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hBSTRACT 

Part I 

S tudi es  were  carr i ed ou t on the opt imum cond i t ions for the 

suc cess ful use  o f  a lnrge quar t z  spe c trograph for the d e t ermin�ti on 

o f  thor i um , yttr i um and the rare  ear ths in s i l i c at e  ro cks . The 

b e s t  l i ne - t o-background rati o s  were  achieved by arci ng s amp l e s  in  a 

m�trix  of 4% s odium chloride in carbon p owder . An atmosphere  o f  

20% argon and 80% oxygen w�s us ed to r e duce  background and eliminat� 

cyanogen band int erferenc e .  An ani o n- exchange pro c e dure was used 

to s eparate the rare  ear ths from other  elements . The resul t ing 

enr i c hment allowed use t o  be made of less s ensi tive rare earth 

lines  in the ultraviolet end o f  the spe c trum where the sp e c t rograph i c  

dispersion i s  greater . Line  interferences  w e r e  studi ed and 

ne c es s ary corre c t i ons for thes e interferenc e s  were cal culat e d .  

The t echni que was t e s t e d  b y  analysi ng the s t andard rocks , G- 1 ,  W- 1 

and CAhS syeni t e . Depending on i ts c onc entratio� uranium was 

analys e d  by e i ther  fluoram e t r i c  o r  spe c trographi c t e chniques . 

Good agreem0nt w i t h  the r e commended values  for the s tandard r o cks 

was ob taine d .  

Par t I I  

An inve s t i gation  o f  the known areas o f  uranium 

minerali z a t i o n  in the Lower Bul ler Gorge o f  New Zealand was 

carr i e d  out to i nves t igate the suitab i l i ty o f  s tr eam- sediment 

analys i s  for geochemi cal prosp e c ting for uranium . General analys i s  

o f  t h e  m inerals r eveal e d  c e r tain el emental as s o c i at i ons . The 

distribution of these elements in the weathering sequence, minerals, 

s o i l s , s t ream-sedi m ents , was s tudied  in  an a t t emp t to di s cover  



sui tabl e p3.thfinders  for ure.nium. ,.11 rcsul ts were tre3.ted 

s t�t i s t i cally . Rare ear th analys i s  of s tr eam sadimants prov i d e d  

new in form�t ion  concerning the p o s s ib l e ori�in o f  the Hawks Crag 

Brc:c c ia . 

P<1.r t I I I  

Us e  was made o f  a high- resolu t i o n  gamma spcc trometer  t o  

s tudy the gamma radi at ion o f  uranium minerals in the low energy 

r egion of the spec trum , 30-360 KeV . I dent i fi c ation  o f  the gamma 

radiat i o n , in thi s region , was achi eved by u s e  of chemi c al 

s ep3.raticns and s tandard s ourc e s . This p r o v i d e d  the bas i s  f o r  the 

development ,  and s u c c e s s ful us e ,  o f  a new me tho d for the deter­

mination  of "perc entage equ i libri um radium" . The s i gni f i can c e  o f  

the values for the "p erc entage equil ibrium radi um" o f  the m i nerals 

s tu d i e d  is di s cus s e d .  



GENER�L INTRODUCTION 



1 . 

In 1 95 6 , two pro s)e c tors , Cas s i n  and Jac obs en , di s covered  

ur�nium i n  the Lower Buller Gorge region in the South  I s land o f  

N e w  Zealand . I n  the  s ear ch f o r  radi oec tive  minerals t h i s  find 

was o f  great geologi cal s i gni fi can c e  because i t  trans ferred 

geologi cal t h i nkin� from the grani tes and as s o c i�ted rocks t o  a 

h i thert o  unsuspe c ted arko s i c  b edded formati on known as the Hawks 

Crag Bre c c i a .  This di s c o ve ry b y  Cas s i n  and Jac obs en s ti mulat e d  

t h e  sear ch f o r  ur3n ium i n  this area unt i l  t h e  early 1 960 ' s ,  when 

the fall i n  pri c e  of uranium , c ombined w i th unpromis i ng ini t i al 

findings, made further p rosp e c t i ng unat t r a c t i v e . R e c ently , as a 

r esult  o f  Governmen t encouragement , the i n t e r e s t  i n  uranium 

p r o sp e c t i ng has b e en revived  and many of  the known areas o f  

mineral i zat i on a r e  b e i ng re- evaluate d .  The n e e d  for a source  o f  

ur�ni um has b e en h eightened because o f  t h e  p o s s i b l e  ins tal l a t i o n  

o f  a nuc l ear r ea c t o r  in t h e  lat e 1 970's . 

