina , Armitage and 

Ta sh ( 1965 ) claimed evidence for thermal springs entering 

the lake , s everal elements being provided in this way . 
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For the same. r easons they c ons idered that Lakes Bon_ney 

and Fryxell rr c p o  also  feel by thermal wa ters (P...ngino et a l . 

1 964 ) 0 Wilson et  a l  have shown th�t for thes e  three  lake s 9 

s olar heat alone is  suffic i ent t o  maintain the temperature 

profiles in the lake s , ( Hoare e t  a� 19649 1965 ; Wilson 

and Wellman 1962 ) and cons ider that the poss ibility of  

thermal wat ers entering the lakes is very r emot e . 

( iv ) The surrounding rocks . 

Tedrow et  aL ( 1963 ) claimed evidence for wide­

spread alteration of rocks and minerals m1der  the Antarc tic  

environment which c onverts normally stabl e. minerals into 

r eadily soluble forms . Elements which are thereby relen s ed 

can be c ollected into lakes and pools if periodic flushing 

of the s oil occurs 9 as  in the annual thaw . Keller and 

Reesman ( 1 963 ) have shown that the melt waters of gla c i ers  

c onta in small amounts of dis s olved rocks. Since all these 

lakes are fed by the melt waters of glaciers , it is  r ea s on­

abl e  to expect that elements e�tracted from the rocks 

near the glaciers and contained in the �elt  waters would 

c ontribute to the salts in the lakes . 

In their c ons idera t i on of Lake Fryxell 9 Angino 

et ale ( 1965 ) di smi s s ed the relic  s ea water hypothesis  but 

claimed s ome evidence for the presence of s ea wat er in 

Lake Bonney (Angino et a l . 1 964 ) . Since Lakes Vanda , 

B onney and Fryxell have been shown to  derive their heat 

directly from the sun9 the pos s ibility of thermal s prings 
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in these lakes c�n be neglected.  ( Thi s does not mean thnt 

therrr�l springs have not b0en there in the pas t . ) It  i s  

therefore probable  tha t  the salts present i n  the lakes are 

from atQospheri c  :precipitation and/or the surrounding 

rocks o The lakes therefore re:pres ent 9 in :part 9  a large 

amount of c oncentrated melt wa ter so tha t  analys is of  the s e  

waters for heavy metals should c onstitute a n  integrated 

geochemical survey for minerals in the area supplying the 

lake . Since the bottom wat ers of these  lakes  are the mos t  

c oncentrated, they will b e  the most valuable  i n  such a 

survey. However 9 becaus e of the high conc entration of 

dis s olved solids in these  wa ters � direct spectrographic 

determination of tra c e  c onst ituents i s  not feas ible and an 

enrichQent procedure i s  necessary. Preliminary inves tig­

a ti on had shovm thet t the extra ction into cyclohe:xJ.none 

from 3N hydrochloric acid s oluti ons enabled a number of 

trace  elements t o  be deterElined in a sample of wat er from 

the bottom of Lake Bonney .  A quantitative procedure 

was therefore developed and applied to  the determina tion 

of Zn9 Pb 9  In9 Bi 9 Fe , 1\.m and Mo in Lakes Vanda 9 Bonney9 

Joyc e ,  Fryxell  and the Ea s t  and Wes t  Lobes of Hoo.re . 

The obj ect  of the investiga t i on vra s  t o  determine , 

if possible 9  the origin of the salts in the lo.ke s 9 and a l s o  

t o  determine whether o.nomo. lous concontr:::t ti ons of cer to. in 

tra c e  elements wore any indica t i on of mine.ro.l i za t i on in 

the dro.inage areo. s of the lakes . 
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(b ) Development and Application o f  a Quanti tative Procedure 

In the preliminary v10rk on the extraction of the 

tra ce elements from the soluti on of the granite-gneiss  and 

the wat er from the bottom of Lake Bonney ( s ee Part IId ) 9 

i t  was found th�t on evaporat ing the cyclohexanone extra c t 9  

after the ma j ority of the s olvent had been removed9  a red-

black extremely vis c ous tar was l eft in the contniner o 

Prolonged hea ting a t  npproxioately 250 °0 caused this to  

harden but when the crushed residue was arced i t  t ended t o  

extrude from the electrode i n  the early sta ge s  of arcing. 

Because very li ttle  of the ma ter ial was therefore entering 

the arc � the s ens i t ivity was c onsequently reduced and var-

i ous attempts were made to overcome this problemo 

The formation of this tar i s  most  probably due t o  

polymerisation o f  the cyclohexanone i n  the presence o f  the 

high c oncentra tion' of hydrochloric acid . On standing in 

the presence of 3N hydrochloric acid for a c onsiderable 

t ime s cyc lohexanone gradually becomes an increas ingly 

darker yellow indi ca ting tha t  s ome reaction has taken pla c e o 

On addi t i on of concentr� ted hydrochlori c  acid to  cyclo-

hexanone this same change takes place  very rapidly.  Heat-

ing the mixture also  increases  the rate  of the reaction .  

A pos s ible r eaction scheme for the forma ti on of the polymer 

is given below ( following House 9  1965 p . 217 ) 
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The r eaction nus t be  ca talys ed by the a cid s ince no tar i s  

:formed on evaporating pure cyclohexanone . 

Since direct evapora t i on o:f the cyclohex'J.none 

extrac t  o:f solutions 3N in a c id resulted in the :forma t i on 

of  the tar 9  the pos s ibility o:f s tripping the organic pha s e  

of the extr2cted elements was investiga ted o  It has been 

shown ( Par t  II ) tha t ,  with the exception o:f  Bi � the extract-

ion o:f the elements c ons idered here decrea s ed with decr eas-

ing acid c oncentration .  Accordingly, i :f  the organi c pha s e 9 

after extra ction of the acid s olution, i s  s eparated and 

shalcen with a �  neutral or bas ic aqueous phase  it is probable 

tha t many elements would redi s tribute thems elves betv>�een 

the two phases , c oncentra t ing :rr.ainly in the a queous pha s e . 



By sui table adjus tment of conditi ons it  may be pos s ible to  

r emove compl etely all elements from the organic pha s e . 

If,  as  is  the ca s e  here ,  extrac t i on decrea s e s  with 

decreo. s ing acid concentrat i on an o..lko.line o..queous pho. s e  

would prove the most effic i ent stripping o. gent . rrhe use 

of such a pha s e  however , involves the addi t i on of r ea gents 

with the cons equent risk of c onto.�ina t i on and also  increa s e s  

the bulk o f  the extracted residue after evapora tion ,  thus 

l owering s ens i tivity. Both problems c ould be overcone 

by use of an aqueous pha s e  such as dilute ammonium hydrox-

ide which had been prepared by distilla t i on of nmr:1onia gns 

into dis tilled or de-ioni zed water . A s olution c onta ining 

all  the elements c ono idered in Part II di s s olved in 3N 

hydrochl oric acid was oxidesed w i th chlorine and extracted 

wi th cyc lohexanone . The organi c  pha s e  was sepnra ted9  

e quil ibra ted with a dilute ammonia s olution, and the a queous 

pha s e  taken to dryness . The res idue c ons is ted of large 

quanti ties  of ammonium chloride from the reaction of exc ess  

hydrochloric acid in the organi c pha s e  with the ammonia o 

Since this c ontributed to  the bulk of material and thus 

reduced s ens i t ivity, i t  was dec ided t o  inves tigate the 

possibili ty of stripping the cyc lohexanone pha s e  wi th wat er o  

The elements under s tudy were di ssolved in oN 

hydrochloric acid1  the s olut i on chlorinated and extrac ted 
I 

wi th cyclohexanone . The organi c  phase  was s eparated,  



6 9 .  

equilibrated with an equal volume o f  dis till ed w�ter and 

taken to drynes s with 40 mg of NaCl . The pro cedure was 

repeated three  times except that  the organic phase  was 

sub j ected t o  three�  five and six  equilibrations respect-

ively with e.qual volumes of distilled water . Even after 

6 s trippings wi th dis ti lled wat er �  spec trographically-detect-

able amounts of Au, Bi 9 Sb 9 Sn, and Tl remained in the org-

anic pha s e a  The poss ibility o f  us ing this technique was 

therefore r e j ected .  

Although the plasma j et was developed i n  �954 (Wei s s �  

1 954 ) , i t s  potentialities  as  a spectrochemical s ource  were 

not apprecia ted until much la ter ( Margoshes and Scribner 9 

1 95 9 ;  Korolev and Va inshtein9 1959 ) . Although us ed 

extens ively for the examinn tion of petroleum products  

(Rozsa et al ., 1 962 9 1 963 ; Vigler and Failoni 9 �965 ) and 

o ilfield wa ters ( Collins and Pearson9 1 964 ) , rela tively 

little use has been Bade of the techni que in spectrochemical 

ana lysi s  a Serin and Ashton ( 1 964 ) and Ivli tteldort and 

Langdon ( 1 963 ) have revi ewed the published literature 

on the sub j ect " The us e of the plasma j et provides a 

satisfactory means of introducing a soluti on into the 

d . c .  arc perm{tting the direct determination of elementE 

in s olution .  The poss ib il i ty o f  using thi s j et for the 

analysis of the lake waters was therefore investiga ted . 

A sam1)le of wo.t er from the botton of Lake Bonney 
· I  

was made 3N  in hy&rochloric acid,  oxidized with chlorine 
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and extra cted with an e�ual volume of cyclohexanone . The 

organic pha s e  was s epo.ra tecl 8.nd taken t o  one tenth of i ts 

ori ginal volume . Attempts were :made t o  a spirate  this into 

the plasma j et but it proved too vi scous . The soluti on 

was then di lutecl 1 : 1  with a c etone and introduced into the 

plasma j et o  This procedure wa s repeat ed for each lake 

wa ter . The only elements found in the resulto.nt spectra 

were Mn and traces of Sn and Pb o  

t ogether wi th Fe � I:.:o and l.In had been found by direct spec­

trographic exo.nina tion of the residue fron the organic 

:pha s e  nft er extr:J.ction wi tl1 cyclohex.:mone 9 the s ons i ti vi ty 

obtn ined wi th the plns:ma j et was not sufficient 2nd invest­

i gations with it  were not c ontinued . 

I t  was decided t o  ash the residues left after 

evapor'o. tion of the cyclohexanone extracts  in order to  r emove 

the tar . Willi s .9  Ko.ye and A .... "lrens ( 1964 ) have shown tha t 

Tl vola tilises  qui te re:::t clily from E:.r:mganese  nodules if 

temperatures greater than 450 °C are used.  It was there­

fore neces sary t o  investigate  the lJOssible loss of elements 

on ashing the residue from the cyclohexanone extract . If 

ashing is  t o  be carried out at n temper�tUl�e able to r emove 

carbonaceous ma terial in the residue then cl eo.rly carbon 

cannot be used as a ma trix o A nixture of the eleLlents 

under study in NaCl wa s prep3.red and placed in s even beal{:ers g 

These  were then placed in a muffle furna c e , the t emperatu...r e  
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wa s incr ea s ed o.nd a t  int erva l s  o f  100 °C a b ea ke r  w a s  r emov e d . 

The ma t er i a l  in the b ea ke r s  wa s l oa ded int o e l e c tr odes and 

a r c ed o The int ens i ty o f  s ens i t ive l i n e s  o f  the e lements 

were mea sure d  and plo t t e d  a ga ins t t empe ra tur e � The r e sul t s  

a r e  shown in F i g .  7 o  Fr om thi s f i gure i t  i s  c lear tha t 9  

w i th the exc ept i on o f  Tl :� t ra c e  e l ements i n  a NaCl ma t r i x  

do not appear t o  b e  l o s t  fr om t h e  s ol i d  b e l ow 500 °C o 

S ome el ement s however v o la t i l i z e  rapidly above thi s t e mp er­

a tur e .  

Tha l l ilil11 app e a r s  t o  s ta r t  v o la t i l i s ing from the 

ma t er ia l  b etwe en 300 and 400 °C . Thi s t empe ra ture i s  l ower 

than the c or r e s ponding va lue found by W i l l i s 11 Kaye and 

Ahrens ( 1 964 ) but thin c ould be due to the us e of a d iff­

e r ent ma trix. 

Be caus e of the l ow t empera ture o f  vola t i l i s a t i on 

o f  Tl , a t t er:1pt s  w e r e  ma d e  t o  a.sh the c yc l ohe xanone tar 

b e l ow 3 00 °C but were unsuc c e s s ful . Sinc e a shing a t  a 

h i gher t enpern tur e woul d mean tha t thi s e l ement c ould n o t  

b e  d e t ermined � an a t temp t  wa s mad e  t o  r emove the cyc l o­

hexanone tar by b o i l ing i t  w i th c oncentrn t e d  ni t r i c  a c i d .  

Thi s  a l s o  wa s QDs uc c e s s ful . Fur thermor e ,  the re s i due 

ob ta ined by thi s trea tment needed j u s t  a s  hi gh a t empe ra ture 

for a s hing a s  did the o r i ginal tar . 

Since the samp l e s  w e r e  t o  b e  a shed before a r c ing9 

a c a rb on ma trJ. x ,  as us e d  for obta ining the extra c t i on 

da ta, c ould no t b e  us ed and a NaCl Da t r i x  was prefera b l e o 
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In Part I (b ) it  was shown tha t  although ca thode excitation 

gave hi gher reproduc ibility for a carbon ma trix9 anode 

excitation was better for a NaCl matrix-. It was therefore 

decided to  us e anode excitation in obtaining the spec tra 

of the lake wa ter extracts . The arc was focussed dire ctly 

onto the slit  ins tead of on to  the collima tor as in par t  

I (b )  and w� s found t o  give a sixfold increas e  in s ensi t ivity. 

Ilford Z enith photographic pla tes were used to  obtain max­

imum s ensi tivity . 

Preliminary s tudy showed the pre s ence of the 

following elements in cyclohexanone extra c ts of the lake 

wa ter : - Cu, Zn � Cd,  In � Tl 9 Sn9 Pb 9 8b 9 Bi 9 Ho , Mn and Fe  .. 

Acc ordingly none of these  c ould be used a s  internal s ta nd­

ards in the quantitative spectrographi c ana lys is  of the 

lake wat ers . A c ons ideration of the rema ining elements 

in the "volatile " group for the spectrographic analys is  

(Ahrens and Taylor 9 1 960 ) us ing the data obtained in  Par t  

I (b ) �  showed tha t  Ga s eemed t o  be the most PI'omis ing a s  

a n  internal standard . Since the optical sys tem to  be 

us ed in the determina t i on of the trac e  elements was no t 

the same as tha t us ed in Part I (b ) 9  it  was neces sary to  

find the reproducibility of the modified technique . 

It was decided to  investiga t e  quanti ta tively 

the elements Zn 9 Pb , In9 Bi , Fe 9 I:Io and Hno Eleven 

replicate  arc ings were therefore undertaken of identica l  

samples c onta ining the above elements and Ga . The 
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spectrographi c opera ting c ondi tions are given in Tabl e  1 6 .  

Table 16 

Spectrographic Operating Condi ti ons . 

Slit  length 12 mm 

Sli t width 0 . 15 mm 
• 

Wavelength range 2500-3400 A 

Photographic pla tes Ilf'ord Zenith 

Current 7 amps d . c .  

Excitation anode 

Exposure t o  c ompletion 

Elec trodes Johnson Ivlatthey 4B graphi t e p  1/16 11 
internal diameter by 4 mm deep . 

Pho tographic process ing 4 nin at 20 °C in Kodnk D19b devel­
oper . 

Dens i tometry Hilger microphotometer with Galvo­
s cale  calibra ted in B-vnlues . 

Opti cal  sys t em Convex quartz lens plac ed t o  give 
an ima ge of the arc at the sli t . 

Arc gap 4 mm 

The arc was shea thed by a s tream of co2 by us e 

of a modified Sto.llwood j et ( ]!largoshes nnd 

Scribner , 1 964 ) . 

The intens ities  of the var i ous l ines are given 

in Fig .  8 and the ra tio  of the intens i t i es of the l ines 

of the elements to  that  of Ga are given in Table  17 . 
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Ga as  Internal Standard foP Zn9 Pb 9  In, Fe � Ido and Mn .  

Line Pair 

Zn/Ga 
Pb/Ga 
In/Ga 
Bi/Ga 
Fe/Ga 
Mo/Ga 
Mn/Go. 

� 

0. 14 
0 .. 46 
Oo 84 
1 .13 
o. 79 
2. 3 
2. 1 

2. 

U08 
0.44 
0$ 63 
1. 16 
a. 84 
2. 2 
2. 0 

0.11 
0. 51 
0. 81 
1., 53 
0. 75 
2. 1 
1. 6 

4 

0. 12 
o. 5 1  
1. 03 
L42 
0. 72 
2. 1 
2. 1 

5 

0.12 
0.4 6  
0. 67 
0. 94: 
1. 23 
2. 0 
2. 0 

Intens ity ratio 

Arc ing number .  

6 

0. 12 
0. 61 
1. 05 
1. 11 
1. 02 
2. 4 
2 •. o 

7 

0. 1 3  
0. 44 
0.- 76 
1. 13 
o. so 
2. 2 
2. 4 

8 

0.11 
0. 49 
u 81 
1. 6 
0. 91 
2. 0 
2 .. 0 

9 

0. 10 
0. 54 
0. 84 
1. 67 
o. 92 
1. 9 
1. 9 

10 

0.11 
0. 45 
0. 75 
o. 92 
0. 89 
1. 9 
1. 9 

74 . 

11 

014 
0. 56 
o. 98 
1. 11 
0. 95 
2. 6 
2. 4 

Values of  14 . 4%� 11 . 2%,. 16 . 4%, 18 . 3%!1  1 5 . 9%, 7 . 0% 

and 9 . 8% were obtained for the coeffic i ent of  varia t i on of 

the line pairs  Zn/Ga , Pb/Ga , In/Ga ,  Bi/Ga , Fe/Ga 9 Mo/Ga 

and Mn/Ga Pespectively. Lines used were Zn 3345 , Pb 283 3 ,  

In 3256 , Bi 3067,  F e  3 020, Mo 3170,  :rvrn 2576 and Ga 2 943 . 

The appara tus us ed for sheathing the arc with co2 

was s imilar to tha t descr ibed by Margoshes and Scribner 

( 1 964 ) 0 While  the principle use of this type of devic e  

is  t o  prevent the forma ti on of  cyanogen bands by exclusi on 

of N2 from the arcy it has a ls o  been shown t o  give improved 

s t eadiness  of the arc  (Kal inin et al . , 1 95 7 ) , reduce back­

grou_nd ( Shaw et al o 9 195 8 ;  Hammaker et a l . 9 1958 ) and 

increa se  the s ens i tivi ty of volatile elements ( Shaw e t  al • .9 

1958 ;  Hammaker e t  al . ,  1958 ; Masuda and Oni shi , 1962 ) .  

Although the intens ity ratios  were not highly repro-

duc ible , it was c ons idered  tha t the prec i s i on would never-



theless be satisfactory for the purpose of the investigation �  

The procedure used for the quantita t ive det er­

mina ti on of the above elements was as follows : -

The lake wa ters were made 3N in hydrochl oric  

a cid by addi tion of the appropriate  quantity of  Analar­

grade acid9  oxidiz ed with Cl2 gas and shaken with pre-

e quilibra ted cyclohexanone . The volume of cyclohexanone 

was adjus ted such tha t 9  at equilibrium9 equal volumes of  

both phases  were pr'es ent o The organic pha s e  was evaporated 

in the presence of 40 mg of NaCl and � mg o f  a Ga s oluti on 9  

and the resultant tar ashed at  450 °C . The residue was 

then arced under the conditi ons given in Table �6 . 

A s eries of working curves was prepared by 

duplicate arcings of known amounts of the elements in 

NaC1 9 together with 1 ml of the Ga s o luti on o The spectro-

graphic opera ting c ondi ti ons were as  in Tabl e 16 . 