Previous  i nv e s t igat ions have b e en c ar r i e d  out almos t  

ent i r ely b y  fi eld geologis t s  and were  mainly o f  � petro l ogi c�l 

nature . I n  v i ew o f  the incr eas ing s u c c e s s  o f  geochemi cal me thods 

of ex�lo rat i0n in o t h e r  par t s  of the worl d ,  there was c learly a 

n e ed for such an inves tigation i n  thi s  area.  The benefi ts o f  such 

a s tudy wou l d  not only b e  confi ned to asp e c t s  o f  economi c geology 

but also provide i n form�t ion on the h i s tory and origin of the 

u ranium de�o s i t s  and on the Hawks Crag Brec c i a  i tsel f .  Cons idering 

the advan tages  of geo ch emi cal obs ervations , i t  i s  som ewhat 

surpr i s ing that w i th the except i o n  of work by WODZICKI ( 1 959a , 

1 959b ) , l i t tl e  or none o f  this  work has b e en car r i e d  out  i n  this  

area . One p o s s i b l e  r eason for lack o f  work i s  that the analyt i c al 



2. 

me thods of analysing for urnnium and ass o c iated  el emants , such  as 

thorium and the rare eGrths , are o f t en tedi8us or unreli abl e ,  

anu requ i r e  s p e c i alised equipment no t generally av�i lab l e  i n  many· 

geo chemi c al laborato ri �s . 

Provi ded th�t thes e analyti cnl problems could b e  solved 

�nd a sui t abl e t e c hnique c ould b e  developed,  a geochcmi cal survey 

of t he area would b e  fac i l i tat e d .  This the s i s  des c ribes  somewhat 

i n t en s i v e  inv e s t i ga t i ons into  the development of such t echniques 

and the i r  subsequent a�p l i c&t io n  t o  geochemi c nl s tudi es  i n  the 

H�wks Crag Bre c c i a .  

WHI TEHE�D and BROOKS ( 1 969a ) in r e c onna i ssan c e  work i n  the 

area hav e highl i gh t e d  the defi c i encies  of many s c in t i llome tri c and 

o th e r  radiometric  m e thods for the  an&lys i s  o f  uranium i n  minerals , 

soils and s tr eam s e diments . The use of radiomet r i c  methods for  

ac curate quan t i tative  analys i s  relies  on the assumpti on that the  

uranium s ampl e i s  i n  radioact ive equi l ibrium .  However , � c ompre­

h ens i v e  s tudy o f  radi oactive  equi l ibrium i n  thi s  are� has never  

b e en s a t i s fac torily at temp t e d , largely b e c ause o f  the lack o f  

sui tab l e  methods . Thi s  prob lem was there fore inves t i gated as a 

part o f  the pr esent s tudy and has been solved by the appl i cat i on 

o f  � new t e c hnique in gamma spe c tromct ry .  This is rep o r t e d  i n  

Par t I I I  o f  this thesis.  

To summar i �e , the aims  o f  this  thesis  w e r e  thr e e fold : 

( 1 )  T o  develop a �ethod for the analys i s  o f  low  concentrati ons 

of y t tri um , thorium and r�re  ear ths wi th the us e o f  a l arge quartz­

o p t i c s  spec trograph . 

(2) To i nv es t igate the  possibl e  ass o c iation  o f  the above  elements , 



3nd any other elements , wi th uranium i n  the mi nerals from t he 

Sou th S ide o f  the Bul l er River  and to s tudy the dis tribution  o f  

these  el ements i n  the weather i ng s equenc e :  minerals , s o i l s , s tr eam-

s e diments .· From thes e results , to examine c r i t i cally the 

r elnt ive  mer i ts of dir e c t  analys i s  of uranium and of asso c i a t e d  

el emen t s  i n  s tream- s ediments , a s  a geochemi c al prosp e c t ing method 

for uranium mineral i zation . 

(3) To develop a me thod , using only gamma rad i ation from u235 

and Ra226 , t o  determine  the ;'per c entag e  equi l i brium rad i um" of  

uranium mineral s . 



DEVELOPMENT OF hN:,LYTIC .. L PHOCEDURES 



4 . 
INTRODUCTION 

The progress of geo chemistry depends ultimately on how 

effectively the collected quantitative abundance data are utilised. 

The value of this informati on is very dependent on the precisi on 

o f  the determ inations and although i t  is  impossible to assess 

the quali ty of each publ ished analysis, an examinati on of some 

of the figures provided by the various methods most w i dely app li ed, 

does give an ind i c ati on of the reliabi l i ty of much of the exi sting 

data. Furthermore, thi s  also gi ves an i dea of the progress in 

the analyti cal pro c edures whi c h  are applied. 

The c lassi c al or conventio nal methods of ro ck analysis 

were fai rly well estab l i shed during the sec ond half o f  last century 

( HILLEBRAND, 1900) and have remai ned essenti ally unchanged 

(WASHIN�TON, 1950; GROVES, 1 951; HILLEBRAND and LUNDELL, 1953). 

Those who developed the classical pro cedures, as well as those 

who used them, frequently attempted to indi cate thei r ac c urac y, 

but no real i nsight into the quali ty of this i mmense collecti on 

o f  published informati on was gained until FAIRBAIRN ET AL ( 1 95 1 ) 

organi sed a world-w i de, inter-laboratory investigation on granite 

(G-1 ) and d iabase (W- 1 ) .  Numerous analyses of these rocks were 

carri ed out by a large number of workers using a wide 9ariety 

of tec hniques. The w i de variati o n  in the analyti c �l data for 

i denti c al samples clearly demonstrated the shortc omi ngs o f  many 

exi sting analyti cal tec hni ques. AHRENS (1 957 ) using pub l i shed 

data for G- 1 and W-1 ,  showed that fo r c l assi cal proc edures, the 

logarithm of the standard devi ati on o f  rep l i c ate analyses was 

i nversely related to the logarithm of the concentrati on of the 

c onstituent analysed. The si gni fi cance of thi s  relati onship 



b e comes extremely impor tan t  when analysi ng a t  the trace  el ement 

( ppm ) l evel . For this r eason , the analys is  of many geochem i c ally-

i mpor tant elements such as thorium , uranium , the rare earths 

and yt trium presents  c onsi derabl e  d i f f i culty . 

Several radiom e t r i c  m e thods hav e  b e en used  for  the 

d e t erminati o n  of uranium and thorium ( EICHHOLZ ET AL , 1 953; 

CHERRY and ADAMS , 1963; CHERRY , 1 96 3; HEIR and ROGERS , 1 963; 

VASS ILAKI ET AL , 1 96 6 )  but these  p r o c edures suffer f rom the dis-

advantage that radi o a c tive  equi librium must b e  assum ed and this 

is n o t  always s o . O f  the above workers , only EICHHOLZ ET AL 

( 1 953 ) allowed for this p os s i b i l i ty .  Fluori m e t ry ( GRIMALDI ET 

AL , 1 952; PRI CE ET AL , 1 953; ANDERSON and HERCULES , 1 964 ) i s  

undo ub tably one of the mos t  s ensi t i v e  methods for uranium 

- 1 0  ) ( limi t o f  de t e c tion 10 g but  has the disadvantage that 

extensive  d i lution is needed for s amples  containing even 

m oderate amounts of this el ement . O ther  m e thods such as 

e m i s s i o n  sp e c trography are by contras t extremely insens i tive  

for  uran i um . I t  i s  c l ear , therefore  that a c ombination o f  

m e thods i s  required i f  the conc entrati on range of  this  element  

spans several orders  o f  magnitud e . 

Y t tr i um ,  thorium and the rare earths have b e en analys e d  

by  X-ray sp e c trography ( GAVRILOVA and TURANSKAYA , 1 958; 

BALASHOV ET AL , 1 964; ALEKSIEV and BOVADJIJ!;VA , 1 966 ) , spark 

s our c e  mas s sp e c trography ( BROWN and WOLSTENHOLME , 1 964; TAYLOR , 

1 965; NI.CHOLJS ET AL, 1967 ) , ac tivation  analys i s  ( TOWELL ET AL , 

1 965; BRUNFELT and S TEINNES , 1 966; COBB , 1 967; GORDON ET AL , 

1 96 8 )  and emi ss i on spectrography ( FARIS , 1 958; RADWAN ET AL , 

1 963; MYKYTIUK 1T AL , 1 966; NELMS and VOGEL , 1 967 ) .  The 
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relative  m e r i t  o f  these t e chniques will b e  bri e fly discus s ed for 

the s ake o f  c ompl e teness al though only emi s s i on spe c trography 

was avai labl e  for us e at this ins t i tu t i o n .  X- ray sp e c trography 

has a relati vely poor  d e t e c t i on l i m i t  making i t  gen erally 

unsui tab l e . Spark sour c e  mas s spe c trography has been  shown t o  

b e  a n  ac curate and extremely sens i tive  t echnique and has the 

advantage that all elements may be det ermined s imul taneously . 

Neutron a c t i vation i s  also extremely s en s i t i v e  bu t r e qu i r e s  

c onsi derab l e  c h emi c al treatment o f  t h e  s ampl e to  eliminate int er­

f e r e n c e  when using the Nai�) d e t e c tor . D i r e c t  analys i s  of 

the samp l e  can now be achi eved us i ng the r e cently developed G e ( L i ) 

d e t e c to r  although "co o l i ng" t imes o f  the order o f  months are 

n e c e s s ary for s om e  e l ements in order to  eliminate interferen c e  

probl ems . 

Emis s i o n  spe c trography has b e en for many years one o f  the 

most  s at i s facto ry me thods for  the analysi s  of  rare earths i n  

s i l i cates  (AHRENS and TAYLOR 196 1 ) .  Unfortunat ely t h i s  t echni que 

nevertheless  suffers from c e r tain inherent disadv antages . The s e  

are : production o f  hi gh backgro und due to  the c ompl ex s pe c tra 

of the rare earths; int erferenc e from o ther rare earths , t i tanium 

and i ro n ; the ne cess i ty of  high amperages ( FASSEL , 1 949; ROSE 

ET AL, 1 954) and l ong ar c i ng t imes b ec ause of the relat i v e  

involat i lity o f  t h e  rare ear th oxides . This last fac tor  also 

r e sults in h i gh background due to c yanogen emi s s i on in the range 

3500-4200 � wher e  mos t of the b e s t  analys i s  l i nes  of  the rare 

ear ths are found . 

Line i n t e r ference  may als o  b e  redu c e d  by u s e  o f  a high-
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dispersion  grating i nstrument and cyanogen emi s sion  may b e  

controlled  b y  arc i ng i n  var i ous nitrogen- free  atmospheres such 

as carbon dioxide (STEADMAN, 1 948) , argon , helium or oxygen 

( VALLE� ET AL , 1 95 0 )  and a mixture of argon and oxygen ( RADNAN , 

1 963 ; TENNANT and SEV.IELL , 1 967 ) . Us e o f  a nobl e  gas atmosphere  

r esults i n  an  enhan c ement o f  i o n  line  i ntensi ti es relat ive  to  

thos e  o f  atom lines and a redu c t i o n  i n  background . This i s  a 

distinct advantage as the most s ensitive rare earth analys i s  

lines ar e i o n  line s . The main disadvantage i s  that arc ing times  

of  the order  of  m i nutes are required . Another  approach to the 

p roblem o f  l i ne interference  is the c arr i er d i s t illation method 

( SCRIBNER and MULL IN , 1 946; MYKYTIUK ET AL , 1 96 6 ) which  all ows 

arcing  times to b e  r educ ed by incr eas ing volat i lisati on rate s . 