Line intens iti es were measured and plotted on 

logari thmic graph paper . These  working curves are shown 

in Pig .  9 and9 as can be s een9 rela tively good s traight 

l ines were obtained5 although some s elf abs orpti on occurred 

a t  higher c oncentrations of In� Pb and Fe . The extract  

residues were arced c oncurrently with the working curve 

s tandards in order to minimis e  errors due to changes in 

the optical system of the spectrograph which might have 

o therwis e  o ccurred over a l ong period.  

The line intensi ties  of the elements found in 



I n  

X 
Bi 0 . 8  

1,000 Fe 1 . 6  
Fe 

I n 0 . 5  
M n  0 . 4  
M o 0 . 4  B i  
Pb 1 . 2  

Zn 1 . 5  
(j) 

Z n  

1 0 0  
• M n  

Mo 

T O  

l X  1 0 X l O O  X 

Wei g ht Pr esent ( p g J 
F i g .  9 

Working c urves f o r  the  s p e c t r o c hemic al analysis o f  

I n , Fe , Bi , Zn , Pb and Mn using Ga as an int ernal 

s t andard . 
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the la1:e wa ter extracts  were measured and from the vvorking 

curves the amount of each element pres ent in the extracted 

res idue obta ined . Us ing the extraction da ta of Part I I 9  

the amount pre s ent i n  the original lake wa t er was calculat ed 

and the c oncentra tion of each element in the water obtained. 

In addi t i on �  a blank determina t i on was carr i ed out on a ll 

the rea gents used in the procedure o Traces  of Pb 9  Zn� 

Fe , Mo and Mn were found in the blank and c orrections were 

made for the s e o  Since the extraction of Fe 9 :Mo and Mn 

from HCl into cyclohexanone had not been studied previ ously 

the percent extraction of  thes e  e lements in this system 

at  3N acid c oncentrat i on was obtained in the same way a s  

described in Part I I .  The spectrographic c onditi ons us ed 

were tho s e  described in Table �6 and Ga was used as an in­

t ernal s tandard. The p ercent extraction for thes e  elements 

wa s found t o  be  99 . 4%, 81 .. 8% and 15 . 8% for the Fe � Uo and 

Mn respectively " The determina t i on wa s done in tripl i ca t e  

and the values reported are the avera ge o f  three obs ervat-

i ons o The c oeffic i ents of varia ti ons for tlle l ine pai r s  

us ed are t:.wse  given above viz . ,  15 o 9% � 7 . 0% and 9 .. 8 %  for 

Fe 9 Mo and Ivin respectively. 
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(c ) Results and Discus s i on o  

Waters from the bottom o f  Lakes Vanda 9 Bonney9 

Joyce and Fryxell and the eas t ern and western lobes of 

Lake Hoare were treated in the manner described in the 

previous s ection .  The conc entration of the elements found 

are given in Table 18 together with the c orresponding data 

for s ea and river waters . 

Ta"ble �8 

Concentration of C erta in Elements in the Bottom Wat ers of 

Lakes of McMurdo Oas i s p Antarctica (dato.. for s ea El.nd r iver 

WElt er included for c ompari s on ) . 

Lake Concentration ( �g/1 ) 
Zn Pb In Bi Fe Mn .Mo 

Vanda 5400 <30 <0 . 10 6 . 1  490 44 2 . 1  
Bonney �50 <30 0 . 56 7 . 1  640 23 8 o 7  
li'ryxe.ll 28 42 O o 79 <2 14 2 .9 0. 23  
Joyce 3 8  340 0 . 29 3 .. 8 500 27 7 . 0  
Hoare fEas t  Lobe� 3 1  83 <0 . 10 <2 �30 11 1 . 0  
Hoare Wes t  Lobe 20 91 1 . 7� <2 500 18 31 
S ea water* 10 0.03 <20 0 . 2  10 2 �0 
River wa ter•:P i" 4 3 00 20 O o 3 5  

*Data from Goldberg ( 1965 ) 
** Data. from Durum and Iiaffty ( 1963 ) 

To the author ' s  knowledge , this i s  the firs t 

reported s tudy of the determina t i on of the tra c e  element 

c omposition of hi ghly-saline surfa c e  wa ters . S ince no 

s imilar work has been reported� the data given here ca��ot 

be c ompared with tho s e  for any other c ompaPable s ys tems o 



The only saline water for whi ch trace  element c ompos i t i ons 

are };:nown i s  s ea water and the accepted c oncentra t i ons for· 

the appropriate elements are included for c omparis on in 

Table. 18 (Da to. from Goldberg9  1 965 ) "  Als o included for 

c omparison are median values for trace  elements in river 

waters ( after Durum and Eaffty9 1963 ) .  By comparing the 

data for the s e  lakes  with thos e  for s ea wa ter and na tural 

water9  it  should be pos s ible to  draw s ome c onclusi ons as  

to  the origin of the water in  the various lal<:es (i o  e .  whether 

it . is  trapped s ea water �  glacial  melt wa ter 9 etc . ) o  

Provided there has ' been no precipita t i on of' 

any dissolved material during the period in which the lakes 

are assumed to have evr1.pornted to l ow bulk9 the ratio of  

t rnce element c oncentration t o  tha t  of total dissolved 

s olids in the lnkes now will be the same as in the water 

originally pre s ent in the lakes o If the water in the 

lakes was provided by glac ial melt  waters only9 any anom­

alously high relative c oncentrations of tra c e  elements in 

the lakes should provide a guide to mineralization in the 

aren a If the lakes had a s ea water origin then the 

c oncentra tion ratios for the elements would be very similar 

t o  that of s ea water unless  there had b een subsequent 

filling by mineral-carrying gla cial mel t  wat ers . Under 

these  c onditions the ratios  would have a value depending 

on the relative c oncentra t i on of the elements in the 

different media and the relative amounts of each supplied 



7 9 o  

to the lake . 

The provision tha t no precipitation has taken 

place doe s  not hold c ompletely9 s ince the bottom of Lake 

Vando. has been shown to .  c onta in prc6ipi t:::. t ed . CaC03 9 together 

with traces  of No. Cl 2nd Na2so 4 (Angino 9 Armi tn. ge and To.sh,  

1 965 ) .  Moreover 9 CaS04 9 Caco3 and Na2so4 have been found 

on the floor of Lake Bonney (Angino 9 Armi tage and Tash9 

1 964 ) . Despi te thi s 9  the rat i o  of the c oncentrat i on of  

the tra c e  elements to  tha t of  the dis solved s olids should 

give s ome me2.sure of the relat ive abundanc e  of the var'i ous 

elements pre sent in the feed wat ers ( s e e  Table 19 ) o  

Table  19 

Ratio  of the Concentra tion of Certain Elements to the 

Concentra tion of Total Dis solved Solids in the Bottom Waters 

of Lakes of McMurdo Oasis  9 Antarctica ( S ea vva ter included 

for compa ri s on . ) o 

Lake Ratio  (x 106 ) 

Zn Pb In Bi Fe Mn Mo 

Van do. 3 1 <0 . 18 0 ,. 0006 O o 03 5  2 .8 0 . 25 0 . 011 
Bonney 0 . 38 <0 . 077 0 . 0014 0 ., 018 1o 6 0 ,. 05 9  O o 022  
Fryxell 2 . 9 4. 3 0 . 081 <0 o 21 1. 4 0 . 30 0 ., 024 
Joyce 7 . 6 68 0 . 058 O o 76 100 5 . 4 1 . 4 
Hoare ( Eo.s t  
Lobe ) 31 83 <0 . 10 <2 130 11 1 . 0  
Hoare (Wes t  
Lobe ) 18 83 1 . 5  <2 450 17 2 6  
Sea water O o 29 O .COC85 <0,. 57 0 . 0057 0 .2 9  0. 057 0 . 29 

From Table 1 9  i t  can b e  s een tho.t the ratios  of  

Zn  and Mn to tota l  dis s olved s olids for  Bonney o.gree very 
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c los ely with the same ratios  for s ea water . In Table  20 

the ratios  of the c oncentPntions of Zn and Mn to Na o.nd K 

and als o the r2 tio of the c oncentra tion of Zn to Mn are  

given for the lakes and for s ea wa ter .  Cons idera tion of 

thi s table s hows that of all the lakes 9 only Bonney has 

Table  20 

Concentration Ratios  for Certa in Elements in the Bottom Water:  
of  Lakes of McMurdo Oas i s 9  Antarctica ( s ea water included 
for c omparison ) . 

Lake 

Vanda 
Bonney 
Fryxell 
Joyce 
Hoare �Eas t  Lobe.) 
Hoare Wes t  Lobe ) 
S ea water 

Concentra tion Ratio  

Zn/Na* Zn/K* �m/Na* IVlp/K=i( 

480 �5300 3 . 9 125 
1 . 58 3 8.5 0 . 22 5 . 9  

�2 . 5  200 �.a 2.� 
31  422 21 . 6  300 

163 1033 5 . ..  8 367 
100 667 9 . 0  600 

0 . 95 26 .3  0 . 1 9  5 . 25 

Zn/Mn· 

�23 
6 o 5 
9 . 6 
L . 4  
2 .. 8 
1 .1 
5 

values of Zn/Na 9 Zn/K9 Nn/Na and r·m/K tha t  are close  to  

tho s e  of  s ea water while the Zn/Mn ratio  for  Bonney and to  

a l e s s er extent Fryxell 9 res embles the c orresponding value 

for s ea water . Thi s ,  together with the data given by 

Angino , Armi tage and :na sh ( 1 964 ) �  tends to support a s ea 

water origin for Bonney and also  the pos s ible presence of 

s ome s ea wat er in Fryxell . Thi s lat ter conclus ion i s  

bas ed on the Zn/Nn ratio  only and i s  therefore not as 

definite  a s  that for Bonney . There i s  however 9 j us t ificat ion 

for a ssuming the pres ence of a t  l ea s t  s ome s ea wat er in 
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Fryxell o Lifshits ( 1961 ) determined the c oncentra tion of 

Zn and 1vTn in river wo. ters. o.nd found values of 4o4  - 7.  8 

and 1 . 7 - 7 o 1  �g/1 respectively. Using the s e  data the 

ra tio  of c oncentrati ons of Zn to Mn f�?r l"i vor '. m ter will 

l i e  betwe en O o 62 and 4 o 6 and will mos t  probably be of the 

order of 2 o  The value of this ratio  for s ea wa ter is  5 ,  

j us t  out9 ide the Ctbove r:::tnge ., and for Fryxell  i s  9 . 6  which 

is considero.bly higher o Thi s would therefore imply either 

that the N'n h':t s been supplied to Fryxell  by glacia l  mel t  

wn ter and subseg_uen tly removed from s olutionjl  o r  tJ:1..'1 t s ome 

s ea water wa s originally pres ent in the lake . 

The c oncentra tion of dis s olved ma terial in Bonney 

i s  so high tha t 9  as suming a s enwater origin9 addition of 

dissolved inorganic i ons from glacial melt waters e tc o 9 

are lli!likely to apprec iably nlter the rat ios  c onsidered 

here . 

From Tnble 1 5  it  is  clear that the rela tive 

c oncentra ti ons of the nacro-elements in Lakes Vanda , and 

Joyc e and the two lobes of Hoare differ c ons iderably from 

those of s ea water,  j_ndica ting either a non- s emva ter origin 

or extens ive chemical alteration of s ea water if originally 

pres ent . The trnce  element dnta in Tables 1 8 9  1 9  and 

2 0  c onfirm this . 

Since Lake Bonney is  the only one of the s e  lakes 

to have n probably s ea wat er ori gin (with the poss ibility 

of s ome s ea water in Fryxell ) the tra c e  el ement data obtained 
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for the other lakes can be used in an attempt to c onduct 

a c omprehens ive geochemical survey of the areo. on the a ssumpt­

i on tha t  thes e trace  elements are being supplied by local 

surfac e  water . If this i s  to  be done it  i s  preferable  

t o  di s cus s each element individually . 

Z inc . 

Although Zn i s  commonly found in hot springs 

and mineral wo.ters ( Shinkarenko 9 1948 ; Lagro.nge and 

Urbain, 1 953 ; Ikeda , 1 95 5 ;  Zyka 9 1957;  Nagy and Polynik, 

1957;  Bradis et al . ,  1 961 ) ,  it is  not l i s t ed among the 

c ommonly detected elements in river water (Durum 8nd Haffty9 

1960 ; De Villiers � 1962 ) .  It  has however � been det e ct ed 

in river wa ters c oming from hi ghly-mineraliz ed areas 

(Dolukhanova and Gri goryan� 1 961 ) and in underground waters 

near ore depos i ts ( Popov9 1962) . Z inc has also  been deter­

minec1 s pectrographically in lake waters of nor thorn I'flo.ine 

(IUeinkopf, 1960 ) and Lifshi ts ( 1961) claims a Zn c oncon-

tration of  4 . 4  - 7 . 8  �g/1 in river waters . This lat t er 

obs erva t i on should be trea ted wi th caution� especia lly 

as Durum and Haffty. ( 1 963 ) showed Zn to be not detec table 

spectrographically in more than half the North Ameri can 

river wa ters they s tudi ed � 

The mos t  significantly high rela tive c oncentra t­

i ons of Zn are in Lake s  Vanda and Hoare with less er amounts 

1n Fryxell and Joyce . Lnke Hoare  i s  fed by the Canada 

Glacier · on the Asgaard Range while Lake Vanda i s  fed by 
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nel t wat ers  of' the Wils on-Piedr:;.ont Glac i ers.9  the Clark 

Glacier and subs idiary gla c i ers. flowing into the Wright 

Valley from the Asgaard Range . Accordingly it  i s  probabl e 

tha t the regi on of' the Asgaard Range near the Canada Glaci er 

may conta in s ignificant Zn deposits o This i s  also supp­

orted by the occurrence of Zn in Lake Fryxell which i s  

also  fed b y  the Canada Glac ier and the Commonwealth Glac i er 

both of' which are on the Asgaard Range . 

Lead : 

The lakes c ontaining the highes t  relative c on­

c entration of Pb are Joyce and Hoare . Lake Joyce i s  

princ ipally fed b y  wa ters from a local  glac ier with s ome 

mel t water from the Taylor Glac i er .  Lead was not det e cted 

in Lake Bonney .9  which i s  fed s olely by the Taylor Gla c i er 9  

s o  that  the presence o f'  this elemGnt in the mat erial in the 

Taylor Glacier is lmlikely.  It is  therefore probable  

that Pb o ccurs in the area of'  the local glac i ers  supplying 

Joyce and also  in the area surrounding Hoare . The rela tive 

c oncentration of Pb in Lake Fryxell i s  c onsiderably less  

than in Hoare .9 paralleling the trend for Zn . Thi s  

would s e:em t o  imply that the area c onta ining rela tively 

high ar:lOU..ilts of' Zn and Pb in the regi on of' the Canada 

Glac ier does not extend to the C ommonwealth Glacier .  

Although Durum and Haf'fty ( 1 960 ) show tha t Pb 

i s  among the nos t  c ommonly found minor elements in r iver 
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waters s o  tha t it  would therefore be expec ted to  be found 

in vm ters as c oncentrc� tecl o.s those cons idered here, the fac t  

tha t  it  is  below detection limits in the two most c oncen­

trated lakes (Vanda and Bonney ) makes the rela tively high 

c oncentrati ons in the o thers s ignificant . 

Indium : 

No In was found in Lake Vanda but i t  was foQ�d 

in all the lakes in the Taylor Valley (with the excep t i on 

of the eas tern l obe of Hoare ) . This would imply a gener­

ally higher c onc entration of In in the Taylor Valley than 

in the Wright Valley or j_n the regi on of the Wils on-Pi edmont 

Gla c i er .  There seems t o  b e  no apparent ren s on for the 

relatively high c oncentrat i on of thi s element ·in the western 

l obe of Hoare and its  abs enc e in the eas t ern l obe  a s  the 

two lobes are j oin0d by a sha ll ow 9  narrow neck and the 

c oncentra tion of macro-elements in the bottom wa ters o f  the 

two lobes are similar . This discrepancy between the two 

l obes is also apparent for Fe and :r.1o . 

Indium is principally chalcophilic  and has b e en 

s hown to occur with galena ( Goldschmidt ,. 1954 ) whi ch suggests  

that the rela tively high c oncentration of  this element 

in Hoare may be assoc ia ted wi th the increas ed c oncentra t i on 

of  lead in tha t  lake . 

Bismuth : 

De Villiers ( 1 962 ) r eported concentra tions o f  

Bi in the w2 ter of the Orange River ranging between 1 and 
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4 j.!g/1 .  Water flowing from the Tandzut pyritic  depo s i ts 

in the Armenian S . S . S . R .  was reported t o  c ontain spectro­

graphi�ally detectable quant ities of  Bi  (Dolukhanova and 

Grigoryan9 1 961 ) but with the exception of reports of this 

element occ\1rring in thermal wa ters (Lagrange and Urba in� 

1 953 ; Ikeda 9 1955 ) 9  the s e  appear to be the only determin-

a t i ons of Bi in natural wat ers . The c oncentra tions of Bi 

relative t o  total  dis s olved ma terial in Bonney is  only thr e e  

t imes that i n  s ea water ( Table 1 9 ) and , in view o f  the pos s iblE 

s ea water ori gin of Bonney9 need not necessarily be significant 

The hi gh rela tive concentrat i on in Joyce would imply a probable 

deposit  of Bi in thi s area 9 espec ially when the common o ccurr­

ence of this element in galena is considered ( Goldschmidt 9 

1 954 ) . Joyce c ontains a high c oncentra tion of Pb and a l s o  

s ome In$ s o  that the presence of B i  in thi s lake is  probably 

a s sociated with that  of the o ther two elements .  The Bi in 

Lake Vanda is mos t  probably derived from the grani tic r ocks 

in the Wright Valley ( McKelvey and Webb , 1961 ) s ince this 

element is  als o li thophilic  and found in granite  pegmati tes  

( Goldschmidt 9 1 954) . Tedrow et al . ( 1 963 ) found Bi 9 Pb and In 

in c oncentra ti ons less than 1 ppm in a saline lake in the 

s outhern fork at the western end of the Wright Valley . 

Iron : 

Iron c onstitutes a ma j or fraction of mos t  i gneous 

rocks and would therefore be expected to be pres ent in 

reasonable c oncentrat i ons in all the lake wat ers . 
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Its c oncentration in sea wa ter i s  approxima tely 

10 !J.g/l ( Goldberg, �965 ) but i t  i e  pres ent in far higher 

concentra ti ons in river wa ter . Durum and Haffty ( 1963 ) 

found tha t the c oncentrati on of Fe in l.�.r.wrican rivers 

ranged from 3 1  to 1 .9 670 !J.g/1 wi th a median value of 300 

!J.e/1 � approximately 30 times that  in s ea wa ter . This 

large differenc e in c oncentration is a ssumed to  he due to  

Fe having the low res idenc e time of approximately 140 years 

in s ea wa ter ( Goldberg and Arrhenius , 1 958 ) a  

The lakes c ons idered here are , with the exc eption 

of Bonney9  anoxic and the la tter c ould have been s o  in the 

pas t . Richards (reported by Goldberg, 1 96 5 ) found that 

anoxic water in the Cariac o  Trench had c oncentra tions of 

s oluble Fe a thousand t imes, grea ter than in norma l  ocean 

wa ters becaus e of the s trong reduc ing c onditions . If this 

is  s o ,  then the residenc e time for Fe in these  lakes c ould 

c onceivably b e  higher than in ocean wa ters , with c onsequently 

higher concentra ti ons of the element . Ano ther fac tor 

that could give rise  to higher Fe c oncentra ti ons in thes e  

lakes  compared with s ea wa ter i s  the pHo The bott oms of 

these  lakes have pH values in the range of 6-7 c ompared 

wi th a pH of 8 for sea wat er . This lG#er pH in the lakes 

c ould increa s e  the solub ility of the Fe . 