To obtai n h i gh-pr e c is i on quanti tati v e  r e sults , use  o f  z i rconium 

( McCARTY ET AL , 1 938 ) , palladium ( YOUNG , PH . D .  THESIS ) and 

c e rtai n  rare ear th s  ( FASSEL and WILHELM , 1 948; Kl'iiSELY ET AL , · 

1 958 ; AHRENS and TAYLOR , 1 96 1 ) as i n ternal s tandards has b e e n  

r e c ommend e d .  

The relativ ely-high sens i t i v i ty o f  rare  earth analys e s  

r e f erred t o  i n  the l iterature ( MITCHELL , 1 948 ; AHRENS and 

TAYLOR , 1 96 1 ) was obtained via  a high- dispersi on i nstrument and 

c annot b e  dupli c ated wi th a quar tz- opti c s  sp e c t rograph . The r e  

i s  c l e arly a ne ed for a m ethod whi ch w i l l  p e rmit t h e  us e o f  

such Rn ins t rument in rare earth analys i s , parti cularly as such 

spe c trographs gr eatly outnumber grating instruments i n  general 

us e. 

The majority of  the above  techniques require preliminary 

chemi cal treatment of the sample eith e r to reduce interference 



or to c o n c e ntrate the el ements being determine d .  S eparation 

methods commonly used  are: prec ipitation of r�re earths as 

hydroxides ( ROSE ET AL, 1954) or oxctl ates (STEkDMAN, 1948), 

solvent extraction (l�cCARTY ET AL, 1938; SCRIBNER and MULLIN , 

1946; VALLEE ET fL, 1950; RADWAN ET AL, 1963; MYKYTIUK ET AL, 

1966) and i on exchange ( CJ._Rm'ELL, 1957; Di\.NON, 1958; NIETZEL 
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E T  AL , 1958; FARIS and WARTON , 1962; FRITZ and GARRALDA , 1962; 

TAKETATSU, 1963; AHRENS ET AL , 1963; KORKISCH and ARRHENIUS, 1964; 

S'I'RELOW, 1966) • 

It was cl ear that a s eparati on- enri chment pro c e dure would 

b e  required for the pre s ent work b e c ause  o f  l ine interferences  

and s ensiti vity problems . S eparati on i s  parti c ularly n e c e s sary 

wher e  sampl e s  contai n  more than five percent uranium , b e c ause  

the pre s e n c e  of  a very large numb er o f  uranium lines  i n  the 

range 2500-5000 E results i n  a h i gh background i n  the emiss ion  

spectra . Thi s background prevents analys i s  o f  e l ements other 

than uranium in thi s  range . 

Prel iminary investigations showed that pr e c ipitation and 

solvent extraction techniques  were unsuitable  becau s e  o f  

incomp l ete r e c over i es . Cation exchange chromatography was un­

sat isfactory b ecause l �rgc eluti ng volumes were involved , with a 

sub s e quent reduction i n  the conc entration o f  the analys i s  

e l em ents . Anion  exc h�nge 2ppcared to b e  the most prom i si ng and 

was i nvesti gated further . 

The f0llowing s e ction reports on the analyti c al pro c edures 

which w e re developed for the analys i s  of uranium , thorium , 

yttri um and the rare earths i n  min erals , s o i ls and stream sediments , 

and involves:-



(i) The development of optimum spec trographic 

operating conditions for the �nnlysis of yttrium, thorium and 

the rare earths, using � medium- dispersion instrument.  

(ii) Suitable methods for analysing uranium over a 

concentration range o f  several orders of magnitude. 

(iii) The development o f  a suitabl e  ion-exchange 

9. 

separation scheme for yttrium, thorium, uranium and rare earths 

in silicates. 



ANALYTICAL PROCEDURES FOR THORIUM, YTTRIUM 
AND THE RARE EARTH ELEMENTS 

(a) Optimum Spectrographic Conditions 

(i) Apparatus 

The experiments were carried out with a Hilger E742 

Large Automatic Spectrograph w{th quartz optics (reciprocal 

dispersion 1 2  E/mm at 4000 �.) A Hilger microdensitometer 

with Galvoscale calibrated in B-values (BOSWELL and BROOKS, 

1965) was used for densitometry. 

An image of the arc was focussed on the slit via a 

quartz spherical lens and the spectra were recorded on Ilford 

G-30 spectrographic plates developed for 4� minutes in Kodak 

D 19b developer at 20° . 

(ii) Sample Preparation 

In all cases, solutions of thorium, yttrium and rare 

earths, whether as ion-exch�nge eluants or as pure solutions, 

were treated in the following standard manner. 