Although the rela t ive concentra t i on of Fe varies  

appreciably between the lakes 9 the absolute value , wi th 

the exc eption of Fryxell ,  rema ins relatively c onstant . 



The conce�tration therefore appears tD be independent of 

the age or c ompos i t i on of the lake suggesting a chemical 

factor influencing the solubility of the Fe ,. 

Manganes e : 

8 7 .  

Thi s i s  a l s o  relatively c ommon i n  igneous rocks 

and is  readily leached from soils  and rocks when in the 

divalent s tate  ( Goldschmidt 5 1 954 .) .  It i s  present in 

river waters in c oncentrati ons ranging from 0 to 185 f.Lg/1 

with a medinn value of 20 f.Lg/1 (Durum and Haffty9 1963 ) .  

As with Fe 9 the varia tion in absolute c oncentra tion is 

not large , except in the ca se  of Fryxell 9 and the c oncentrat­

i ons of Fe and Ivln in the lake wat ers are within the range 

found in river waters for these  elements . 

Molybdenum : 

Molybdenum i s  pres ent in i gneous rocks in trace  

amounts and tends to c oncentrate  in  granites 9 which have 

been shown t o  be present in this regi on ( McKelvey and Webb , 

1961 , 1 962 ) .  It is  also  commonly found in river wa ters 

( Durum and Haffty5 1960 ) in c oncentra tions ranging from 

0 - 6 ,  9 f.Lg/1 . With the exception of the wes.tern lobe of  

Lake Hoare 9 the c onc entra tion of Mo in the lakes lies  very 

close  to  thi s range and the variation i s  therefore most 

probably not significant . 

Conclusion : 

From a c ons idera tion of the rela t ive concen±.-?at­

i ons of Zn and Mn in the various lakes it  is p.ossiP.le t o  
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ass ign a sea wat er origin t o  Lake Bonney o Lake Fryxell 

also  c ould have originally had s ea wa ter pres ent but it  

appears unlikely that any of' the other lakes had a s imilar 

Since these  o ther lakes did not have a s ea wa t er 

origin i t  is  possible t o  use the relative trace  element 

abundance in them to c onduc t a c omprehens ive geo chemical 

survey of the areas supplying these  lakes with water . 

Thi s geochemical reconna i s sance sugges ts that the two mos t  

likely areas for mineralization i n  the McMurdo Oas i s  area 

of Antarcti.ca are the regi ons surrounding and feeding wa ter 

t o  Lake Hoare and the ·region surrounding Lake Joyce . 

Zinc deposits  may also  be present in the area betvveen the 

Lower Wright Valley and Lake Hoare . 



PART IV 

THE DEVELOPMENT OF DISCONTINUOUS COUNTER­

CURRENT EX'rRACTION FOR INORGA.l�IC SYSTEMS 



( a ) Introduc tion 

It was decided to inves ti gate  the potentialit i es 

of discontinuous c ount ercurr ent extr2ction a s  a means of 

s epara ting Fe from the other illements extracted  by cyclo­

hexanone from 3N hydrochloric acid  ( s e e  Par t  II  d ) . This 

technique h�s been applied with gree t success  to the fra c t­

i ona tion of organic c ompounds � particularly where the di s­

tributi on c oefficiDnts  are  of the same order of ma gni tud e  

( Morrison and Freiser ,  1957 ) . It has not , however9 been 

used to  any extent t o  s eparat e  metals for ana lytical 

determination ,  despite the relatively l ong t i me a sui table  

appara tus has been ava ilable l-
the firs t unit  was reported 

by Cro. ig and Pos t, . ( 1949.27 . 1'he earliest  use of the tech­

nique f?r inorganic sys tems was in the s epara tion and purif­

ication of the rare earths· ( Peppard, Far i s ,  Gray and f.Ja s on ,  

19f3 ; Weaver , Kappleman and Topp, 1953 ) o The method 

has also  been used to fractionat e  Th, Se and Zr from both 

nitric and hydrochloric acid soluti ons with tributyl 

phospha t e  as solvent ( Peppard, Mas on and 1via ier,  1956 ) and 

t o  s epara te metals us ing a c e tyla c etone ( Krishen,  1957 ) c 

More  recently Ishimori and Sammour ( 1961 a ) have inves ti ga ted 

the us e of the tecrillique to s eparat e  Zr from �� as well a s  

the s eparation of the s e  tvro elements from Ru and o ther 

fis s i on products us ing tri-n-butyl phosphate and hydrochl or­

ic acid o The same authors have also s epara ted isotopes 

::> f  U and Pa from irradia ted Th bv di scontinuouR c ount er-



current techniques us ing tri-n-butyl phosphine oxide and 

hydrochloric acid ( Ishimori :�md Sammour 9 1961 b ) ; v.rhile  

Sammour ( 1962 ) has studi ed the beha· i our of different 

valence states of Np in the tri-n-butyl pho·spha te/hydro­

ohloric acid sys tem by the same tec�Dique . A paper chro­

matographic method has been developed for the determin­

a ti on of suitable solvent systems for c ountercurrent 

distributions (vVaksnmndzki and Soczewinski , 1961 ; Soc­

z ewinski et al . 9  1962 ) .  The only geochemical appli cat­

i ons of thi s technique have been developed by the geochem- . 

i cal group a t  this univers i ty and have been reported9 in 

part by Brooks ( 1965 a � b 9 c ) . 

Brooks ( 1965 a ) has pointed out the poss ib i l i ty 

of s eparating elements by varying the c oncontra tion of the 

ligand in the aqueous pha s e  of the extraction train . I t  

wa s therefore decided t o  apply thi s teclmique t o  inves tiga t e  

the poss ibility of separating F e  from the o ther elements 

extracted by cyclohexanone from a 3 N  hydrochloric  acid  

s olution of a rock. Several attempts were made to separ­

a te Fe by reduc ing a cycloheYBnone extrac t  of a roe� s ol­

uti on t o  40 ml and making i t  the front of the org�nic 

phase  as it  progressed down a dis c ontinuous 9 counter­

current extraction apparatus . The organic pha s e  was 

cyclohexanone and the a queous phase  c onta ined varying c on­

centrations of hydrochloric a c i d o  It wa s found9 however , 

that the extrac t i on behaviour of Fe was too  s imilar t o  that  



of s everal of the trace elements for i t  to be possible 

t o  s epara te the former from the latter . 

Because of increased steric effects ( Morri s on 

and Freiser � 1957 ) � methyl is obutyl ket one ( MIBK ) will be  

a less  efficient extrac tant than cyclohexanone . It  was 

therefore decided to investigate the poss ibility of us ing 

MIBK/hydrochloric acid in dis c ontinuous c ountercurrent 

extraction in an attempt to s epara te Fe by less ening its  

extraction and increas ing thv �ossibility of its  separat­

i on from the other ions . Hydrochloric acid wa s chosen 

a s  the aq_ueous phas e .  Becaus e this had been used in the 

preliminary extraction into cyclohexanone 9 no additi onal 

reagents would be req_uired and the sys tem would therefor e  

be  kept a s  s imple 8.s pos s ible . 
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In order to  be able to  des i gn a sys t em suitable 

for the s epara tion of Fe us ing MIBK/hydrochloric  acid�  i t  

i s  necessary t o  know the extraction behavi our o f  all elem-

ents likely to  be involved in the sys tem. Thi s  was done 

as follows : 

Craig and Crai g  ( 1 95 6 ) gave a relationship. 

between the tube number in an extraction tra in in which a 

s olute is pr•esent at maximum c oncentration and the c1is-

tributi on coeffici ent of the s olute in that particular 

system� viz . 

( 4 . 1 )  

where n i s  the total number of transfers o r is the number 
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o f  the tube -vvi th maximum c oncentra tion and D is  the dis-

tributi on coeffi c i ent , provided that the mlumes of the two 

phases  are equa l .  If therefore 9 after a given number o f  

invers i ons � the tube9 i n  which the maximum c oncentrnt i on 

o f  a certa in materia] occurs , is  found� then its  dis trib-

uti on c o effic i ent in that. particular solvent sys t em can be 

calcula ted . 

When a s o lute i s  dis tributed betvve en two immis-

cible s olvents ,  the rela t i onship between the percent ext­

ra ction (%E) and the distributi on coeffici ent is  given by 

equation (4 . 2 ) ,  ( Morris on and Freiser�  195 7 ) 

100D 
%E = D + 1 

provided the two phases  are o f  equal volume . 

uti on of ( 4 . 2 ) into ( 4 . 1 )  gives : 
100r 

%E = -n 

(4 . 2 ) 

Subs t i t-

( 4 . 3 )  

s o  that a s imple relationship exi s ts between the perc ent 

extraction 9  the total  number of invers i ons, and the number 

of the tube. c onta ining the maximum c oncentra tion of a s o lute o 

The expres s i on derived by Cra ig  and Cra i g  ( 1956 ) 

relating the number of the tube  containing the maximum 

c oncentration of a subs tance and its dis tributi on c oeffic-

i ent was obta ined by cons..idering the rate at  which the sub-

s tanc e moves along the extrac t i on train and i s  only valid  

when all the subs tance has l eft the first  tub e .  Boswell 

and Brooks ( 1965b ) have developed the follow ing alterna t ive 
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method9 va lid w�der all c ondi tions� rela ting the number 

of the tube c onta ining the maximum c oncentra tion of a part-

icular species  to  its percent extra c tion. 

The fraction (Tn r ) o f  a subs tance present in 
9 

the rth tube  for n transfers is given by : 

n I 1 <> n 
T = 

r !  (n-r ) ( D + 1 ) Dr 
n, r 

If the rth tube  c ontains the maXimum c oncentrat i on of the 

substance 

T < 
n, r-1 

Whence by substitution and eliuination 

therefore 

and 

That is 

r 

n-r+1 

r 

n-r+1 

1 < 1 > n-r 

D 

< D < r +l 

n-r 

r+1 

r 

n+l 

D r+1 < -- < 
D+l n+l 

100r < %E < lOO (r+l ) 
n+l n+l 

D 

(4 . 4 )  

I f  r ; 1 ,  then in a similar manner , i t  can be  shown that : 

%E < 200 

n+l 

and if r = n then 

%E > lOOn 

n+l 



It can easily be .shown that the value for the 

percent extrac t i on· derived from the expres s i on relat ing 

the number of the tube c onta ining the maximum c oncentrat­

i on of a subs tanc e and its  dis tributi on c oefficient as 

calcula ted by Craig and Cra i g  satisfies (4 .4 ) provided r 

does not equal 1 or n .  

This means tha t if suitable analytical methods  

are available , the extraction characteristics  of many 

substances in a given s olvent sys tem can be studied s i mult­

aneously by partition on a di scontinuous 9 c ountercurrent 

s o lvent extrac ti on appara tus . Substituti on of the number 

of the tube c onta ining maximum concentration of each sub­

s tance into ( 4 . 4 )  gives the range wi thin which the %E mus t  

l i e o  Furthermore , substitution into ( 4 . 3 )  gives a rea s ­

onably accurate  estimate of the actual %E provided r doe s: 

not equal 1 or n .  

Li eberman ( 1948 ) differentiated the express ion,  

derived by Cra ig and Pos t  ( 1 949 ) ,  relat ing the amount of 

a substance in a tube on the extraction train with i t s  

distribution c oefficient and obta ined a method for calCll­

la ting the distributi on coefficient from the number of the 

tube  in which maximum c oncentra tion of the subs tance o ccuPs . 

I t  i s , however !� a c omplicated relationship and neces s i ta tes 

the us e of a table . The table they give is  only valid 

for a c ountercurrent apparatus having 8!i  24 or 48 tubes  

s o  that  the method is  not  as  versatile as  that given above . 
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Levi (�958)  has developed a method for calculating the dis­

tribution coefficient from the c oncentrat i on of r�terial 

in the tubes by using least  s quares analys is . Whil e  

giving a more accurate estima te  o f  the di stributi on c o eff­

icientsy the concentration of the ma terial in each tube 

mus t be known . This makes the technique of vory little 

value s ince it would be s impler 9 and probably more accura te 

to determine the dis tributi on coefficient by batch extr�c t­

i on,  obta ining the c oncentration in only two phases  rather 

than in a large number of tubes on a dis tribution appara tus o 

An emission spectrograph us ed as  an analytical 

tool in conjunc tion with a di scontinuous , countercurrent , 

liquid-liquid extraction appara tus should provide a very 

rapid method for s tudying the distribution of o. s eries 

of me tal ions between two immiscible solvents . After o. 

given number of equilibro. tions , the c ontents from each 

tube of the apparatus c ould be taken to  dryness and arced . 

Examination of  the spec tra should enable the tube conta in­

ing the maximum c oncentra tion of a given element to be lo­

ca ted and the perc ent extraction calcula ted o  This should 

be  parti cularly us eful when a ttempt ing to evaluate an 

inorganic extraction system as other methods of obta ining 

extr[',ction data for a number of elements over a w i de rc..nge 

of c onditions can often be very labori ous . 



(b )  The Us e of  Discontinuous Countercurrent Liquid-Liquid 

Extracti on for Determining the Extrac t i on of the Elements 

Cu. Ag. Au2 Zn2 Cd9 :Ig�Ga� .Ins:t _T:t ,  Sn9 Pb2 As 2 Sb 2 B�9 

Ru2 Pd2 Ir and Pt from 3,N Hydrochloric Acid into Cyclo­

hexanone . 
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In order to show that the theory developed above 

does provide a means for determining percent extraction 

from the number of the tube  in a c ounter current extract-

i on appara tus c ontaining maximum concentration of a sub­

s tance y it  was decided to investigate  a system for which 

extraction da ta are known . Since the cyclohexanone/hydro­

chloric acid system had already been s tudi ed by batch extra c t­

i on techniques (no countercurrent extraction apparatus 

b e ing ava ilable  at the time ) , it was decided to exawine 

the distributi on of the elements Cu, Ag, Au9 Zn9 Cd 9 Hgs 

Ga 9 In9 Tl 9 Sn 9 Pb , As 9 Sb , Bi 9 Ru, Pd9 Ir and Pt from 3N 

hydrochloric a clc1 soluti on into cyclohexanone .. The extract-

i on data for all these elements under these condi tions 9 

wi th the exception of Cu, Ag9 Ru, Pd 9 Ir and Pt had been 

determined previ ously ( Part  I I ) . Cu and Ag were included 

because i t  had proved impractical t o  determine the percent 

extractions of these  elements by s imple  batch extrac t i on 

and the four pla tinum metals were included for interest . 

A soluti on c ontaining all the above elements in 3N hydro­

chloric acid was prepared. Tvl'enty ml o of this s o lution 

were then plac ed in each of the firs t two tuheR n� �hA 



extraction appara tus after having been oxidi zed with 012 
and 20 ml . of 3N hydrochloric acid were plac ed in the next 

48 tubes o Although all theoretical expres s i ons have been 

derived on the as sumption tha t  the sample is plac ed in 

the first tube onlyl' it has been shown ( Cra i g  and Crai g9 

1956 ) tha t  no error is  caused by us ing more than one tube9  

provided tha t the number of tubes c onta ining sample repres-

ent less than 5% of the total number of tubes o The a c id 

used had been pre-e�uilibr� ted with cyc lohexanone o The 

s o lvent , which ha d been pre-e�uilibra ted with 3N acid,  was 

fed into the system from the res ervoir and c ountercurrent 

extraction carried out for 50 transfers �  The contents 

of pa irs of tubes were taken to drynes s 9 NaCl w�s added 

as a carrier � and the residue�9 after a shing �t 400 °C 9  were 

examined spectrographically us ing anode exc i tation with the 

arc focus s ed directly onto tne slit . The spectra were 

recorded on one photographic pla te and the tube conta i�ing 

the grea tes t c oncentra tion of an¥ .element f,)und by visua l 

obs ervation of a sens itive svec tral  line of tha t element c 

The solvent extra c t i on opera tions were carried 

out on a 120-tube ?  fully automa t i c 9  di scontinuous l' c oQDter-

current extrac tion appara tus . The individual extra c ti on 

tubes were mounted on ::t shaking racl{J the axis of which 

was a tto.ched, t o  a c ontrol unit  which autona tically effected 

the oper8. tions of shaking9 s ettling and decant:J. tion .  
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Individual tubes  had a capa c i ty of twenty ml . for the s ta t­

i onary lower pha s e  and the moving upper pha s e  was fed into 

t he system a t  the end of each cycle by means of a twenty 

ml o dispens er attached t o  a t en litre res ervoir . Aft er 

each srmking operation �  the rack was tilted through 90° 

and the upper phas e  decanted into the next tube . 

The error in the estimation of the fraction 

c ontaining the maximum c oncentra tion of a particular element 

under the condi tions us ed in this work i s 9  a t  the mos t 9  

one arcing i . e .  ±2 tubes 9 which9 for a 50�transfer oper­

a t i on, corresponds to an error in the percent extraction 

of approxima tely 4% . The error involved in using equation 

( 4 . 3 )  instead of (4 . 4 )  for calcul3 ting the percent extraction 

i s  of the order of �%. This i s  less  than the experimental 

error under the conditions in the work reported here � so 

tha t equa tion ( 4 . 3 )  can be used to calcula te the perc ent 

extraction wi thout any appreciable loss in a ccuracy . If ,  

however 9 a method capable of  giving the perc ent extraction 

w i th bet ter than 1% accuracy i s  used� expres s i on ( 4 . 4 )  

would have t o  be  appli ed .  The precision of the method 

depends only on the number of tubes employed and the analy-

t i cal methods ava ilable . If 9 for example , an extra c tion 

train of more than 100 tubes  i s  us ed in c onjunction with 

an analytical t ec�nique capable of accurately loca ting the 

tube conta ining the maximum c oncentra tion of a sub s tanc e ,  

i t  i s  poss ible t o  obtain an error of less  than 1%. 
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( c ) A Study of the Extraction of  Certa in Elements in the 

Methyl Isobutyl Ket one/Hydro chloric Acid Sys t em Using 

Discontinuous Countercurrent Liquid-Liquid Extraction .  

The extraction charac teris tics o f  the elements 

l i s ted below in the sys tem MIBK/hydrochloric acid were 

obtained a s  follows : -

A s oluti on c ontaining the elements T i ,  V� 

Cr , Mn, Pe � Co , Ni9 Zn, Go. , As , Nb, Mo , Ru, Rh, Pd, Ag, 

Cd, In, Sn, Sb , La , W, Re , Os ,  Ir , Pt , Au, Hg, Tl , Pb and 

Bi in c oncentrated HCl was prepared. To  e qual �olumes 

of this soluti on ,  varying quantities  of water and HCl 

were added to make s oluti ons 0 . 5 , �, 2 9  3 9  4 ,  5 and 6N 

in HCl s o  tha t  the c oncentrat i on of elements remained the 

same in each. At the three l owest  acid c oncentra tions 

there was a c ertain amount of precipita tion of many e lements 

due to  hydrolysis  but, except in the cas e  of  W9 Os , Ir , 

Sb and As , there was s till sufficient of  each element 

pres ent for the percent extraction to be determined a s  

described below .  

The MIBK was prepared b y  redistill ing the comm­

erc ia l  materia l . Hydrochlori c  a cid was purified by dis ­

till ing AnalaR grade HCl and diluting to  the appropriate  

c oncentrat i on w i th.  distilled water . 

Twenty ml of  the s o luti on of  the elements were 

placed in each of the first two tubes of the extrac t i on 
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apparatus and 20 ml of  hydro chloric acid of the same c on­

c entration were placed in the next 48 tubes o Although 

all  the oretical expressions have been derived on the 

a s sumpt-ion tho. t the sample i s  placed in the first tube 

only, a s  discus s ed above 9 no error is  caused by using more 

than one tube  under the c onditi ons used here . All acid 

used was pre-equilibra ted with MIBK. The s o lvent, 

which had been pre-e quilibrated with the appropriat e  

s trength acid�  was fed int o  the system from the reservoir  

and count ercurrent extraction carried out for  5 0  transfer&o 

The contents of pairs of tubes  wer e  taken to drynes s , 

NaCl was . . added a s  carrier,  and the residues were examined 

spectrographically in a � c. arc using anode exc i tation.  