A quantity of finely-divided carbon powder (50 mg) was 

added to not more than 50 ml of a solution of thoriu�.yttrium 

10. 

and rare earths contained in a 100 ml beaker. The carbon powder 

( 1 20 mesh) contained an added internal standard. After 

addition of the required amount of carrier, the contents of the 

beaker were evaporated to dryness at 80° and the dry carbon 

powder was removed, ground in a motar and loaded into graphite 

electrodes (cavity 6mm deep and 1.5mm bore) which were dried 

at 130° for 2 hr. 

(iii) Reduction of Background 

I. Investigation of Carriers 

Preliminary experiments in a carbon dioxide atmosphere 
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were carried out on samples with and without various concentr�tions 

of each of the following halides: c�esium chloride, silver 

chloride, sodium chloride and sodium fluoride. Lanthanum was 

added to each mixture to give a final concentration of 100 ppm 

and the samples were arced at 12A d.c. using anode excitation. 

Table I-1 shows the relative intensities of La 4333 to background 

for the various carriers. From this it is seen that for an 

atmosphere of carbon dioxide, 4% sodium chloride was the most 

efficient carrier for a maximum line-to�background ratio. 

Vclatilisation for a maximum line-to-background ratio was complete 

in thirty seconds, but the cyanogen emission and background, 

although less than that without carrier, were still too high. An 

attempt was made to reduce these further by changing the arcing 

atmosphere. 

II. Investigation of Gas Conditions 

Samples containing a mixture of thorium, yttrium and rare 

earths in a c arbon matrix, with and without addition of 4% sodium 

chloride, were arced at 12;l (d.c. with anode excitation)successively 

in air, carbon dioxide and a mixture of argon and oxygen in varying 

pr0portions from 100% argon to 100% oxygen. This study showed 

(Fig. I-1) that a mixture of 20% argon and 80% oxygen was the most 

efficient for reducing cy�nogen emission and background. The 

samples with s�dium chloride in each case had a lower background 

than those without carrier but the most striki ng difference was 

the considerable reduction of cyanogen emission and background with 

the 20% argon and 80% oxygen mixture. This level of background 

was quite acceptable but it was necessary to know whether 4% 
sodium chloride as carrier and 12:. arcing current were in fact 
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TABLE I - 1 

Eff e c t  o f  Carri ers on L i ne-to-Background 
Ratio o f  La  4333 i n  a Carbon Dioxide Atmosphere 

Carr i e r  

NaCl NaF AgCl CsCl None 

2% 4% 6% 2% 4% 6% 2% 4% 6% 2% 4% 6% 

I n tens ity 1. 2 1.7 1. 0 1.3 1.0 0.8 0.5 0.5 0.5 1. 3 1.0 0.8 0.5 ratio  



A air with 4% sodium chloride matrix 

B air with carbon matrix 

C carbon dioxide with 4% sodium chloride matrix 

D carbon dioxide with carbon matrix 

E 80 20, 02 Ar mixture with 4% sodium chloride matrix 

F Bo 20, 02 Ar mixture with carbon matrix 

Fig. I-1 Spectrograms of rare earth mixtures (CN band region) arced at 10A in various atmospheres. 



A 

B 

c 

D 
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F 

Fig. I-1 Spectrograms of rare earth mixtures (CN band region) arced in various atmospheres. 
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s ti l l  the op timum conditions b o th for background redu c t i o n  and 

sens i tivi ty for atmospheres other than carbon dioxi de� It was deci4e d ,  

therefore , t o  i nves t i gate  the aff e c t  o f  di fferent arcing currents , 

carriers and c arri er concentr�tions  in the 20% argon and 80% oxygen 

atmosphere . 

( iv )  I nv e s t igation  o f  Sens i t iv i ty Limi ts 

AHRENS and TAILOR ( 1 96 1 ) divi de  the rare earth e l emen t s  

i n t o  three volat i l i ty groups . Representative elements ( lanthanum , 

c erium , europium , holmium , and y t t erb i um )  from each o f  these 

thre e  group s w ere taken , as well  as yt trium and thorium . Solutions 

o f  the s e  e lements w ere prepared from their resp e c tive  1 1 Specpure " 

oxides. Samples containing 100 ppm o f  each o f  thes e  metals were 

prepared in  matri c e s  contai ning 2%, 4% and 6% s o dium chloride ,  

s odium fluori de , caes i um chl ori de and s i lv er chlori d e respectively 

and wi thout carri er . The sampl es w ere arc ed at 8A , 1 0A ,  12A and 

1 4A res�e c ti v e ly ( d . c .  wi th anode  exci tation ) in the 20% argon, 

80% oxygen atmosphere wi th the pho tographi� plate being racked down 

t o  e xpose a fresh area of plat e every five  seconds. From the s e  

volat i l i sati o n  curves  the time taken for c ompl e t e  volatili sat ion 

was obtained . The results are giv e n  i n  Table  I-2. 