This process  was repeated for each acid c oncentration. 

All spectra for each run were recorded on one photographi c  

plate  and the tube c onta ining the greatest  c oncentrat i on 

of  any element found by visual observation of  a s ensitive 

spectral line of tha t  element . 



1 01 o 

(d)  Results and Discus s i ono  

( i )  Cyclohexanone/3N hydrochloric acid.  

Distributi on curves  for 50 equil ibrations o f  the 

cyclohexanone/3N hydrochloric  acid system are  shown in 

Fig., l.O o The �ercent extraction of each element from 

3N hydr o chloric acid into cyclohexanone was derived form 

equation ( 4 c 3 ) and is as  follows (figures in parenthes e s  

a r e  the c orresponding values obtained b y  bat ch extract i on ,  

a hyphen indica tes that a value had not been obtained 

previously ) : - Cu9 91 ( - ) ; Ag� 83 (- ) ; Au9 95 ( 100 ) ; 

Zn, 83 ( 89 ) ;  Cd, 83 ( 81 ) ;  Hgl' 83 ( 94 ) ;  Ga 9 95 ( 100 ) ; 

In,9 95 ( 100 ) ; Tl l' 95 ( 100 ) ;  Sn, 99 ( 100 ) ; Pb .9  3 9  (46 ) ; 

As ,9 19 ( 0 ) ;  Sb , 83 ( 47 ) ; Bi , 71 ( 59 ) ;  Ru9 19, 75 ( - ) ; 

Pd, 31  ( - ) ; Ir 9 79 ( - ) and Pt , <8 , 83 ( - ) " 

Cons idera t i on of the above data shows that 

when the experimental errors of  the respective techniques 

are taken into c onsideration 9  there is  satisfact ory agree­

ment between the r esults obtained by the two methods o 

The data obtained for As and Sb by the two t echniques 

however, differ by c onsidBrably more than the experimental 

error .. This i s  mos t  probably due t o  reduction of As (V )  

and Sb (V )  t o  As ( III ) and Sb CII I )  respectively� during 

the opera tion of  the extraction apparatus o Morrison and 

Freiser ( 1957 ) have .  shown tha t  reduction enhances  the 

extraction of these  two elements . Since the c ounter-
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Dis tribution curves for a numb er o f  el ement s a f t er c ount e r c ur r en t  

extrac t ion w i t h  cycl ohexanone from 3N hyd r o c hl oric  a c id . 
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current extraction apparatus require s  approximately s even 

hours to  effect 50 equil ibrations as compared with the 

half hour required for batch extraction� if the former 

t echni que is to be used there is a longer interval of t ime 

over which the reduction of the pentavalent As and Sb 

can take place .  As the elements are reduced t o  the tri-

valent s tate during c ountercurrent extrac t ion,· there w i l l  

be  an enhancement i n  extractability with the consequent 

discrepancy between values for the percent extraction 

obta ined by the two t echniques ., 

Two values are reported for the percent extract­

i on of both Ru and Pt o  This type of b ehaviour has been 

reported before ( Sammour , 1 962 ; Bro oks , 1965a ) and is 

due t o  the presence of either different val ence states or 

different c omplexes with low lability.  Sammour (1 962 ) 
has used the difference in extrac tDbility of the val ence 

s tates of Np to  s eparate three  oxidation states of tha t  

e lement . 

( i i ) Methyl i sobutyl ketone/hydrochloric a ci�o 

The percent extraction of the e lements a s  a 

function of hydrochloric acid c oncentrat i on are given in 

Fig.  1�.  The numerical data are presented in Table  21 . 

T o  check the reproducibility of  the technique two soluti ons 

of s elected elements were prepared, adjusted to hydPochlo�­

i c  acid concentrations of 2N and 3N respectively and treat­

ed as above . The data obta ined from this are also  included 

in Table 21 .. 
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Table 21 

The Extraction of Elements into Methyl Isobutyl Ketone 

from Hydrochloric Acid Solutions o 

Element Extrac ti on (%)  

Acid Concentra tion (N ) 
O o 5  1. 2 2* 3 � *  4 5 6 

Ti 0 0 0 0 0 0 0 
V 0 0 5 4 5 11 15 39 
Cr 0 0 0 0 0 0 0 
Hn 0 0 0 0 0 0 0 
Fe 7 15  79  70 95 95 99 99 99 
Co 0 0 0 0 0 0 0 
Ni 0 0 . 0 0 0 0 0 
Cu 0 0 0 0 0 7 7 
Zn 0 0 5 6 19 11 11 
Ga 0 19  75 95 95 97 99 99 
As 0 0 0 7 7 7 7 
Nb 0 0 0 0 0 0 0 
Mo 0 0 19 24 67 6LJ:. 87 99 95 
Ru 0 0 7 .. 51 1 5  15 y 71 1 3 9 87 
Rh 0 0 0 4 0 87 95 97  
Pd 0 0 0 . o  0 0 0 0 
Ag 23 10 11 19 7 9 7 
Cd 0 0 0 8 22  15 23 27  
In 0 9 20 21  5 5  50 79 87 95 
Sn 7 27 63 75 78 87 95 95  
Sb 1 9 9 99 5 9/R 2 7 9 99 1 1 9 99 
La 0 0 0 0 0 0 0 
w 0 7 0 19 55 
Re 3 9 67 67 68 75 83 79 83  
Os  3 9  51  65  71 
Ir 0 0 0 0 91 99 
Pt 0 11 22 22  27  27 3 9 9 83 3 9 35 
Au 99 99 99 94 99 99 99 99 99  
Hg 0 0 0 7 0 0 0 
Tl 99 99 99 94 99 99 95 95 99 
Pb 0 0 0 7 0 7 0 
Bi 7 7 7 11 0 0 7 

* Results obta ined from duplicate  determina t i on. 
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Although Ru9 Sb and Pt were s tud1ed9  no extract-

1on curves are given for them in Fig. 11  s ince more than 

one peak was observed . Ru and Pt exhibi ted this b ehaviour 

in the cyclohexanone/3N hydrochloric acid  sys t em and 

probable rcRs ons for this a r e  di scus s ed above . Got o  and 

Yillkita ( 1959 )  h3.ve shovm tha t  vvhen Sb is extracted into 

MIBK from :hydrochloric acid 9  the two val ence s ta tes o f  

the element have different extraction pr01)erties  and in 

fac t  the graphs of percent extraction plotted aga inst 

acid  concentr•a t i on intersect  at  approxima tely 4 e  5H . If 

two or more peaks for any element occur in an extra c t i on 

tra in and the valence or c omplex c orresponding to  each 

peal-: is  not known, extrac t i on curves cannot b e  drawn with 

a:J.y c ertainty .. 

The extraction curve for Ir i s  not included in 

Fig. ll b ecaus e of the very rapid change in extractabi l i ty 

between 4N. and 5N hydrochl or i c  acid .  

The extraction of vari ous elements into MIBK 

fro m  hydrochloric acid has been s tudied by s everal authors . 

Goto  and Kakita ( 1959 )  report extraction data for Fe ( III ) 9 

Sb ( III 9 V ) 9 As ( III 9 V ) 9 Sn ( IV ) , Se  ( IV ) 9 Te ( IV ) 9 Ge ( IV ) ? 

Cr (VI ) 9 V (V ) 9 Mo (VII ) from hydrochlor i c  acid  into 

EIBK. The va lues they give for Mo and Sn agree clos ely 

with tho s e  reported here but th8ir value s  for the extract-

1 on of Fe in lp 2 and 3.N a c id are lower than thos e  obtained 

in this s tudy . Their values for V in 5N and 6N aci d  are 



higher than r eported here . Goto and Kakita ( �959 )  and 

Ta j ima and Kurobe (1960 ) have shown tha t Fe ( II )  is not 

extracted  from hydrochloric a cid into MIBK and the dis­

crepancy between the formers ' results for Fe ( III ) and tho s e  

r eported here c ould b e  due to  partial reduction in their 

extraction system . The discrepanc ies in the case  of  V c ould 

be due to reduction in the extrac ti on tra in .  Since the 

potential for V(V)/V ( IV )  increases  rapidly with increa s ing 

acid c oncentra tion9 V (V )  will be reduced by high c oncen;... 

trations of hydrochloric acid . If the a queous pha s e  in 

an extraction tra in lms a high c oncentra ti on of hydrochlor­

i c  acid9  any V (V )  i ons will be r educed a s  they proc e ed 

along the traino The reduced species will almos t  c ertain-

ly have different extraction properties . This is  c onfi rmed 

by a s tudy of the distributi on pattern of V on the extra c t i on 

apparatus . Ins tead of a symmetrical pattcrn9 V was pre s ent 

in varying c oncentra ti ons in the first 30 tubes 9 indica t ing 

a change in dis tribut i on properties with repeated extrac t-

i ons . 

Several  workers ( Specker and Arend, 1961 ; Pogo­

daeva and Stolyarov, 1 960 ; Dlundy, 195 8 ;  Dean and Beverly, 

1 958 ; Katz. et al . 9  1962 ) have shown that Cl" (VI ) can be 

lOO% extracted from hydrochloric acid into MIBK at medium 

a c id c oncentrations . In the pres ent study Cr was present 

in one of the lower valence s tates L
-

mos t  probably Cr ( II I.l7 

and was not extracted . Nedilov and Diamond ( �955 ) s ta t e  
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This value 

a grees very clos ely with tha t  obtained by the present authors . 

Klimov ( 1961 ) ,  in his study of the extraction 

of Fe ( III ) into hliBK from 6N hydrochloric a c id shows tha t ,  

among others � Ti 9 Ni � Co � Ag� Cuy Bi 9 Pb and_ Mn are not 

extracted under these  c onditions while Sn, Ivio and V are . 

This is  c onfirmed by the pres ent worko Similarly, Specker 

and Doll ( �956 ) ,  Specker ( 1958 ) and Ri edel ( 1957 )  report 

that Fe can be s eparated from zn , Ni and many other elc:;ments 

by extraction from 6N hydrochloric etcid into MIBK . Work 

r eported here shows that Ni is not extracted and Zn only 

slightly under these  conditions . 

Conclus i on .  

A c omparison o f  extraction da ta obtained by 

disc ontinuous c ountercurrent liquid-liquid extraction wi th 

s imilar data obta ined by ba tch extraction ,  for inorganic 

i ons in the system cyclohexanone/3N hydrochloric acid showed 

tha t  the · former teclmique is  a ro.pid o.nd accurate  method 

for determining extraction data . This c onclus i on i s  

supported by comparison of data , obto.ined by this technique , 

wi th results obta ined by o ther workers for metal  ions in the 

sys t em MIBK/hydro chloric acid . In view of this , the 

percent extraction of a number of metal i ons into MIBK from 

hydrochloric acid�  obtained by a c ombinat i on of disc ontin­

uous countercurrent extrac t i on and spectrographic analysi s  

and reported here for the fir s t  time 9 can be taken a s  a c curat e o  
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( e ) Investigations Into the Use of Discontinuous Counter­

current Extrac t i on for the Separation of Fe . 

As mentioned above � a ttempts were made t o  use 

cyclohexanone as  the organic phase  in discontinuous c ounter­

current extraction to  s epara t e  Fe from the o ther elements 

extracted by this solvent from a rock s o luti on 3N in hydro­

chl oric acid .  This was done by reducing the volume of 

the extrac t  to  40 mlo and making this  the first two organic 

phases  on a dis continuous c ountercurrent appara tus in whic h  

the organic pha s e ,  cyclohexanone , pas sed over a s eries. o f  

tubes c ontaining hydrochl oric  a c id in varying c oncentrat ­

i on o  The dis tributi on pat tern f o r  a typical result is  

shown in  Fig .  12 . For thi s ,  the ftrst  ten tubes c ontained 

3N hydrochloric acid�  the next ten 1N hydrochloric acid 

and the r emaining 30 tubes c ontaine( dis tilled wat er . 

It  is clear from Fig .  12 tha t  Fe was not separa ted from 

the o ther elements . 

The possibility of us ing countercurrent extra c t­

i on with MIBK as the organic solvent t o  separate  Fe from 

the ma j or i ty of the o ther elements was investigatedo  The 

distributi on patterns of the elements Au, Zn , Cd9 Hg , Ga , 

In, Tl , Sn� Pb ,  As , Sb , Bi and Fe after 50 equilibrat i ons 

on a c ountercurrent appara tus in which the two phases  

were  MIBK and 6N hydrochloric acid is given in  Figo  13 � 

I t  i s  clear from thi s ,  tha t  none of the s a  elements o ccur 
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in significant amounts b etwe en tubes number 22 and 45 

( approx . ) . If9  therefore 9 in this regi on the a queous pha s e  

c ould c ontain a reagent which would reduce the extrac t i on 

of Fe to  less  than 20% without appreciably altering the 

extracti on of any of the o ther a ements 9 i t  would b e  pos s ib l e  

t o  s eparat e  this element comple tely . Goto ( 1962 ) has 

s hown tha t  in a solution 6N in hydrochloric acid and � 

in NH4Cr·m � Fe is  only 17% extracted.  Attempts wer e  made 

to s epara t e  Fe from the rest  of the elements by c ounter­

current extraction with 6N hydrochloric acid and MIBK. 

Tubes number 28  t o  3 8  c ontained 1 M  NH4CNS in addit i on t o  

6N hydrochloric acid.  However,  b efore the s o lvent front 

rea ched the tubes containing the NH4CNS (approx. 3 hours ) 
the s oluti on in them had turned a bright yellow . In 

this condit i on they did not give the characteristic  red 

colourat i on with Fe3 +  and on further s tanding formed a 

whit e  precipitate . Inv..;.s t i ga t i ons with this system were 

therefore not c ontinued .  

From Table 21 i t  i s  clear that 9 of the elements 

cons idered in Part II with an extraction of greater than 

95% into MIBK from 6N hydrochloric acid, only Ga 9 Sn9 Tl � 

Au and Fe were better than 60% extracted into t he same 

s o lvent from 2N acid . All the o ther elements were less  

than 30% extracted in the lat ter system. Of the five 

elements well extracted from 2N hydrochloric acid 9  Ga 9 Sn 

and Fe are less  than 10% extracted by the same. sol  vent 
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from O o 5N acid while Au and Tl are s till extrac ted better 

than 95% in this sys tem .  Us ing these  large differences  

in  extraction properties in the three different acid c on-

c entrations it should be pos sible t o  design an extraction 

system tha t ,  in theory, (with the exception of Sn and Ga ) 

can s eparate  Fe from all the other elements extracted by 

cycl ohexanone from 3N hydrochloric acid solutions c 

The dis tr ibuti on of a solute in the var ious 

fractions of a c ountercurrent extraction sys tem is governed 

by a binomial function. If a suffic i ently lar ge number 

of transfers are made , the b inomial funct i on approximates  

very closely t o  the 1 1normal 1 1  or Gaussian function .  Under 

these  c onditions , aft er Craig  and Crai g  (1956 ) 9  the number 

of the tube (r ) c onta ining the maximum c oncentrat i on of  a 

given s olute after n transfers is  given by ( 4 ., 3 ) .  The 

spread of s olute over the tubes  follows a norma l  distrib­

ution with s tandard devia tion ( s ) given by : 
1 

s � (nD)2  I ( l+D ) (4 . 5 )  

Us ing equations ( 4 o 3 )  and ( 4 . 5 ) ,  it  is  therefore 

possible to calculate  the approximate dis tribution of a 

s o lute on an extraction tra in in which the c oncentration 

of the ligand varies in different parts  of the tra in9 pro-

vided the extraction data for  all c ondi tions met  on  the 

train are known. 

The distributi on of the elements Au9 Zng Cd9  

Hg5 Ga 9  In, Tl 9 Sn9 Pb 9  As , Sb 9 Bi and Fe after 70 trans-



fers on a discontinuous c ountercurrent extraction appar­

a tus. in which the aqueous pha s e  in the fir s t  20 tubes  was 

6N hydrochl oric acid,  the next 40 tubes c ontaining 2N 

hydrochloric acid and the rema ining 10 tubes  c ontaining 

O o 5N acidy  was calculated using equat i ons (4 . 3 ) and (4 . 5 ) 

and the data from Table 21 o The theoretical distributi on 

is  shown in Fig .  14 toge ther with the dis tr ibution obtained 

after 70 equilibrations of a solution c onta ining all the 

elements listed above . These  elements were dis s olved_ in 

6N hydrochloric acid and pla c ed in the firs t tub e  of the 

extraction apparatus 1 the a queous phn s e  being a s  described 

above . 

As a solute moves along the . extra ction train it  

spreads out ever a number of tubes o Accordingly when the 

s o lute arrives a t  a point in the tra in where there is a 

sudden change in acid c oncentration in the aqueous pha s e  

i t  is not l ocated i n  one tube only� but spread out over 

a number of tubes . It is  therefore not possible t o  

calculat e  the distributi on of the solute o n  the extra ction 

tra in accurat ely after the s o lute has pas s ed such a point 

and a number of approximations must be made o 

In view of the s e  approximations 1 the agreement 

between the the oretical and experimental dis tributi ons g 

as  shown in :B1ig.  14, is  very satisfa ctory . In the 

theoretical calculations allowance was made for the two 
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valence s tates  of Sb . In the experimental work9 only the 

peak c orresponding t o  the species  with lower extrac t i on was 

found . The distributi on pat terns of In and Sn are 

displaced further along the train than expected from cal-

culations . Thi.s is  mos t  probably due t o  the fact tha t  

after the solvent front 9 saturat ed with 6N acid9  reached 

tube  number 20 9 redis tributi on of  the acid between the 

two phases  occurred with a c ons equent rise in acid c oncen­

tration in the first tubes  c onta ining the 2N acid and a 

c orresponding change in the extraction characteristics  of  

these  elements . 

From Fig .  14 it  would appear pos s ible to s epar­

a te Fe completely from a large number of elements us ing a 

dis continuous c ountercurrent extraction apparatus w i th 

MIBK as the organic pha s e  and appropriate changes in hydro­

chloric a cid c oncentrat i on in the aqueous pha s e o 



PART V 

THE DETERMINATION OF BISMUTH 9  CADMIUM 9 GALLIUM, 

LEAD Al{D Z INC IN S ILICATE ROCKS . 



(a ) The Development of Quanti ta t ive Procedures . 

(1)  Disso luti on of rocks : 
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Rocks to  be  examined were first crushed in a 

carefully cleaned percus sion mortar and ground to  below 

100 mesh in an a gate  mortar and pestle . Dissoluti on was 

achieved by the following modification of the method o f  

Brooks ( 1960 ) . �renty grams of the finely ground rock 

were weighed into a t eflon beaker and made into a pas t e  

with 5 ml of  a qua regia c To  this was added 2 5  ml . of 

"Analar "  hydrofluoric a cict followed by a further 20 ml of  

a qua regia . The mixture wa s taken to  dryness on a hot 

plate and the res idue transferred to  a borosilica t e  beaker 

followed by 25 .  ml of c oncentrat ed hydrochl oric acid,  75 ml 

of distilled wat er and 25 ml of concentrat ed sulphuric  

ac.id .  The solution was evaporated and heated to  r emove 

all fluoride and sulphat e  i ons o The residue was boiled 

with 200 ml of 3N hydrochlori c  acid and 1 ml o f  bromine . 

The s olution was decanted from any res idue and the lat ter 

transferred to  the �eflon beaker where it  was taken to  dry­

ness with 25  ml of hydrofluoric acido  The residue from 

this was mixed with 25  ml of c oncentrated hydr ochloric acid9 

and transferred to the borosilicate  beaker c To this 

was added 7 5  ml of distilled water and 25 ml o f  concentra ted 

sulphuri c  acid .  The. mixture was a ga in heated to r emove 

exc ess sulphate o The res idue was boiled with a further 
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300 ml a:f 3N hydrochlor ic  acid and 1 ml o:f bromine and the 

two hydrochloric acid s o luti ons c ombined . In mos t  ca ses  

this treatment was su:f:ficient t o  completely dis so lve the 

rocko Occa s ionally however 9 a small residue r ema ined 

a:fter this treatment o Spectrographic analysis  o:f the 

residue :for ca tions showed the presence o:f Ca 9 Mg and Al 

while chemical ana lysis  :for anions showed tha t  the only one 

present was the sulphate i on o  The residue was therefore 

a mixture of Ca 9 Mg and Al sulphates and s ince this c ontain­

ed no detectable amounts of trace elements i t  was dis carded 

with no :further treatment . 

{ ii )  Separation o:f Fe a:fter ba tch extracti on with cyc lo­

hexanone o 

As discuss ed in Part II  ( d ) 9 preliminary 

investigations showed that the c onditions most suitable for 

extracting trace  elements :from a rock solution also 

caused Fe t o  be  extracted.  In Part I I I  (b ) this extrac t­

i on was shown t o  be almost  c omplete o Because of the very 

c omplex spectrum o:f Fe and its  relatively high c oncentra t­

i on in s ilicate rocks 9 it is desirable to either prevent 

the e o-extraction o:f Fe or s eparate  it :from the other elem­

ents  a:fter extractiort a  In Part IV ( e ) a s cheme using 

discontinuous c ountercurrent extraction with MIBK a s  

the organic phase  and hydr ochloric a c i d  i n  varying c oncen­

trations as the aqueous pha s e  was developed . This 
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scheme was theoretically capable of separa ting Fe from mos t  

o ther elements except Sn and Ga and was tes ted as  foll ows : 

A 3N hydrochloric acid soluti on of  20 g of a granite-gnei s s  

from the Charleston area 9 New ZealanaJ was chlorinated and 

extra cted with cyclohexanone which had been pre-equilibra t ed 

with 3N acido  The volume of cyclohexanone was adjus ted 

until b o th phases  had the same volume . The organic  pha s e  

was s eparated and taken a lmos t  t o  dryness  on a rotary 

evaporator at 100 °0 under vacuum . When all  that r ema ined 

of the organic phase  was a tarry residue from the cyclohex­

anone 9 this wa s dis s o lved in MIBK which had been pre-

equilibrated vvi th 6N hydr ochloric acid.  An e qual volume 

of the latter was then a dded to redissolve any precipi tat ed 

inorganic materia l .  The two pha s es were then mixed9 chlor­

inated and placed in the first two tubes of the previ ously 

described c ountercurrent apparatus . With the exc epti on of  

these , the firs t twenty tubes on  the extraction train c on­

tained an a queous phase  of 6N hydrochloric acid.  The 

next 40 c onta ined 2N acid and the las t  ten 0 . 5N a cid. 

After 70 equilibrat i ons the c ontent-s• of the tubes 9 in groups 

of t en 9  were then taken to drynes s 9  in the pre s ence of 20 

mg of NaCl,  ashed at 450 °0 9  and arced . The elements 

found present in each fraction are given in Table 2 2  

together with the weight of sample  in each frac t i on 

(after correction for the added NaCl ) . 
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Table 2 2  

Elements Found in the Var i ous Fractions aft er Discontinuous 
Countercurrent Distributi on between MIBK and Varying Str engths 
of Hydrochloric Acid o 

Element Tube number �:� 

1-10 11.-20 21-30 51-40 41-50 51-60 61-70 

acid  c onc o 6N 6N 2N 2N 2N 2N O o 5N 
weight of 
residue 
( gms ) O o 042 O o 029 0 .. 020 0 . 07 9  O o 1.81 0 ., 061  0 . 04 9  

Ag 1 1 1 1 1 1 1 
Bi 1 
Cd 1 1 1 
Cu 1 1 1 1 1 1 1 
Fe 1 3 3 1 
Ga 1 2 2 1 
In 1 1 1 
Mn 3 3 3 1 1 
Mo 1 2 2 2 2 2 1 
Pb 3 1 1 1 2 
Sb : : :;-z: .�- .�,. 'I'" ,_ ... 

Sn 3 3 3 1 1 2 3 

* The numbers 1 .1' 2 .9 3  in the table c orrespond t o  increas ing 
relative c oncentrat i ons of the element and were estimated 
visually .  
*�:� Indica ted the possible pre s ence o f  an element but the 
spectral line was s o  weak that i t  could barely be s e en o  

From this i t  is  clear that the t echnique was 

capable of separating Fe from any elements tha t o c curred 

in the first thirty tubes onlyo  The total bulk in the s e  

tubes was approxima tely one fifth o f  the total residue 

after extraction o  However 9 s o  much Fe was present in the 

original r ock soluti on that it was dis tributed in lar ge 

quantities  over the rema ining 40 tubes . The the oretica l  

and experimental distributi ons shown in Fig.  14 give the 
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distribution of the elements in terms of relative c onc en­

trations and not abs olute values . Therefore , if one elem­

ent is pres ent in large excess  it will be distributed over 

more tubes  than shown in Fig . 14 o In the dis tr ibut i on 

o f  the cyclohexanone extract  of the grani te-gneiss 9 Fe 

was present in far higher c oncentrations than any of the 

o ther extracted elements a 

Another fa;c tor t o  be  c ons idered is tha t  in thi s  

system the first few tubes of the organic plm s e  did not 

c ontain pure MIBK but a soluti on in MIBK of the tar from 

the cyclohexanone residue . Because of thi s ,  the dis trib-

uti on on the extraction tra in under thes e  c ondit i ons diff­

ered from tha t  when pure MIBK wa s used o In view of thi s ,  

the agreement between the preliminary work and results  

obta ined in practice is  very satisfactory o 

As can be seen from Table 22,  the distributi on 

for Sn wa s not at  all s imilar t o  tha t  obta ined in the pre­

l iminary work. Furthermore the element wa s spread out 

over all the tubes in the extraction train o This was 

mos t  probably a cons equence of the pre s ence of the cyclo­

hexanone tar and also  of Sn impurities in the reagents o 

A large Sn blank was found in the residue after evaporat i on 

of the Analar-grade acid used throughout thi s s tudy. 

The relatively uniform presence of Cu9 Ag and Mn was a l s o  

due to  impurit ies i n  e ither the reagents o r  electrodes o 

Because of the unfortunate  effect o f  the high 



117 . 

Fe concentrat i on�  the separations originally envisaged 

when us ing di s continuous c ountercurrent extra c tion were 

not pos s ible and the extraction train was modified as  foll-

ows : -

The aqueous phase  in the first  twenty tubes was 

6N hydrochloric acid and the next t en tubes  c ontained 2N 

acid.  No aqueous pha s e  was present in any of the other 

tubes . After evapora t i on as  before 9 a cyclohexanone ext­

ract  of a rock s olution was dissolved in 6N hydrochlori c  

acid and MIBK and was placed i n  the first tubes o n  the 

discontinuous c ountercurrent apparatus . Seventy equilib­

rations wer e  then carried out � MIBK being the organic 

phase . The c ondi tions used were therefore exa ctly a s  

before except that there was n o  aqueous phase i n  the las t  

forty tubes o  The c ontents of the extraction train were 

split into two fractions : ( a ) those  in the fir s t  thirty 

tubes 9 and (b ) the c ontents of the r emaining tubes o The s e  

two fractions were taken t o  drynes s 9  ashed and arced.  

Portions of the resultant spectra are shown in Fig o  15 o 

From this it  is  clear  that the ma j ority of the Fe is in 

the second fraction and almost  c omplete s eparation has 

been achieved�  

( i i i ) Spectrographic techniques . 

The above work showed that i t  was poss ible t o  

s eparate  F e  from many of  the elements extracted with i t  
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by cyclohexanone from a rock soluti on .  It was envisaged 

that subsequent to  the us e of batch extraction and 

c ountercurr ent separation, the elements present would be 

analys ed spectrographicallyo Suitable internal s tandards 

were therefore necessary o Inspection of Table  22 showed 

that Ag, Cu, bm, Mo , Pb and Sn occurred at almost every 

point on the extraction train and therefore none of these 

c ould be c ons idered as an internal s tandard . It is  also  

clear tha t  Ga , In and Tl o c cur in the las t  forty tubes only, 

so that any of these  would be suitable as  internal stand­

ards for' elements occurring in tubes  number �-30 , If 

ashing at 450 °C is to  be  necessary to remove the last  of 

the cyclohexanone tar, Tl cannot be used as an internal 

s tandard s ince it volatilizes  below thi s t emperature o It  

was therefore decided t o  investigate Ga and In as  pos s ible 

internal s tandards for the elements o ccurring in the 

fraction c omprising the firs t thirty tubes of the extract-

i on train after separa t i on of Fe . Of thos e  c ons idere d  

in this s tudy, the elements tha t  occur in this fraction 

The use of  Ga or In 

as  poss ible internal standards for these  elements was 

inves tigated.  The method used was that  outlined in Part 

III (b ) and the spectrographic operating c ondi t i ons were 

tho s e  given in Table  �6 . The c oeffic i ents of  variation 

for the appropriate line pairs are given in Table  23 o 



Spectral lines used were : - As 2860 ; Bi 306 7 ;  Cd 3261 ; 

Ga 2943 ; In 3 03 9 ;  Sb 2877 and Zn 3345 . 

Table 25 

Coeffi c i ents of Variation of Certain Line Pa irs . 

Element 

As 
Bi 
Cd 
Sb 
Zn 

Coefficient of Varia t i on 

Ga 

18 . 6  
18 . 3  
17 . 3, 
18 . 5  
14. 4  

In 

7 . 4  
18 . 0  
13 4 9  
16 . 5  
1 6 . 7  

The In 3 03 9  l ine was used instead of the 
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s tronger In 3256  because of Mn interference with the latter ., 

Nei ther Pb or Hg was s tudied . The former o ccurred a t  

b o th ends of the extrac t i on train and therefore c ould not 

be determined in the spectrographic analys i s  o f  the s ep-

arate fractions & Mercury c ompounds are volatile and i t  

was c onsidared unlikely tha t  any of  this element would 

b e  in the rock s o luti on after the treatment required t o  

disso lve the spec imen. It i s  clear from Table  23 $ tha t  

In i s 9 i n  genera l 9  a more suitable internal standard than 

Ga . However further investigation showed the presnnce 

of  an Fe l ine c oinc ident with this line . Brooks and 

Cohen (p ersonal c ommunicat i on ) have found that this Fe 

l ine interferes  to quit e  a marked extent with In 3039 s o  

tha t  in material c ontaining r ela tively high Fe concentrat-

i ons this l ine cannot be  used with c onfidence .  
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ively r emoved the bulk of the Fe from the frac tion of  the 

rock extract  in which the elements considered above occurred�  

However9  a very small quanti ty of Fe was found pres ent in 

this fraction in suffic i ent c oncentration to cause inter-

ference with In 3039� Becaus e of this 9 i t  was decided to  

use Ga as  an internal s tandard for the �bove five elements o 

The elements Au� Ga , In and Tl all occurred after 

tube  number 30 in the extrac t i on traino If these  elements 

were to  be determined spectrographically9 then, in view of 

the necessity for a shing at 450 °0 , Tl c ould not be  det er-

mine d o  Also ,  s ince this is  the fraction c ontaining Fe 9 

enrichment will not be suffic ient t o  determine Auo The 

use of Cd as an internal s tandard for Ga and In was invest-

iga tedo  A matrix c ons i s ting of equal parts  of NaCl and 

Fe8 o3 was mixed with the above three elements and eleven 

replicate arcings made using the c ondi t i ons of Table  �6 . 

The intensities  and intensi ty ratios for the s e  

elements are shown in Fig o  1 6 .  Because of  F e  and 1'In 

interference with In 3039  and In 3256  respectively, In 

4511 was us ed .  The o ther spectral lines were Ga 2 943 and 

Cd 3 261 . The c oeffic i ents of  varia tion for the line pa irs 

In/Cd and Ga/Cd were 13 . 5  and 17 . 7  respect ivelyo Whil e  

these  intens ity rat i os are not highly reproducible i t  

was c ons idered that the preci s i on would nevertheless b e  

satisfactory for the purposes  o f  the inves ti ga tiono 
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After separa tion by dis c ontinuous c ountercurrent 

extraction and heat ing t o  remove the cyclohexanone tar ,  the 

fraction c onta ining Ga and In c ons isted principally o f  

Arc ing this res idue gave a c omplex spectrum ( due 

t o  the Fe ) with a · high backgroundo 

by mixing this res idue 1 : 1  with NaCl Q 

This was reduced 

Addi tion of  more 

NaCl reduced this even further but prevented the deter­

mination of Ga and In by lowering their c oncentrat ions too  

much o  The rat e  a t  which Fe 9 Ga 9 In and C d  evaporated  

from o. matrix of  1 : 1  NaCl : Fe2o3 was obtained and i s  s hown 

in Fig .  1 7 .  The spectrographic c ondit ions were tho s e  

given i n  Table  16 . The time required for complete  

volatilization of these  elements c o incided with the end 

of the characteristic  Na emis s i on in the arc . In all 

further work arc ing was s topped a t  this point t o  minimise  

Fe  emiss i on and to reduce background. 

( iv ) Fi nal procedure : 

Ten g .  of the rock were dissolved in 3N hydrochlor· 

i c  acid as  described above . This solution was chlorinated 

by bubbl ing 012 gas through illLti l  saturated, and was then 

extracted with cyclohexan one which had been pre-equil ib-

rated with 3N acid.  The amount of cyclohexanone was a d-

j us ted s o  tha t  at e quil ibrium the two phases  were of e qual 

volume � The organic layer was s eparated and taken a lmos t  

t o  dryness on a rotary evaporator a t  100 °0 under vacuum � 
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This procedure reduced the formation of the cyclohexanone 

tar to a minimum. The residue from this evaporation was 

dissolved in pre-equilibrated MIBK and 6N hydrochloric 

acid.  The volumes of both pha s es were adjusted t o  40 

mls and the mixtur e  chlorina t ed to ensure c omplete oxid-

a t i on .  The phases were s eparated and the a c i d  layer was 

made the aqueous phase  in the first two tubes of a c ounter­

current dis tribution apparatus ; the next 18 tubes contained 

6N hydrochloric acid  whic h had been pre-e quil ibrated w ith 

MIBK o The next 10 tubes  in the extraction train c ontained 

2N hydrochloric acid which had also  been pre-equilibrat ed 

with MIBK o The organic layer obta ined above c omp ri s ed 

the firs t two fractions of the organic phase  travelling 

along the extraction train . The organic pha s e  was MIBK 

which had been pre-equilibrated with 6N hydrochloric a c id o 

S ince the phases  in the first two tubes were already in 

equil ibrium� the equivalent of two inversi ons had a lready 

taken place  and a further 68 equil ibrat i ons were carried  

out . 

The �a terial in the apparatus a t  the end of the 

s epara t i on �  was divided into two fracti ons � Fraction � 

c ontained all the material in tubes number 1 t o  30 and 

fraction 2 all in the remaining tubes . To  fraction 19  

20 mg of NaCl aDd 1 ml of a Ga internal s tandard s oluti on 

were a dded and the mixture taken t o  dryness o Fraction 2 

was mixed w i th 1 ml of a Cd internal s tandard soluti on and 



taken to  dryness o The residue fr.om both fractions was 

ashed at  450 °C . The material from fraction 1 was loaded 

directly into an elec trode and arced while that from 

fraction 2 was mixed 1 : 1  with NaCl before arcingo 

Two s eries  of w orking curves  were prepared for 

matrices  corresponding t o  fractions 1 and 2 .  Tho s e  for 

fraction 1 were prepared by duplicate  arcings of known 

amounts of the elements As 9 Bi 9 Cd � Sb 9 Zn in NaCl 

together with 1 ml of the Ga internal s tandard s olution . 

Those  for fraction 2 c onta ined the elements Ga and In 

in a 1 : 1  mixture of Fe2o3 and NaCl together with 1 ml o f  

the C d  interna l s tandard soluti on o  Duplicate arcings 

were made for thi s  fraction als o o  Using the same procedure 

a s  outl ined in Part I I I  (b ) ,  the concentrat i on of tra.c e  

el ements found i n  the rocks was obtained . The spectra-

graphic condi tions were the same as  used in the study of 

the lake wa ters and are given in Table  16 .. 

(v)  The use of a tomic absorpti on techniques o 

Although the technique of a t omic absorpti on 

spectrometry ha s been used extens ively in the last  decade 9 

v ery little use has been made of i t  in geochemical ana lysi s . 

The theory of the technique i s  c omprehens ively discus s ed 

by Walsh ( 1961 ) 9  while Gilbert ( 1 963 ) and David ( 1 964 ) 

give extens ive r eviews of applications and developments 

respectively. Trent and Slavin ( 1964 ) have determined 
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the ma j or elements in the s tandard grani t e 9  G-1 and diabas e 9  

W-1 (Fa irba irn e t  a l . 9  1 951 ) by a tomic absorption spectr o­

metry. Billings e t  a l .  ( 1 9649 196 5 ) have determined 

c erta in maj or and trace  e lements in geological material 

by this technique . It ha s also  been applied t o  the det er­

mina tion of Ag in PbS concentrates (Rawling et a l . 9  1961 ) 9 

Fe , Mn9 Ni , Zn and Cu in s ea water ( Fabricand et a l . 9  1962 ) ,  

Cu in s ea wa ter ( W�agee: and Rahman9 1965 ) 9 Na and Mg in 

carbonaceous rocks (Rubeska et al . 9  1 963 9 1 965 ) ,  Cu and 

Zn in s ilica tes (Bett 9  1964 )  and Sr in rock phosphate  

(David9 1962 ) .  

At the c onclusi on of the experimental w ork de­

tailed in the preceding sections 9 an a t omic abs orpt i on 

spectrometer became ava i labl e  at this laboratoryo It 

was therefore dec ided to investigate  whether extraction 

from 3N hydrochloric acid  s o lution int o  cyclohexanone foll­

owed by ana lys is of the organic extrac t  by a tomic absorp t i on 

spectroscopy would provide a rapid and simple  method for 

the ana lysis  of tra c e  elements in r ocks o 

Of the elements c onsi dered in this s tudy9 the 

only ones for which geochemical applications of atomic 

absorpti on have been made are Zn and Cd (Bet t 9  1 964; 

Billings and Adams 1 1964 ) . Enrichment by solvent extract­

i on pri or t o  analysis  by a tomic absorption has been us e d  

i n  the pas t . Almos t  invariably however , the elements 

have been extracted by ammonium pyrrolidine dithiocarbama t e  
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It was therefore c onsidered worthwhile  to in-

vestigate  whether the cyclohexanone/hydrochloric acid extract­

i on sys t em developed her e 9  c ould be a us eful alternative 

a s  an enrichment technique for atomic abs orption analys i s o 

Ten grams of rock were dissolved in 3N hydro­

chloric acid as  described previously and oxidised by sa tur­

ation with chlorine gas .  The soluti on was then extra c t ed 

with cyclohexanone which had been pre-equilibra ted with 

3N acid . The volume of cyclohexanone was adjusted s o  t ha t  

the ra t i o  of the volumes  o f  the organic to  aqueous pha s e s  

was 1 : 5 o  The organic phase  was separa ted9 filtered to  

remove any res idual droplets of water and aspirated into 

the flame of a Techtron AA-3 atomic abs orption spectro­

photometer . The elements s tudi ed and the operating 

c onditions are given in Table 24 . Working curves were 

prepared by diluting stock s o lutions of the elements in 

cyclohexanone sa tura ted w i th 3N hydrochloric  acid.  
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Tabl e  24 

Opera ting Condi tions for Atomic Abs orpti on Spectrometry o 

Element WavelS(ngth Slit Width 

l-1. 
Lamp Current 

( in A ) . 