For the det erm i nation o f  l ine- to-background rat i o s , a 

further s e t  o f  samples  i dent i cal to tho s e  ab ove were arc ed  at 8A, 

10A , 12A and 1 4A respe c t ively . Times o f  arc ing were as in Tab l e  I-2r 

It was o bcerv e d  that all carriers i n creas ed  the line-to-background 

rati o  and improved th� d e t e c tion l imi t o f  each el ement at each o f  

the di f f erent c o n c entrati ons o f  carri er us ed  as compared with n o  

carrier . Within each carri er conc entrati o n  range , this e f f e c t  

usually i n creas ed  t o  � maximum at 1 0A and 12A d ecreasing again at 



• 
..::t TABLE I - 2 
....-

T i m e s  for  C omp l e t e  Volat i l i s a t i on o f  Y t tr i um ,  Tho rium and Rare Earths i n  Various Matr i c es 

Carr i er 

NaCl NaF ilgCl CsCl N o  Carrier 

2% 4% 6% 2% 4% 6% 2% 49'; 6% 2% 4% 6% 
I 

Volatilisation time(sec) at 8 amp 35 30 25 25 25 30 20 25 25 30 30 30 35 : 

\I " " it 11 " " 1 0  11 30 25 25 20 20 25 25 20 20 30 25 30 35 
11 11 n " 11 11 11 1 2  " 30 2 5  20 

• 
20 20 25 25 25 20 2 5  30 30 35 

ll " " " il " " 1 4  il 25 25 20 1 5  1 5  20 25 20 20 25 30 25 35 



8 10 12 14 Amps 
F ig, I - 2 Line-to�background ratio as a function of arcing current. 



15. 

14A ( Fi g . I-2) . I t  was observed, that 4'76 sodium chloride  and 6% 

s o dium chl o r i de at 10A and 1 2a �espectiv ely provide d  the lar g e s t  

in c r eas e i n  t he l i ne-to-background rati o and improvement in  t h e  

dete ction l i mit for every element a s  c ompared with no carr ier . 

R esults o b tain e d  under thesG c o nditions are shown in  Tabl e  I-3. 

Th e l i m i t  o f  d etection i s  taken arb i tari l y  to b e  that c onc entration 

o f  the e l ement  wh i ch will  give a line i ntens i t y  equal to that o f  

t h e  b ackgr o und . Since  the average background i ntens iti e s  w e r e  of 

the o r d e r  o f  50 B-valu e  units , the l i m i t  o f  detec t i o n  was taken as 

that c o n c e ntration which would give a value o f  50 B-valu e  units for 

the line  i ntens i ty after corre ction for background. Tab l e  I-3 

shows that  almo s t  i denti cal r esults w e r e  obtained with e i ther  4% 

o r  6% s o d i um chl o r i de ar c e d  a t  b o th 10A and 1 2A resp e c t i v e ly. 

The final choi c e  of car r i e r  concentrat ion  and arcing amp erage was 

determin e d  by the r e lati ve volatili s a t i o n rates of the analys i s  

e l ements and internal standar d .  F6r a c c urate , quantitative  

r esults i t  i s  e ss ential that the  b e hav i o ur o f  the analys i s  el ements 

and i nternal standard be as simi lar as p o s sibl e. As zirconi um 

and palladium had b e e n  u s e d  by othe r  au thors (McCARTY ET AL, 1938; 

YOUNG , PH.D. THESIS) it was d e c ided t o  i nve s t i gatG their 

suitabili ty unde r  thes e co nditions. 

(v) The Volatilisation B ehavi our o f  Yttrium, Thorium, Lanthanum , 

C e r i um, Europium, Holmi um, Pal ladium and Z i r c o nium 

Samp l e s  c ontaining 100 ppm of thorium , yttrium and each o f  

the abov e  rar e ear ths end 1000 ppm o f  palladium and zi r conium 

w e r e  prepared in m atrices c o ntaining 4% and 6% sodi um chl o r i d e  

resp e c ti v ely . Each samp l e  contai ning a part i cular concentra ti on 

o f  carr i er was ar c e d  at 10A and 1 2A i n  the 20% &rgon , 80% oxygen 



TABLE I - 3 

Line- to-Background R a t i o s  and L imi ts  o f  
D e t e c t i o n  f o r  Y t trium , Thorium and Rare Enr ths 

Carri er 

4% NaCl 6% NaCl 

A B A B - - - -

Yb3289 at  1 0  amp 22 . 2 0 . 6 36 . 0 0 . 6 
at  1 2  amp 33 . 8 0 . 6 48 . 0 0 . 4 

Ho3456 a t  1 0  amp 9 . 67 1 .  5 9 .  5 3 . 0  
at  1 2  amp 9 . 00 1 .  5 1 2 .  6 3 . 0  

Y37 1 0  a t  1 0  amp 1 3 .  4 0 . 8 1 4 . 1 1 .  5 
at 1 2  amp 1 3 .  5 0 . 8 1 7 .  4 0 . 8 

Th40 1 9  at 1 0  amp 4 . 65 5 . 0  4 . 0 6 
at 1 2  amp 3 . 47 5 . 0  3 .  2 • 5 

Eu4 1 29 at 1 0  amp 9 . 00 1 .  5 9 .  6 3 
at  1 2  amp 8 . 00 1 . 5 8 . 8 1 .  5 

C e4 1 33 at 1 0  amp 0 . 8 1 1 2 . 5  0 . 84 1 2 . 5  
at  1 2  amp 0 . 52 9 . 0  o . 8o 1 2 . 5  

La4333 at  1 0  amp 1 . 78 6 1 • 4 9 
a t  1 2  amp 1 .  54 6 1 . 7 6 

h L ine- to- background r a t i o  

1 6 . 