As 
Bi 
Cd 
In 
Mn 
Sb 
Tl 

Flame 
Air pressure 

0 

A 

1 93 7  
2230 
2288 
3 040 
2795 
2176 
2768 

300 
50 

150 
50  

100 
100 
200 

12 
6 
4 
6 

10 
10 

4 

a ir/acetylene � nonluminous . 
15 p s L  

The light of  the absorbanc e pa th through the flame was 
adjusted to  give maximum absorpti on for each element . 

The hollow cathode lamps were made by Spec tral Atomic 
Lamps Inc . 9 Sydney .  

(b ) Results and Discus si on 

The c oncentrat i on of the elements Bi 9 Cd9 Ga 9 

Pb and Zn in a suite of 2 8  rocks is  given in Table 25 

t ogether with s emiquanti tative data for In . Table 26 

gives the locality deta ils of the rocks studi ed . Results  

for  the individual elements are dis cuss ed s eparately . 

Gallium 9  In and Zn were determined by the s o l-

vent extraction procedure us ing c ountercurrent dis tributi on 

for the s epara tion of  Fe with subsequent spectrographic 

analysis . Cadmium9 Pb and Bi were determined by atomic 

absorption analys i s  of the cyclohexanone extra c t  of 

solutions of the rocks . 



Table 25  

Concentrations of Certa in Metals in  Silicate o 

No . Rock type 

Standard Rocks 
1 .  Granite 9 G-1 
2 .  Sulphide 9 CAAS 
3 .  Syenit e �  CAAS 
4 .  Diabase 9 Vif-1 

Hew Zealand Rocks 
5 .  Granite-gnei s s  
6 .  Granite-gneiss  
7 .  Gneiss  
8.  Biotite-granite 
9 .  Ignimbri te  

10 . .Andesite  
11 . Porphyritic-horn­

13 . 
blende-andes i te 

Porphyritic-horn-

Ga 

8 
* 

8 
19 . 5  
15 . 5  
18 
1 6 . 5  
2 5 ., 5  

38  

blende-andesite  38  
13 � Gabbro 2 9  
14 . Olivine basalt 21 . 8  
15 , Peridotite (wehrlite) 4 , 3  
16 . Dunite 2 . 5 
17 .  Serpentine 0 . 9 

Antarctic Rocks 
1 8 .  Vida granite  
1 9 .  Vida granite 
20.  Vida granite  
21 ..  Microgranite  
22 . Micrograni te 
23 . Grani te 9 xenolith 

11 . 2  
11 .�  
27 .. 5 

22 

1 7  

Zn 

22 
281 
160 
130 

138 
94 

232 

280 

152 

242 
116 
130 
146 

Pb 

44 
1 92 
138 

11 

11 
* .-. ... 
* 
* 
15 

5 ., 6  

2 .. 7 
14 .3 
11 . 9. 

4 . 7 
5 . 7  

10 .3  

130 3 . 5  
4 . 6  8 . 8  

84 

116 

657 

10 . 8  
7 . 3  

24 , 
2 5;. 
26 . 
27 . 
28 . 

in part 
Granodiorite 
Lamprophyre 
Ferrar dolerite  
Basalt 

1 5 . �  412 

9 . 1  
8 ., 3  
7 . 4  

Peridotite  

below detect i on limi ts 
* not examined 

9 ,. 2  
5 9  

261 
2 96 

5 9  
11 . 9  

8 . 8  

Cd 

0 . 17 
0 . 78 
0 . 3 5 
0 . 40 

2 . 0  
* 

0 . 68 

0 . 18 
1 . 18 
2 . 26 
0 . 73 
0 . 16 
0 . 80 

0 . 18 
0 . 07 
0 . 06 
0 . 07 

18 . 8  

0 . 38 
0 . 27 
0 . 82 
0 .. 69  
1 . 05 
0 . 86 

Bi 

9 . 4  

9 . 5  
18 . 2  

9 ,. 1  
7 . 8  

13 .. 0 
11 . 3  

9 . 5  

* 
m 
* 
* 

h 
1 
1 
m 
m 
m 

m 

m 
m 
m 
m 

m 

1 
m 

m 
* 
m 

m 

h� m , l indicate high9 medium and l ow relative concentra t i ons 
of In respectively. 



Table  2 6  

Locality I.eta ils of Selected Rocks Us ed for the Investiga t i on .  

1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
11 

12 
13  
14 
15  
1 6  
17  

18 

19 
2 0  
21 
22 
23 

24 

25 
26  
27  

28  

Standard Rocks 

Granite , · G-1 
Sulphide , CAAS 
Syenit e ,  CAAS 
Diabas e ,  W-1 

New Zea land Rocks 
Granite-gneiss  
Granite-gneiss  
Gneiss  
Biotite  granite 
Ignimbri te 
Andesite  
Porphyritic-horn­
blende-andes ite  

l !  1 1  

Locality 

Wes terley7 Rhode I ,  U . S .A . *  
Fals onbridge 9 Ont ., 9 Canada. �;;*  
Bancroft Area , Ont . , Canada . ** 
Centerville , Va . ,  U . S .A .  * 

Charleston, Westland. 
Bull er Gorge , Wes tland . 
Milford Track, Westlando 
Wes t  Coa s t 9  Wes tland . 
l)Iara eta r Dam, Waikat'o <> 
Crater area , Mt � Egmont , Taranaki . 

Paritatu, New Plymouth, Taranaki . 
11 11 l r  

Gabbro Southend, Longwood Range, Southland 
Olivine basalt Auckland . 
Peridotite  (wehrlite ) D ' Urville Is . ,  Nelson .  
Duni t e  Dun .t1ounta iJ:l, Nel s on .  
Serpentine Upper Takaka Valley, Nelson .  

Antarctic  Rocks . 
Vida granite 

Vida granite  
Vida granite 
Microgranite  dyke 
Microgranite dyke 
Granite , xenolith 
in part 

Granodiorite 

Lamprophyre 
Ferrar dolerite 
Basalt 

Peridotite  

Middle Taylor Valley, above Lake 
Bonney o 
Near Lake Vida , Victoria Valley 
Upper Taylor Valley 
Lower Taylor Valley, Mt . Coleman . 
Lower Taylor Valley, Mt . Coleman . 

From near conta c t ,  Pluto Peak, Lower 
Taylor Valley.  
Lower Tayor Valley, near Cow"""'Ilonweal th  
Glacier . 
Taylor Valley.  
Middle Taylor Valley ., 
Black Is 0 9  near Mt . Nubian, Mciviurdo 
Sound . 
Between Suess and Canada Glaciers , 
Taylor Valley . 

* (Fairbairn et  al . ,  1 951 ) 
* * ( Canadian Associa tion for Applied Spectroscopy, 1961 ) 
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Gallium 

The �irst  ma j or s tudy on the geochemical behav-

i our o� this element was reported by Goldschmidt and Peters 

( 1931 ) a Shaw ( 1.957 ) has r eviewed all work on Ga undertaken 

prior to 195 7 .  Because o �  the similar s i z e  and charge o� 

Al and Ga � the Al/Ga ratio  was believed to  be  relatively 

c onstant (Nockolds and Mitchell, 1948 ) but more recent work 

has shown tha t this ratio  decreases  in suc c e s s ive di��erent-

iates (Borisenok9 1 95 9 ; Borisenok and Taus ony 1 95 9 ;  

Boris enok and Zlobiny 1 95 9 ;  Boris enok and S�ukor 9  1 960 ) . 

Rooke ( 1964 ) has also shown tha t the Al/Ga rat i o  

i s  not c onstant in a s eri e s  o� a cid igneous rocks . She has 

shown that the best  relationship i s  between Ga and Na/ (Al + 

Fe3 + ) . All the above data show a rela tive enrichment o� 

Ga in the later di��erentiates a c companying the increas e  of 

Al in these rocks . This trend i s  apparent in the data report-

ed herey  with the bas i c  and ultrabas i c  rocks having a gener-

a lly lower c oncentration o� Ga than the a cidic rocks . The 

Ga c oncentration o� 57ppm in the Antarctic  peridotite  i s  

exc eptionally high �or this r o c k  type . The values o� 4 . 3  

and 2 e 5  ppm Ga in the New Zealand peridotite  and duni t e  are 

similar to  values reported by Shaw (1 95 7 ) and Borisenko ( 1 963 ) 
�or these rock type s . No Ga �igures �or s erpentine appear 

to have been reported previously and the value given here 

o� 0 , 9  ppm is  o� the order expected �or such a minera l . 

0� the �our s tandard rocks only the CAAS 

sulphide was examined �or Ga and the value o� 8 ppm obta ined 
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i s  within the range of values reported by Weber ( 1965 ) and 

close  to the mean of l3 ppm. 

In his recent estimate  of crus tal abundances  of 

the elements Taylor ( 1964 ) calcula ted the average concentrat­

i on of Zn to be 70 ppm w i th 100 and 40 ppm in ba salts and 

granites respectively. This i s  l ower than the value of 80 

ppm obtained by Sandell  and Goldich ( 1 943 ) but higher than 

the es timate  of 40 ppm made by Clarke and Was hington ( 1 924 ) . 

VVedepohl ( 1 953 ) using a double-arc technique 9 obtained 

values of 118 and 45 ppm respectively for the c oncentrat i on 

of zinc in bas i c  and acidic rocks . Assuming a 1 : 1  proport­

i on of bas i c  to  a cidic rocks ( Tayl or �  1 954 ) this gives an 

estimated abundance of  80 ppm Zn which is s l i ghtly higher 

than that of Taylor . 

Z inc has an i oni� radius very similar to  tho s e  

elements in the magneaium-iron group and therefore tends t o  

replace F e  and Mg i n  the ferromagnes ium mine�al s , s o  concen­

trating in the more bas i c  rocks . While the values reported 

here are 9 on the average 9 slightly higher than would be 

expec ted from tho s e  of other workers 9 they show this trend 

quite  clearly . The s e  higher values c ould be purely region­

a l �  s ince Rader et al . 9 ( 1 963 ) have shown large local variat­

i ons in Zn c oncentration f or basalts from the same area b 

The exc eptionally large amount of Zn in the 
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Antarctic granite-xenoli th c ould poss ibly be  a s sociated w i th 

the rela tively high concentration of this element in Lake 

Hoare nearby.  The c omparat ively high c oncentrat i on of 

Zn in the lamprophyre c ould b e  assoc ia ted with the presence 

of the ferromagnes ian mineral s  pre s ent in these  rocks . 

Z inc was e s tima ted in all four s tandard rocks o 

The value reported for G-1 i s  much lower than that recommen­

ded by Flei s cher ( 1 965 ) but within the range of concentra t-

i ons reported by the latter . The value for W-� is  higher 

than that recommended by Fle i s cher o The agreement of the 

va lues for the CAAS syenite  and sulphide with those  reported 

by Weber ( 1965 ) i s  cons idered to  be very satisfactory . 

Lead:  -
The first e s t ima te of the abQ�dance of Pb was 

made by Clarke and Steiger ( 1914) . They sugges ted a value 

of  7 . 5· ppm but later workers showed this t o  be l ow o  Clarke 

and Washington ( 1 924 ) gave an estimate of 20 ppm as the 

average amount of this meta l ; von Hevesy ( 1 932 ) found 

16 ppm Pb while  Sandell and Goldich ( 1 954 ) reported an 

average of 14 ppm Pb in 54 North Ameri can rocks . The 

mos t  recent e s timate of the crustal abmLdance of Pb i s  

that o f  Taylor ( 1965 ) who recommended a value of 12 . 5  ppm 

based  on basalt and granite  c oncentrat ions of 5 and 20 

ppm respectively ( Turekian and Wedepohl 9 1961 ) .  

Lead i s  both chalco�Jhilic  and li  thophilic  and 
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becaus e of the s imilarity of the radius of Pb

2+ with K+ � 

t ends to concentrate in the lat er fractions of magnet i c  

differentia tion .  Sandell and Goldich ( 1 943 ) reported tha t  

the lead content of a s eries of volcnnic s  rose  from 8 t o  

20 ppm going from olivine basalt t o  rhyolitic  obs idian � 

Wedepohl ( 1955 ) reported a similar trend which is  also  

reflected in  the da ta for the granite  G-1 and the diabas e  

W-1 . The former c ontains 49 ppm Pb in c ontrast  to 8 ppm 

Pb in the latter . Gavrilin and Pevtsova ( 1 963 ) reported 

an oppos ite  trend apparent in the intrus ive pl�ses  of the 

Ezyl-Ompul mas s if with Pb enriched in s yenites  relative t o  

granites . 

The values for the c oncentration of Pb in the 

sui te of New Zealand and Antarctic rocks as  reported her e ,  

show no dis cernable trend. Sahama ( 1 945 ) has shown tha t  

granites o f  s outhern Lapland have Pb contents ranging from 

9 to 2 7  ppm .. Putman and Burnham ( 1 963 ) have also  shown 

that minor element c ompos i t i on varies  as  much within one 

rock type as between different rock type s . The difference 

between the c oncentration of Pb in granite and ba salts  i s  

relatively small ( Turekian and Wedepohl 9 1 961 ) s o  tha t the 

number of samples c onsidered here may not be suffic i ent 

to show any trend . 

With the exc epti on of the value reported her e  

for the CAAS syenite ,  the agreement between the recommended 

value s  for Pb in these  rocks (Weber9  1965 ; ' Fleischer , 1 965 ) 
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i s  very sa tis�a ct ory . The value reported here for Pb in 

syeni te is probably too  l ovv- .  

Cadmium � 

Rela tively little data are availabl e  in the dis-

tributi on o� Cd in igneous rocks . 'I'he �ir s t  estimat e  of the 

abundance of this element was made by Washington and Clarke 

( 1 924 ) who sugges ted a c oncentration of  from 0 . 1 t o  � ppm . 

ba s ed on indirect  evidence .  Goldschmidt ( �938 )  has e s t imated 

also  indirectlyp a value of 0 . 5  ppm . The earli e s t  reliable 

estimates are tho s e  of Preuss ( 1 941 ) who gave c oncentra ti ons 

of  0 . 2  and 0 . 02 ppm for acid  and bas i c  rocks respectively� 

and Sandell and Goldich ( 1 943 ) who estimated concentrat ions 

of O o 14 and O c 19 ppm for the s e  rocks respectively . Vincent 

and Bilefield ( 1 960 ) have given values of 0 . 36 and 0 . 1 1  

ppm for the c oncentra t i on o f  Cd in acid and basic  rocks 

whereas Brooks and Ahrens ( 1 961 ) have est.imated c oncentra t­

i ons of 0 . 06 and 0 . 11 ppm Cd in a cid and ba sic  igneous 

r ocks respectively o Brooks e t  al . ( 1960 y 1 96� ) reported 

a higher Cd c ontent in bas i c  rocks than in acidic r ocks . 

While thi s was originally sugges ted as  due to  substitution 

of Cd2-¥ for ca2+ ( Sandell and Goldichy 1 953 ; Goldschmidt , 

1 954 ) this has been shown t o  be  unlikely (Brooks and Ahrens y 

1 961 ) .  

The data for Cd reported here are higher than 

any reported previously for s imilar mat eria l , but the trend 
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for increased Cd in the more bas i c  rocks i s  readily apparent 9 

especially in the Antarctic rocks o The value of 18 o 8  ppm 

for the Antarctic  microgranit e  i s  exc eptionally hi gh, 

especially in vi ew of the l ow Cd concentrat i.on in a s i milar 

rock from the same area o Sandell and Goldich (1943 ) 

e s t imated the Zn/Cd rat i o  t o  be  500 o The author ' s  figure s  

average about 550  which is  close  t o  that of Sandell and Gold­

ich but l ower than tha t  sugge sted by Mookher j ee ( 1961 ) and 

Rankama and Sahama ( 1950 ) .  

It has been poss ible  to  determine Cd quanti tat­

ively in the four s tandard r ocks . VVhile the Cd reported 

here for G-1 i s  relatively high compared w i th values report­

ed by Fleischer and Stevens ( 1962 ) 9  the value for W-1 i s  

c ohsidered t o  b e  very satisfactoryo. No value for Cd in 

the CAAS sulphide has been reported previously.  The 

only other value for Cd in the CAAS syenit e  was determined 

by atomic abs orption spe c tr ometry (Weber9  1 965 ) and i s  

c onsiderably higher than that reported here o In view of 

the Zn c oncentration of approximately 2 00 ppm in this r ock9 

the value reported here i s  mos t  probably a better estima te  

of  the Cd c oncentrat i on than that quoted by Weber . 

Bismuth: 

The fir s t  direct  determinations of Bi in 

s il i ca te rocks were r eported by Brooks et a l . ( 1960 ) 

a lthough Ehmann and Huizenga ( 1959 )  had determined· Bi i n  5 

c ondrites . The former sugges ted a magnitude of 0 4 2  ppm 
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Brooks and Ahrens ( 1 961 a ) in an analys i s  of 44 Afri can 

rocks confirmed this rnagili tude and, assuming a 2 : 1  acid­

basic  rock rat i o 9  suggested a crustal abundance of O o 17 

ppm .. This la tter worlc appears t o  be the only defini tive 

s tudy on the abundance of Bi in silica t e  rocks . I t  was 

originally a ssun1ed that a Bi3 + - ca2+ substituti on c ould 

take place in apatite  ( Goldachrnidt p 1 954 ) but there appears 

to be no evidence for this (Brooks and Ahrens , 1 961 a ) o  

The latter showed a very s trong enrichment of Bi and Tl in 

the earth ' s  crust and Brooks ( 1961 ) has shown an apparent 

c orrelation between Bi and Tl . 

The values for Bi reported here are more than a 

fac tor of 10 greater than thos e  repm"ted by other ·workers 

and are unl ikely to  be a ccura te e s timates  of the Bi c ontent 

of these rocks .. These values were obtained by a tomic 

abs orpti on spectroscopy and there i s  the pos s ibility of 

interference from some other element o This pos s ibility 

was inves tigated but no c onclus ive evidenc e vra s obtainedo  

The values for  the Bi  c ontent in the four 

standard rocks as  reported here appear t o  be too  high .  The 

data for G�1 and W-1 are an order of magnitude greater 

than all data reported by Fle i scher ( 1965 ) and Fle i scher 

and Stevens ( 1962 ) . The mean of all e s timates  of Bi in the 

CAAS sulphide i s  5 ppm (Weber,  1 965 ) as compared with 1 1 e 2  

ppm reported here 4 The only two values reported for the 
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CAAS sulphide are 0 .  2 5  anc1 5 ppm (Weber, 1965 ) .  The value 

reported here for this rock is in satisfactory a greement 

with the second of the s e  determinations o 

Other elements : 

It was not :possible to obtain reproducible  

results  for the spectrographic deterr::ina tion of  In s o  tb.a t 

s emiquantitative data only are pre s ented in Table 24 . 

Both In o.nd Tl were examined by a tomic aos or:Jtion s::_Jectros c opy 

but could not be det8,�: t e d  in any ot the samples . . Al t:tough 

Mo c ould be detected using this latter t echnique , the 

values obtained were very l ow 5  due t o  Fe int erference 

( Mos tyn and Cunningham� 1966;  David9 1961 ) and are not 

reported .. When us ing a tomic absorption s:pectrometry 

of the cyclohexanone extrac t  for s tudying the rocks 9 abs orp­

tion c orresponding to As and Sb was detected but the values 

for the c oncentrations thus obtained were so hi gh tha t  the 

abs o rption mus t be  attributed t o  interferenc e .  It was not 

:possible to  find the s ourc e  of this interference .  
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From the s tudy undertaken and reportec1 in this 

thesis  it  has been demonstrated tllat solvent extraction 

provides a sati sfa ctory method for enriching trace  elements 

in geologi cal ma terial prior t o  spectrographic analysi s  and/ 

or analys i s  by atomic abs orption spectrometry o The cyclo­

hexanone/hydrochloric acid system developed here i s  not 

very satisfactory for material c ontaining a high or relatively 

high c oncentra t ion of Fe , due to  eo-extraction of thi s 

element with the tra c e  elements . Under the s e  condit i ons 

it is neces sary to s eparate  the Pe after extraction and 

pri or to  spectrographic ana lys i s o This has been accomplished 

relatively sati sfactorily by the us e of liQuid-liQuid9 

dis continuous , c ountercurrent s ol vent extraction · · ·  · · ·  

w i th the methyl i sobutyl ketone/hydrochloric acid extra c t-

i on system.  If the material is  to  be ana lysed by atomic 

abs orption spectrometry� it  i s  not neces sary t o  s eparat e  the 

Fe previously, provided that this element doe s  not interfere 

in the determination .  

However9  the use o f  the cyclohexanone/hydro chlor­

ic acj.d extra c t i on system c oupled with spectrographic ana lys is 

provides a perfec tly sa tisfa c t ory and rapid techniQue 

for the determination of trace  e lements in material c ontain­

ing relatively l ow c oncentrat ions of Fe , as has been demon­

s trated in the s tudy of the JLntarctic lake waters o 

Since both batch extraction and dis continuous 

countercurrent liQuid-liQuid extraction have been used 
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extens ively in the work report ed here 9 i t  may b e  advantag­

e ous t o  c ompare the rela tive merits of the two systems o 

In this s tudy9 discontinuous c ountercurrent extraction has 

been us ed for the s eparation of  interfering elements after 

batch extracti on .  When large volumes are t o  b e  extracted9  

batch extraction i s  more sat i sfactory than c ountercurrent 

distributi on because of the limitation on the number of  

the tubes which may be o c cupi ed by the s o luti on of  the 

sample in the la tter technique . Other advantages of 

bat ch extracti on in c omparison with c ountercurrent techniques 

are : ( i ) speed9 

( i i ) the s implicity  of the equipment required9  

( i i i ) the sma ller volumes of s olvents involved . 

If a substance i s  pres ent in a c oncentra t i on 

s uch that only modera te enric�ment i s  required for its  deter­

mination but is interfered w i th by s ome o ther material 9 then 

c ount ercurrent extraction i s  very useful . In this ca s e  

i t  i s  often pos s ible t o  s eparat e  ei ther the material t o  

b e  analysed o r  the interfer ing substance by the us e o f  this 

method . Cohen9 Brooks and Reeves ( 1966 ) have s eparated  

U and Fe  from Be  and the rare earths in  uranium mineral s  

b y  the use of  this technique o If 9 however 9 very high 

enrichment fac tors coupled w i th s eparation of eo-extrac t ed 

species are required9 then batch extraction used in 

c onjLmction with c ountercurrent dis tributi on is invaluabl e . 

A very valuabl e  func tion · Of dis continuous c ounter-
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current extraction� e spec ially when c oupled with spectro­

graphic analysis  is  the a·oili ty to  determine simultaneously 

the extraction characteristics  of a large number of ele m­

ents in a s olvent sys temo 

The three  principal methods of enrichment prior 

to spectrographic ana lys i s  are solvent extractiony  ion 

exchange and eo-precipitation . If enrichment pro c edure s  

are to  b e  us ed9  i t  is  des irable t o  c oncentrat e  the tra c e  

e lements into as  small a volume a s  possibl e , thereby ga in-

ing maximum enrichment and c orres9ondingly greater s ens i ti�ty� 

Since eo-precipitation generally involves pre c ipitating the 

tra c e  elements in c onjunction with one of the more abundant 

e lements pres ent 9 enrichment is  not as high as can be obtained 

by either s o lvent extraction or i on exchange . These  two 

latter techniques are therefore preferable if maximum s en­

s itivity is t o  be  obtained .  

Ton exchange enrich.t11ent techniques have been 

appli ed to  the spectrochemical determination of trace 

e lements in silicate  rocks o Ahr ens 9 Edge and Brooks 

( �963) )  have published a c omprehensive s cheme for s ilica t e  

analys is  bas ed almo s t  exclus ively on the us e of i on exchange 

prior to spectrographic analys i s o Brooks ( 1 960 ) has 

s tudi ed the adsorption of  the chl oro-complexes of  a number 

of metal s  on to  an anion exchange resin from hydrochloric 

a c.id and applied thi s  to  the spectrochemical determina t i on 

of  trace  elements in silicate  r ocks . The work reported 
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here was an extension of the above study into the s o lvent 

extraction of s imilar sys tems . It is therefore poss ible  

to  make tentative compari s on of  the two enrichment techni ques 

when used prior to s;;:>ectrographic analysis " 

As an enrichment t echnique 9 s o lvent extra ct i on h�s a number 

of  advantages over ani on exchange : -

( i ) The equipment required for solvent extra ct­

i on is  s impl er than that required for i on exchange . In the 

syst em studied here ,  the us e of a c ountercurrent extra c t­

i on apparatus. was necessary to  enable  Zn t o  be  determined 

in silicate rocks o This i s  a consequence of the solvent 

and ligand used and such s ophi s ticated e quipment is not 

necessary for all extraction sys t ems . For example 9 

Brooks ( 1961 ) and Brooks and Ahrens ( 1961 b ) have determined 

In and Tl in s ilicate rocks by extraction of their iodo­

c omple.X.es into ethyl ether with spectro graphic analys is ¥ 

Any Fe tha t  wa s coextracted was s eparated by a s econd ex­

tra ction s o  that the technique was essentially a simple  one . 

( i i ) Purification is  much s impler for solvent 

extracti on than for i on exchange 9 it  being much eas ier to 

remove elements from a solvent by distillat i on than by elution 

from a resin.  

( i i i ) Solvent extra ction is  at  present more 

versatile , in that a wider range of solvents and ligands are 

avai lable  compared with i on exchange " However9 the vari ety 

of resins available is increa s ing with the development of  
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chelating resins ( Schmuckler 9 1 965 ) . The use of non-

a queous. s o lvents as eluting agents for ion exchange res ins 

i s  also increas ing the versatility of this technique 9 

( iv ) It i s  often difficult to remove a very 

strongly bound element from an i on exchange re·;..: ino  In 

s olvent extraction this can frequently be overcome by evap­

oration of the solvent . The use of organic s olvents a s  

eluting agents may overcome this problem to  a c ertain 

extent in ion exchange o 

(v ) Solvent extraction i s  generally more ra.pid 

than ion exchange ; only minute s  being required for the former 

whereas it  may take hours to  effect c omplete  elution from 

a column ., 

The ma j or disadvantages of s olvent extraction 

a s  an enrichment procedure c ompared with ion exchange are : 

( i ) it  is often advantageous to  be able to . ·  

s electively elute elements from an ior_ exc:m·nge resin . 

This normally cannot be done with s olvent extraction unless  

dis continuous COQDtercurrent dis tribution systems are  to 

us ed o The apparatus required for the latter technique 

is far more s ophi stica ted than that required for ion exchange 

s o  tha t  tigo of the princ ipal advantages of solvent extra c t­

i on9  viz o  simpli city and speed are los t o  

( i i ) In general 9  dis tribution coefficients are 

c onsiderably higher for ion exchange res ins than for 

c omparable  s o lvent extra c t i ons s ystems . 
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If a s olvent extraction syst em c ould be  devel­

oped that i s  capable of s epara t ing the trace  elements in a 

s olution of a s ilicate rock from all the macro-elements 9  

then this sys t em9  c oupled with spectrographic analys i s 9  

would provide a very powerful tool  for trace  element det er­

mination in geochemi s try . 

The work report ed in this the s i s  was an a t t empt 

to  find such a sys tem. In tha t  it  proved pos s ible to  

determine a number of  trac e  elements in nmt erial 

c ontaining only minor amounts of Fe and c er tain elements  

in  material c onta ining relatively high c oncentrations o f  

Fe 9 it  was successful o 



REFERENCES 



143 � 

Ahr ens , L .  H .  ( 1 945 ) 

D . S c .  Thesis , University o f  Pretoria . 

Ahrens , L .  H .  ( 1 957 ) 

i n " Pr o gr e s s  in Physic s and C hemis try o f  the  Eart h" 

Vol . 2 ,  P ergam on Pr ess , Lond o n .  

Ahr ens , L .  H . , Edge , R . A .  and Bro oks , R .  R .  ( 1 963 ) 

Anal . C him . Ac t a .  28 , 551 . 

'
Ahr ens , L .  H .  and Lieb e nb er g ,  W .  R .  ( 1 946 ) 

Trans . G e ol . S o c . S .  AI �  49 , 1 33 .  

Ahr ens , L .  H .  and Tayl or , S .  R .  ( 1 960 )  

S p e c t r o chemic al Analysis , Addison Wesl ey Pr e s s , 

Cambrid ge , Mas s ,  

And er s o n , J .  W .  ( 1 95 6 )  

Appl . S p e c tr o s c . I O , 1 95 .  

Angina , E .  E .  and Armitage , K .  B ,  ( 1 963 ) 

J .  G e ol . 1J. ,  89 . 

Angina , E .  E . , Armitage , K ,  B .  and Tash , J .  C .  ( 1 962 ) , 

S c i e nc e .  1 38 ,  34 . 

Angina , E .  E . , Armitage , K .  B ,  and Tash , J .  C .  ( 1 964 ) 

Limnol . Oc ean o g ,  2 ,  207 . 

Angina , E .  E . , Armitage , K ,  B .  and Tash , J .  C .  ( 1 96 5 )  

Univ . o f  Kansas  S c i . Bull . 55 , 1 097 . 

Armitage , K .  B .  and Hous e , H ,  B .  ( 1 962 ) 

Limnol . Oc ean o g .  1 ,  36 . 



144 a 

Arrak , A .  ( 1 962 ) 

Appl . S p e c t r o s c . 1§ ,  1 24 . 

Babko , A .  K . , Shevc huk , I .  A .  and D egtyar enko , L .  I .  ( 1 963 ) 

Trudy Komiss . Anal . Khim . , Akad . Nauk SSSR , 1 4 , 

1 48 . 

B el t , C .  B .  ( 1 964 ) 

Ec on . Geol . 59 , 240 .  

Blundy , P .  D .  ( 1 958 )  

Analyst 83 ,  555 

Bol 1 s hakov , K .  A .  and S er gako v , G. V. ( 1 96 1 ) 

Zh . Priklad . Khim . 34 , 1 02 1 . 

Boris e nko , L .  F .  ( 1 963 ) 

Ge okhimiya , 7 46 . 

Boris enok , L .  A .  ( 1 959 ) 

Geochemis try , 62 .  

Boris enok , L .  A .  and S aukov , A .  A .  ( 1 960 ) 

XXI I nt . Geol , C on gr . , part 1 ,  9 6 . 

Boris enok , L .  A .  and Tau s on , L .  V .  ( 1 959 ) 

Geoc hemist ry 1 78 . 

Boris enok , L .  A .  and Zlobin , B .  I .  ( 1 959 ) 

Geochemistry , 6 1 2 .  

Boswell , C .  R .  and Brooks , R .  R .  ( 1 964 ) 

Anal . C him . Ac t a .  33 , 1 1 7 .  

Boswell , C .  R .  and Bro oks , R .  R .  ( 1 965a ) 

Appl . S p e c t r o s c . j2 ,  1 47 .  

r? , fl l:... � s  " � . J(.  ( r t; b'?) 
/-1 +" "" ' �  A J, s .,  ... r + ' �""' 1\1-e .... s l-e#ev- L,- )  ) I "'!.  

11-v-lt< ""'- 5  3" . 1-l . t;  ( t '[ {, ft) 
Pe v- k. ,:... /:; lw-� .­

g I i /, ;;..1!. .) C->r . I ( . V. "' v-< 
P� ..-h_ , :,.  1; / vv- e .r  

• > • AI-€ s l-e !fe >" "'!. 3  I ,A f-vvv. u .. 4 bS t> >'" p "f1 o V\  w -j 



145 o  

Boswell , C .  R .  and Brooks , R .  R .  ( 1 965b ) 

Mikrochim .  Acta , 8 1 4 .  

Bradis , A .  V . , Venedikt ov , T .  M .  and Malinovskii , V .  S .  

( 1 96 1 ) 

Tr . Kalininsk Med . Inst . ,  43 . 

Bronsht ein , A .  N .  ( 1 962 ) 

Byull . Nauch .  T ekh . Inform . Min . Geol . i Okhrany 

Nedr SSSR , i_
-

5-6 ( 39 -40 )_/ , 1 23 .  

Brooks , R .  R .  ( 1 96 0 )  

Ph .D . Thesis , University of  Cape T own . 

Bro oks , R .  R .  ( 1 96 1 ) 

Anal . Chim . Act a .  24 , 456 . 

Bro oks , R .  R .  ( 1 965a ) 

Talanta _g ,  505 . 

Brooks , R .  R .  ( 1 965b ) 

Talanta ..:!£ ,  51 1 .  

Bro oks , R .  R .  ( 1 965c ) 

Geochim . C o smochim . Acta 29 , 1 36 9 .  

Bro oks , R .  R .  and Ahrens , L .  H .  ( 1 96 1 a )  

Geochim . C o smoc him . Ac ta , 23 , 1 00 .  

Bro oks , R .  R .  and Ahr ens , L .  H .  ( 1 96 1 b )  

Geochim . C osmochim . Acta 23 , 1 45 .  

Brooks , R .  R . , Ahrens , L .  H .  and Taylor , S .  R .  ( 1 96 0 )  

Geochim . C osmochim . Acta � '  1 62 .  

f;rvoks , JZ . rz . � I-'. A  l?, os �-v e /1.) c . rz .  ( ' / &et )  
AV\v- 1 .  C "' ' ""' · A c f-c;... .. 3 2  3 39 - )  I 



Brubaker , c .  H .  and Johns on , c .  E .  ( 1 959 ) 

J .  Inor g .  and Nucl ear C hem . 12. ,  1 1 9 .  

Bus ev , A .  I .  and Borzenkova , N .  P .  ( 1 96 1 ) 

Zavod . Lab . 27 , 1 3 .  

C anad ian As s oc iation f or Appl ied Spec tros c opy 

Appl . Spec t r os c . 12 ,  1 59 .  

C l arke , F .  W .  and S t e iger , G .  ( 1 91 4 )  

J .  Was h .  Acad . S c i . � '  58 . 

C l arke , F .  W .  and Was hingt on , H .  S .  ( 1 924 )  

U .  S .  Geol . Surv . Pr o f .  Paper 1 27 . 

( 1 96 1 ) 

C ohen , N .  E . , Bro oks , R .  R .  and Reeves , R .  D .  ( 1 965 ) 

in pr es s .  

C ol l ins , A .  _G . and P ears o n , C ynthia , A ( 1 964 ) 

Anal . C h em . 36 , 78 7 .  

C rai g ,  L .  C .  and Craig , D .  ( 1 956 )  

1 46 o 

Tec hnique o f  Organic Chemis try , ed . A .  Weiss b erger , 

Vol . 3 ,  I n t er s c i enc e ,  N . Y .  p .  1 7 1 . 

C rai g ,  L .  C .  and Post , C .  ( 1 949 ) 

Anal . C hem . � '  500 . 

C r o s swhit e ,  H .  M • .  and D i eke , G .  H .  ( 1 953 ) 

Bumbl eb e e  S eries  Report No . 202 , John Hopkins 

Univ ersity . 

C ur t is , P .  G .  ( 1 96 1 ) 

Min . Hag . , L ond on 1 05 ,  2 1 . 



David , D .  J .  ( 1 96 1 ) 

Analyst 86 , 730 . 

David , D .  J .  ( 1 962 ) 

Analyst 87 ,  576 . 

David , D .  J .  ( 1 964 ) 

Spectrochim .  Ac ta . 20 , 1 1 8 5 .  

D ean ,  J .  A .  a.nd Beverly , M .  L .  ( 1 958 ) 

Anal . Chem .  3 0 , 977 . 

Degtyareva , 0 .  F .  and Ostrovskaya , M .  F .  ( 1 963 ) 

Zhur . Anal . Khim . 1§, 245 .  

D e  Villiers , S .  B .  ( 1 962 ) 

Rep . Suid-Africa D ept . Mynwese , Ann . G e ol . 

Opname 1 ,  1 97 .  

Diamond , R .  M .  and Tuck , D .  G .  ( 1 960 ) 

Frog .  Inorg� C hem . g ,  1 09 .  

Dieke , G .  H .  and Crosswhit e ,  H .  M .  ( 1 943 ) 

J .  Opt . Soc . Am . 33 , 42 5 .  

Dolukhanovo , N .  I .  and Grigoryan , L .  A .  ( 1 96 1 ) 

I zvest . Akad , Nauk Army an SSR , Geol . 

Geogtaf . Nauk . J.:t ,  57 . 

Durum , W .  H .  and Haffty , J .  ( 1 96 0 ) 

u .  s .  Geol . Surv . C irc . 445 .  

Durum , w .  H .  and Haf fty , J .  ( 1 963 ) 

G eochim .  C o smochim . Ac ta  27 , 1 .  

i 

147 0 



Edge , R .  A . , Brooks , R .  R . , Ahrens , L .  H .  and 

Amdurer , S .  ( 1 959 ) 

Geochim . C osmochim . Ac ta  j2 ,  337 . 

Edge , R .  A . , Dunn , J .  D .  and Ahrens , L .  H .  ( 1 962 ) 

Anal . Chim . Act a , 27 , 551 . 

Ehmann , W .  D .  and Huiz enga , J .  R .  ( 1 959 ) 

Geochim . C osmochim . Ac ta  j1, 1 .  

Eriksson , E .  ( 1 959 ) 

T ellus .J..1 , 37 5 .  

Eriksson , E .  ( 1 960 ) 

T ellus 1 2 ,  63 .  

Fabricand , B .  P . , Sawyer , R .  R . , Ungar , S .  G .  and 

Adl er , S .  ( 1 962 ) 

Geochim . C o smochim . Acta  26 , 1 023 . 

Fairbairn , H .  W .  et al . ,  ( 1 95 1 ) 

U .  S .  Geol . Survey Bull . 980 .  

Fl eischer , M .  ( 1 96 5 ) 

Geochim . C osmochim . Act a  2 9 , 1 263 .  

Fleischer , M .  and St evens , R .  E .  ( 1 962 ) 

Geochim . C o smochim . Acta  2 6 , 52 5 .  

Freis er , H .  ( 1 963 ) 

C hemist -Analyst 52 , 55 . 

Gavrilin , R .  D .  and P evtsova , L . A .  ( 1 963 ) 

Geokhimiya , 732 . 

148 ., 



149 . 

Geilman , W .  ( 1 96 1 ) 

Glast ec h .  Ber . 34 , 2 53 . 

Gilbert , P .  T .  ( 1 963 ) 

Atomic Absorption Spectrosc opy : A Review of  

Rec ent D evel opments , Offic e ·  of  T echnical S ervic e s , 

Washingt on , D . C . 

Goldb erg ,  E .  D .  ( 1 965 )  

Chemical Oc eanography , Vol . 1 ,  J .  P .  Ril ey and 

G .  Skirrow , Ed . ,  Acad emic Press , N . Y .  pp . 1 63- 1 9 6 . 

Goldberg , E .  D .  and Arrhenius , G .  0 .  S .  ( 1 958 ) 

Geochim . C o smochim . Acta , j2 ,  1 53 ·  

Goldschmidt , V .  M .  ( 1 938 ) 

Skr . Norske vid . - akad . Osl o , i ,  Math . - nat . kl . 

1 937 , No . 4 .  

Goldschmidt , V .  M .  ( 1 954 ) 

Geochemistry , Clar end on Press , Oxford . 

Goldschmid t , V .  M .  and Pet ers , Cl . ( 1 93 1 ) 

Nac hr . Ges . Wis s . Gott ingen , Mat h . - phys . Kl . •  

,1 ,  1 65 .  

Goto , H .  ( 1 962 ) 

Sc i .  Repts . Res . Inst . Tohoku Univ . S er . A �� 4 .  

Got o ,  H .  and Kakita , Y .  ( 1 95 9 )  

Sci . Rept s .  Res . I nst. . Tohoku Univ . , S er .  A ..11 1 1 .  