No Carr i e r  

A B - -

4 . 2  5 
6 . 2 5 

2 . 2 9 
2 . 3  6 

2 . 9  5 
3 .  1 5 

1 .  4 9 
1 .  4 6 

1 .  2 9 
1 .  0 9 

0 . 1 2 5  
0 . 2  25 

0 . 5  1 3 
0 . 2 1 3  

B L i m i t  o f  d e t e c t ion ppm ( relative  line  i n t ens i ti e s greater than 
50 B-value uni ts ) . 
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a tm os ph e r e  and suc c e s s i v e  exp o s u r e s  w e r e  made at f i v &  s e c o n d  

i n t e r val s . The c u r v e s  ob t ained arc s ho wn i n  Fig . I - 3 . Th i s  f i gu r e  

s hows t hat p alladium w as , i n  all c as e s , a b e t t e r  e l em e n t  than 

z i r c on i um for u s e  as an i n t e rnal s t andard as i t  f o l l ows the 

V·J l a t i l i s a t i o n  b ehav i ou r  of t h e  a n al ysi s e l e m E n t s  m o r e  c l o s e l y . The 

o p t i mum ar c i ng amp erage is 10A w i th 4% s o d i um c h l o r i de as c arr i e r , 

b � c au s e  unc e r  t h e s e  c o n d i t i o ns � l l  t h e  e l e m e n t s  exc ep t  z i r c o n i um have 

v o l a t i l i G e d c o mp l e t e l y  w i t h i n  t�e n ty f i v e  s e c o n ds w i thout b e c o m i ng 

t o o  d i f f e r ent i a t e d . Th i s  r e ason r e n d e r s  the o th e r  c o nd i t i o ns l e s s  

s u i t a b l e .  

( v i )  Fi nal Spe c tr ographi c  Ope r a t i ng C o rtdi t i o ne . 
• 

Tab l e  I - 4  g i v e s  t h e  f i na l  c o ndi t i o�s cho s e n  as a r e s ul t of 

t h e  ab o ·,r e i nv e s t i ga t i ons . 

Th e repro duc i b i l i t y  o f  the sp e c t r ograp h i c  anal y s i s  us i ng 

th e s e  c o n d i t i ons was d e t e rm i n e d  i n  the fol low i ng manne r .  A s er i e s  

o f  s t andards c o n t aining thor ium , y t tritim and ra�e e ar the w i th a 

w i d e c o n c e n t r a t i o n  w e re p r e p ar e d  and a r c e d  un d e r  the abo � e  condi t i dns . 

T e n  r epli c a t e  a r c i ngs w o r e  m a d e  at e a c h  c o n c e n t r a t i on l evel . The 

analy": i s  l i n e  i n t ens i ty o f each el em en t and tha t o f  the i n t ernal 

s tandard palladium , was m�asured over the c tinc e n t ra t i on range and 

the r a t i o  of the two was d e t e r m i n e d .  Thi s  ra t i o  w as p l o t t e d  aga1ris t 
t h e  c o e f f i c i e n t  o f  vari a t i o n  ( pe r c e n t s t andard d e v i at i o n )  and is 

shown . i n F i g .  I - 4 .  Th i s  curve all ows t h o  c o e f fi c i e n t  o f  var i a t i on 

t o  b e  d e t e rmi n e d  f o r  �ny e l em e n t  at any c o n c e n t r a t i o n and i s  m o r e  

meaningful than t h e  v � l u c  o b t a i n e d  f r o m  a si ngl e d e t ermin a t i o n .  The 

usual pr�cedure in such work i s  to c a l c u l a t e  the coe fficient o f  

vari a t i o n  from r ep l i c a t e  anal ys e s  o f  a n  e l em e n t  a t  an e as i l y 

m e a s u r ab l e  conc en t ra t i o n . Thi s nuturally pres e n t s  valu &s b e t t e r  
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TABJ�E I - 4 

Spe c trograp h i c  Op e r a t i ng Condi t i o ns 

S l i t  l ength 

S l i t  wi dth 

Wavel ength range 

Pho tographi c plates  

Current 

Excit a t i on 

Exposute 

El e c tr o d e s  

P h o t ographi c P r o c e s s ing 

Op t i c al sys t em 

Ar c  gap 

Gas 

1 2  mm 

0 . 0 1 5 mm 

2800 - 5000 9 ,.. 
I l fo r d  G-30 

1 0h d . c .  

!�nod e 
2 5  s e c o nds 

Johns on-Matthey 4B grap h i t e  
( 1 . 5 m m  i n t e rnal diam e t e r  x 6 m m  d e ep ) 
4� min at 20

° C in Kodak 1 9B d e v e l o p e r  

Ima�e o f  arc focus s e d  at s l i t  w i th F95B convex quart z  l ens 

4 mm 

20% argo n/80% oxygen 
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Volat i l i zat ion curves for rare earths , yttrium , pal lad ium and 
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F ig . I - 4 

Coeff i c ient Of Va r iat ion % 
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than can be  ob tai n e d  at lo�er concentra t ion l evels . 

( b )  S tudies  on the I nterference  o f  Thor i um , 

Y t trium and Rare Ear th Analys i s  Lines 

I .  Development o f  an I o n  Exc hange S eparation  

1 9 . 