Greenland , L .  ( 1 963 ) 

. Geochim . C osmochim .• Acta  27 , 269 . 



150 ., 

Haaland , J .  ( 1 962 ) 

C olloq . Spectres . Int ern . , 9th ,  Lyons , Vol . 2 ,  1 83 .  

Hahn-Weinheimer , P .  ( 1 957 ) 

Z .  anal .' Chem .  1 62 ,  1 6 1 . 

Hall , R .  H .  and Lovell , L .  H .  ( 1 958 ) 

Anal . Chem . 30 , 1 66 5 .  

Halmekoski , J .  and Sundholm , F .  ( 1 963 ) 

Suomen Kemistil ehti ( B )  36 , 63 . 

Hammaker , E .  M . , Pope , G .  W . , Ishida , Y .  G .  and Wagner , W .  F .  

( 1 958 ) 

Appl . Spectros c . � '  1 6 1 . 

Hartkamp , H .  and Specker , H .  ( 1 956 ) 

Naturwiss ens c haften 43 , 42 1 .  

Hod ge , E .  s .  ( 1 96 1 ) 

Appl . Spec trosc . J2 ,  23 . 

Hodgman , C .  D .  ( 1 955)  

Handbook o f  Chemistry and Physic s 37th Ed . ,  

C hem .  Rubber Publishing C o . , Cl eveland Ohi o .  

Honerjaeger-S ohm , M .  and Kaiser , H .  ( 1 944 ) 

Spectrochim .  Acta  � '  396 . 

Honshino , Y .  ( 1 962 ) 

Japan Analyst j1 ,  1 040 .  

Hoar e , R .  A . , Poppl ewell , K .  B . , Hous e , D .  A . , Hend er son , R .  A . , 

Prebbl e , W .  M .  and Wilson , A . T .  ( 1 964 )  

Nature �' 886 . 



151 . 

H oare , R .  A . , Popplewell , K .  B . , Hous e , D .  A . , Hend ers on , R .  A . , 

Prebbl e , W .  M . , and Wilson , A .  T .  ( 1 965 ) 

J .  Geophys . Res . 70 , 1 555 . 

House ,  H .  O .  ( 1 965 )  

Mod ern Synthetic  Reactions , Benjamin , N . Y . 

Ikeda , N .  ( 1 955 ) 

Nippon Kagaku Zasshi 76 , 842 . 

I shibashi , M .  Shigematsu , T .  and Nishikawa , Y .  ( 1 957 ) 

J .  Chem . Soc . Japan 78 , 1 1 39 . 

I shimori , T .  and Sammour , H .  M .  ( 1 96 1 a )  

J .  At omic Energy Soc . Japan 2_ ,  334 . 

I shimori , T .  and Sammour , H .  M .  ( 1 96 1 b )  

J .  Atomic Emergy Soc . Japan .2, 1  41 0 .  

Jaff e , H .  ( 1 962 ) 

Atlas of  Analysis Lines , Hilger and Watt s  Ltd . , 

Lond on .  

J effery , P .  G .  ( 1 956 ) 

Analyst � �  1 04 .  

Junge , C .  E .  ( 1 963 ) 

Air Chemistry and Radioac tivity , Acad emic Press , N . Y .  

Kais er , H .  ( 1 941 ) 

Spectrochim . Ac t a � ' 1 .  

Kais er , H .  ( 1 951 ) 

Spectrochim . Acta � ' 351 . 



1 5 2 e 
Knlinin , S .  K . , Marzuvanov , V .  L . , and Fain , E .  E .  ( 1 957 ) 

Vestnik Akad . Nauk Kazakh S . S . R .  j2 ,  6 1 . 

Kat z ,  S .  A . , McNabb , W .  M .  and Hazel , J .  F .  ( 1 962 ) 

Anal . Chim . Acta 27 , 405 . 

Keck , P . , MacDonald , A .  L .  and Mellichamp , J .  W .  ( 1 956 ) 

Anal . Chem. 28 , 9 95 .  

Kell er , W .  D .  and Reesman , A .  L .  ( 1 963 ) 

Bull . Geol . Soc . Am . 74 , 6 1 . 

Kerbyson , J .  D .  ( 1 963 ) 

Spectrochim . Ac ta ]2 ,  1 335 . 

Kleinkopf , M .  D .  ( 1 960 )  

Bull . Geol . Soc . Am . 21 ,  1 23 1 . 

Klimov , I .  T .  ( 1 961 ) 

Gikrochim . Mat erialy � '  1 28 .  

Kolb e , P .  ( 1 965 ) 

Geochim .  C osmoc him . Acta 2 9 , 1 53 .  

Komabayasi , M .  ( 1 962 ) 

J .  Met . Soc . Jnp . 40 , 2 5 .  

Korol ev , V .  V .  and Vainshtein , E .  E .  ( 1 959 ) 

J .  Anal . C hem . ( U . S . S . R . ) 1 4 ,  658 . 

Krauskopf , K . B .  ( 1 956 ) 

Geochim . C o smoc him . Acta 2 ,  1 .  

Krishen , A .  ( 1 957 ) 

Ph .D . Thesis , University of  Pittsburgh . 



Lagrange , R .  and Urbain , P . ( 1 953 ) 

Bull . Soc . franc . mineral et crist . 76 , 208 . 

Lavrukhina , A .  K .  and Chzhu , P .  ( 1 959 ) 

Radiokhimiya 1 ,  530 . 

Levi , A .  A .  ( 1 958 ) 

Biochem . J .  6 9 , 5 1 6 .  

Lieb erman , S .  V .  ( 1 948 ) 

J .  Biol . C hem . 1 73 ,  63 . 

Lifshits , G .  M .  ( 1 96 1 ) 

Tr . Voronezhsh . Zoovet . Inst . 11 ,  1 1 1 . 

Lounamaa , K .  ( 1 957 ) 

Suomen Kemistil ehti 30B , 232 . 

McKelvey , B .  C .  and Webb , P .  N .  ( 1 96 1 ) 

Nature 1 89 ,  545 . 

McKelvey , B .  c .  and Webb , P .  N .  ( 1 962 ) 

N . Z . J .  Geol . Geophysic s � '  1 43 .  

Mackey , C . O .  ( 1 944 ) 

Graphical S olut ions , John Wil ey , New York. 

Mage e , R .  J .  and Rahman , A .  K .  M .  ( 1 96 5 )  

, f Talanta 1 2 , 409 . /Yl?t'"'"'kof" f/l.•<�.A Pe.I-/;:';:J (. {  ( te'j 3 i) 
Mannkopff , R .  and Pet ers , Cl . 

z .  Phys. � , 228 . 

Marcus , Y .  ( 1 963 ) 

Chem.  Rev . 63 , 1 39 .  

153 . 



Margoshe s ,  M .  and Scribner , B .  F .  ( 1 959 ) 

Spectrochim . Ac ta  j2 ,  1 38 .  

Mar goshes , M .  and Scribner , B .  F .  ( 1 964 ) 

Appl . Spectrosc . jQ, 1 54 .  

Marks , G .  W .  and Hall , H .  T .  ( 1 946 ) 

U . S .  Bur . Mines . Rep . Invest . 4363 . 

Masuda , I .  and Onishi , Y .  ( 1 962 ) 

Bunko Kenkya 11 ,  66 . 

Minc zewski , J .  ( 1 962 ) 

Acta C him . Acad •. Sci . Hung . �' 1 23 .  

Minczewski , J .  Wieteska , E .  and Marczenko , z .  ( 1 96 1 ) 

z .  Chem .  Anal . (Warsaw ) £ ,  501 . 

Mit c hell , R .  1 .  ( 1 964 ) 

The Spectrochemical Analysis  of  S oils , Plants 

1 54 o  

and Related Mat erial s , T ec h .  C omm .  44A , 

C ommonwealth  Agricultural Bureaux , Farnham Royal , 

England . 

Mitt eldorf , A .  J .  and Langdon , D .  0 .  ( 1 963 ) 

Spex Speaker � ' 1 .  

Mookhergee , A .  ( 1 962 ) 

Geochim .  C o smochim . Act a  g£ ,  351 . 

Morimot o ,  I .  and Tanaka , s .  ( 1 962 ) 

Japan Analyst  11 ,  86 1 . 

Morrison , G .  H .  and Freis er , H .  ( 1 957 ) 

Solvent Extract ion in Analytical C hemistry , 

Wiley , New York . 



Morrison , G .  H .  and Freiser , H .  ( 1 958 ) 

Anal . Chem . 30 , 632 . 

Morris on , G .  H .  and Freiser , H .  ( 1 96 0 )  

Anal . Chem . 32 , 3 7 .  

Morrison , G .  H .  and Freiser , H .  ( 1 962 ) 

Anal . C hem . 34 , 64R. 

Morrison , G ,  H ,  and Freiser , H .  ( 1 964 )  

Anal . C hem . 22 ,  93R. 

Mostyn , R .  A.  and C unningham , A.  F.  ( 1 966 ) 

Anal . Chem . 38 , 1 23 .  

Nagy , Z .  and Polynik , E .  ( 1 957 ) 

Hidrol . Zozl ony 37 , 1 66 .  

Nedilov , I .  and Diamond , R . M .  ( 1 955 ) 

J ,  Phys . C hem.  � '  7 1 0 .  

Nemodrak , A .  A .  and Stasyuchenko , V .  V .  ( 1 96 1 ) 

Zh .  Analit . Khim . 1§ ,  292 . 

Nishikaw a ,  V .  ( 1 958 ) 

J .  Chem . S o c . Japan 7 9 , 236 . 

Nockolds ,  S ,  R .  and Mit chell , R .  L .  ( 1 948 ) 

Trans . Roy . S oc . Edinburgh 6 1 , 533 . 

Oddie , B .  C .  V .  ( 1 9.60 )  

Quart . J .  Roy . Met . S oc . 86 , 549 .  

Oelschlarger , W .  ( 1 96 0 )  

z .  anal . C hem . 1 74 ,  241 . 

155 o 



156 . 

Pakhomov a , K .  S .  and Vysotskaya , T .  A .  ( 1 963 ) 

Trudy Yakutsk .  Fil . S ib . Otd . Akad . Nau� SSSR , 

S er .  Geol . 75 . 

P eppard , D .  F . , Faris , J .  P . , Gray , P .  R .  and Mason , G .  W .  

( 1 953 ) 

J .  Phys . C hem . 57 , 2 94 ( 1 953 ) . 

P eppard , D .  F . , Mason , G .  W .  and Maier , J .  L .  ( 1 956 ) 

J .  Inorg.  Nucl ear C hem.  2 ,  2 1 5 .  

Pierc e ,  W .  C .  and Nachtrieb , N .  H .  ( 1 941 ) 

Ind . Eng.  Chem . , Anal . Ed . 12 ,  774 . 

Pierc e ,  W .  C . , Torres , 0 .  R .  and Marshall , W .  W .  ( 1 940 ) 

I nd .  Eng .  Chem . , Anal . Ed . 1£ ,  41 . 

Pogodaeva , V .  G .  and Stolyarov , K .  P .  ( 1 960 )  

Uch .  Zap . Leningrad Gos . Univ . 297 , 1 70 .  

Popov , V .  s .  ( 1 962 ) 

Uch .  Zap . Sredneaz Nauchn-Issled , Inst . Geol . 

i Mineral ' n  Syr 1 ya ,  1 59 .  

Preauss ,  E .  ( 1 941 ) 

z .  Angew . Min . 2 ,  8 .  

Putman , G .  W .  and Burnham , C .  W .  ( 1 963 ) 

Geochim .  C osmochim . Acta  27 , 53 . 

Rad er , L .  F . , Swadl ey , W .  c . ,  Huffman , c .  and Lipp , J .  ( 1 963 ) 

Geochim . C osmochim .  Ac ta 2 7 , 695 . 

Rankama , K .  and Sahama , T h .  G .  ( 1 950 ) 

Geochemistry , C hicago University Press , Chicago . 



Rawling , B .  s . , Amos , M .  D .  and Greaves , M ,  C .  ( 1 96 1 ) 

Bull . I nst . Mining M et . , No . 659 , 1 5-26 . 

Ried el , K .  ( 1 957 ) 

z .  Anal . Chem . 12.2. ,  2 5 .  

Rob erts , c .  D .  and Wil s on , A .  T ,  ( 1 96 5 ) 

Nature 207 , 626 . 

Rooke , J .  M.  ( 1 964 ) 

Geochim . C osmoc him . Ac ta  28 , 1 1 8 7 .  

Rozsa , J .  T .  and S t o ne , J .  ( 1 963 ) 

C on f .  on Anal . C h em .  and Appl . S p ec t r o s c . ,  

Pitt sburgh . 

Rozsa , J ,  T . , S t one , J .  and Mir t i , N .  A .  ( 1 962 ) 

9th Symp . on Appl . Spectros , ,  O t t awa . 

Rub e ska , I .  and Moldan , B .  ( 1 965 ) 

Ac t .  C him . Hun g .  44 , 36 7 .  

Rub e ska , I . , Moldan , B .  and Val ny , z .  ( 1 963 ) 

Anal , Chim . Ac t a  2 9 , 206 . 

Sahama , Th , G ,  ( 1 945 ) 

Bull . C omm . geol . Finland e 1 3 5 .  

Sand ell , E .  B .  ( 1 950 ) 

157 . 

C al orimet r ic D e t e rmination o f  Trac es o f  Me tals , 

2nd Ed . ,  I nt e r s c i enc e ,  N .  Y .  

S and el l , E ,  B .  and Goldic h ,  S .• S .  ( 1 943 ) 

J .  Geol . 21 ,  9 9 .  



S c hmuckl er , G .  ( 1 965 ) 

Talant a 1£, 28 1 .  

S erin , P .  A .  and Langd o n , K .  H .  ( 1 964 ) 

Appl . Spec tr o s c . j§, 1 66 . 

Shaw , D .  M .  ( 1 957 ) 

1 5 8 . 

"Pr o gr e s s  in Physic s and Chemistry o f  the Eart h" , 

Vol . 2 ,  Pergamon , Lond on , 1 64 . 

S haw , D .  M . , Jo ensua , 0 .  I . , and Ahr ens , L . H .  ( 1 950 ) 

Spec trochim . Ac ta  � �  233 . 

Shaw , D .  M . , Wickr emasinghe , 0 .  and Yip , C .  ( 1 958 )  

Spec trochim .  Ac ta  j2 ,  1 97 .  

S hinkar enko , A .  L .  ( 1 948 ) 

Trudy Lab . Gidroge ol . Pr obl em 2 ,  2 53 . 

Skornyakov , G .  P .  ( 1 955 ) 

I z v . Akad . Nauk . U . S . S . R . , Ser . Fiz . ]2 ,  57 . 

S l avin , M .  ( 1 962a ) 

Appl . S p e c t r o s c . 1£ ,  1 27 .  

Slavin , M .  ( 1 962b ) 

Appl . Spec trosc . ]2 ,  1 72 .  

S o c z ewinski , E . , Waksmund zki , A .  and Mac iej euic z ,  W .  ( 1 962 ) 

Bull . Acad . Pol on . S c i . , S er .  S c i . C him . 1 0 ,  1 25 .  

Spe cker , H .  ( 1 958 )  

Arch .  Eis enhuit enw .  2 9 , 46 7 .  

S p e cker , H .  and Ar end , K .  H .  ( 1 96 1 ) 

Naturwiss . 48 , 524 . 



S p ecker , H .  and D oll , W ,  ( 1 956 )  

z .  Anal . C h em .  1 52 ,  1 78 . 

S p ecker , H .  and Hov ermann , G .  ( 1 963 ) 

Z .  Ano rg .  all . C h em .  3 1 6 , 245 .  

S t rasheim , A . ,  and Camerer , L .  ( 1 9 55 ) 

J .  S .  Afr . C h em .  I ns t . � '  28 . 

S t r ock , L .  W .  ( 1 936 )  

1 5 9 .  

Spectrum analysis with t he carb on arc cathod e 

lay er . Ad am Hil ger , Lond o n .  

S tr o ck , L .  W .  ( 1 946 ) 

Symposium on s p e c t r o s c opic light sourc e s , 

A . S . T . M .  Tec h .  Pub . 76 , 69 .  

T a j ima , N .  and Kur ob e , M .  ( 1 96 0 ) 

Buns eki Ka gaka 2 ,  339 . 

Tayl or , S .  R .  ( 1 964 ) 

Geochim . C osmoc him . Ac ta 28 , 1 2 73 .  

T edrow , J .  C .  F . , Ungol ini , F .  C ,  and Janetsc hek , H .  ( 1 963 ) 

N .  z .  J ournal S c i , £ ,  1 50 .  

Thi ers , R .  E . , Wil l iams , J .  F .  and Y o e , J .  H .  ( 1 955 ) 

Anal . C h em . 2? , 1 7 2 5 .  

Tr ent , D .  and Slavin , W .  ( 1 96 4 )  

At omic Ab sorption N ews l e t t er No . 1 9 ,  P erkin-Elmer 

C orp . , Norwalk , C onn . 

Tur ekian , K .  K .  and Wed e pohl , K .  H .  ( 1 96 1 ) 

Bull . G e ol . S o c . Amer . 72 , 1 7 5 .  



Vainsht ein , E .  F .  and B elyaev , Yu . I .  ( 1 958 )  

Zhur . Anal . Khim . 11 ,  38 8 . 

Vigl e r , M .  S . and Fail oni , J .  K .  ( 1 96 5 ) 

Appl . Spec tro sc . ]2 ,  5 7 .  

Vinc ent , E .  A .  ( 1 960 ) 

in Methods in Geochemis try , A .  A .  Smal es and 

L .  R. Wager , Ed . ,  Interscienc e ,  Lond on .  

Vinc ent , E .  A .  and Bil e f i eld , L .  I .  ( 1 960 ) 

Geochim .  C osmoc him . Acta ]2 ,  6 . 

von Hev esy , G .  ( 1 932 ) 

Forts c hr . Min . Krist . P e t r . 1§, 1 47 .  

Vydra , F .  and Pr ibil , R .  ( 1 959 ) 

Talanta .2_ ,  72 . 

Waksmund zki , A .  and S oc z ewinski , E .  ( 1 96 1 ) 

Ro c z n .  Chem .  35 , 662 .  

Weaver , B . , Kappl eman , F .  A .  and Topp , A .  C .  ( 1 953 ) 

J .  Amer . C h em .  S oc . ? 5 , 3943 .  

Wal s h , A .  ( 1 96 1 ) 

160.  

i n  "Advanc e s  i n  S p ec t r o s c opy1 1  W .  H. Thomp s o n , Ed . ,  

I nt erscienc e ,  N . Y . , Vol . 2 .  

Web er , G .  R .  ( 1 965 ) 

Geoc him . C osmoc him . Acta 2 9 , 229 . 

Wed e p o h l  , K .  H .  ( 1 953 ) 

Geochim .  C osmoc him . Acta .2_ ,  93 . 



Wed e p o bl , K .  H .  ( 1 9  55 ) 

Fo rt s chr . Mineral . 33 , 1 45 .  

Weiss , R .  ( 1 954 )  

Z .  Phys ik 1 38 , 1 70 .  

Whe el er , G .  V .  ( 1 956 )  

Appl . S p e c t r o s c . 1£ ,  1 1 . 

Will i s , J .  P . , Kaye , M .  and Ahr ens , L .  H .  ( 1 964 ) 

Appl . S p e c t r o s c . � '  8 4 . 

Wil s on , A .  T .  ( 1 964 ) 

Natur e �' 1 76 . 

Wil s on , A .  T .  and HousB , D .  A .  ( 1 96 5 ) 

J .  Ge ophys . Res . 70 , 551 5 .  

Wil son , A .  T .  and Wellman , H .  w .  ( 1 962 ) 

Nat ur e 1 96 , 1 1 7 1 . 

Zyka , v .  ( 1 957 ) 

Rudy .2_ ,  1 • 

161 o 