( i )  S eparation  by Use  o f  the Ac e t i c/Ni t r i c  A c i d  

Ani on - Exchange Sys t em 

Soluti ons w e r e  pr epare d  c on taining macro elements  i n  the  

propor � i ons fo und i n  grani t e  ( G- 1 ) as  given by FLEISCHER ( 1 96 5 )  

and 1 000 ppm each o f  uran i um , thorium , y t t r i um and t h e  rare earths . 

The solvent was a mixture of  90% gla c ial ac e t i c  a c i d  �1d 1 0% 

n i t r i c ac i d . 

The anio n- exchange p r o c e dure used  was a modi f i c a t i on o f  

work repor t e d  by KORKISCH and ARRHENIUS ( 1 964 ) . The m e thod u s ed 

w as as follows : 

Res i n :  Dowex 1 x 8 ( 1 00 mesh ) , chlo r i d e  form . 

Column Dimens i o n :  1 5cm  x 1 cm.  

Flow Rate : 0 . 5  - 0 . 7  ml/min . 

The c olumn was prepared  i n  the normal manner as des c r i b ed by 

VOGEL ( 1 96 1 ) and c onve r t e d  to the ni trate  form by  passing 5 M 

n i tr i c  a c i d  until the eluant no longer gave a p os i t ive  t e s t  t o  

s i lver  ni trate . The c o lumn was then equilibrat ed w i th 45 ml o f  a 

mixture o f  90% glac ial ac e t i c  a c i d and 1 0% 5 M ni tr i c  a c i d  whi c h  

h a d  previ ously b e e n  degas s ed on a w a t e r  pump . The previ ously 

p repared mixture of elements , i n  the  same solvent , was pas s e d  

through the  c olumn followed by 5 0  m l  o f  t h e  s a m e  s olvent to r emove 

any w e akly- adsorb e d  & l ements . Yttri um , thorium , uranium �nd the 
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rare earths remained adsorbed  on th e r e s i n .  Uranium was s ep arated 

fro� thorium , yttri um and the rare earths by eluting with 35 ml 

of 6 M hydro chlori c ac i d .  Thi s  converted the uranium into a 

chloro- c omplex  whi ch remained  adsorb e d  on the c olumn whereas 

yttri um , tho r i um and the rar e earths w er e  eluted ns they do not 

form strong chloro- c ompl exes . The urani um was then e luted w ith 

25 ml o f  0 . 1 M hydr o chlori c aci d .  The s eparati o n  took approximately 

five  hours , but s e v eral columns c ould b e  run s imultaneously . I n  

thi s  cas e a b attery o f  s i x  was found to b e  suitable . 

S ev eral experime nts were  c arr i ed out to i nvestigate the 

e ffe ct o f  flow rate and e l ement c o n c e ntratio n ,  e sp e c i ally uranium , 

o n  the s eparat i o n  pro c e dure . It was found that the s eparati o n  

effi c i ency w a s  unaffected by flow rates varying b etwe e n  0 . 2  m l/min 

and 1 ml/mi n . The factor governing flow  rate was  actually the 

room temperature as the a c etic  a c i d  b ec ame r ather v i s c ous aroun d  

1 8°C .  In  m o s t  c a s e s  the f l o w  rate was b etw e en 0 . 5  ml/mi n  and 

0 . 7  ml/m i n .  For the column dimens i ons  given , it was foun d  that 

s olutions s amp l es c ontaining up to 2500 ppm uran i um were  s uc c es s ­

fully s eparated . El ement r e c ov ery exp eriments were  also p e r f Jrmed  

to determ i n e  the effi c i ency o f  the  s ep arati on . The r esults obtained  

indi c ated that there was  mutual i nter ference  i n  the rare  earth 

emi s s i on sp ectr a ,  b e c aus e many e l ements gave apparent conc entrations 

much higher than the amounts added woul d  h av e  i ndi cate d . 

Although the above s eparati on s uc c es s ful ly conc entrates 

the analys i s  el ements and removes  i nte rference  from macro 

c onstituents , there  sti ll  exists mutual i nterference  from the 

r are  enrths thems elves . Results o f  anion exc hange s eparations 

r ep -- ·rted by CARS�vELL ( 1 957 ) and DANON ( 1 958 ) i n d i c ated that i t  
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might b e  p o s s i b l e  to s epara t e  uranium , thorium , yt trium and rare 

earths into sev eral groups , hence redu c i ng inter fer en c e . The 

following i nves tigation  was c ar r i e d  out . 

( i i )  S eparat i on by U s e  o f  the N i tr i c  A c i d  Ani on­

Exchange Sys t em 

Uranium , thorium , y t tr ium and rare earths were ads orb e d  on 

to the  c ol umn , as d e s c r i b ed i n  the above s e c tion , and w�r e , i n  

s eparat e  experiments , e l u t e d  w i th 2 M ,  4 M a n d  6 M ni t r i c  aci d  

r esp e c tively ( flow rate 0 . 5 ml/min . ) . Aliquots o f  5 ml w ere  taken 

o v e r a volume  o f  1 20 ml . Results  o f  thes e  s eparati ons are shown 

i n  Fig . I - 5 .  From this  i t  i s  s e en th�t the s eparati on i s  

uns a t i s fac tory and fur ther att�mp t s  a t  s eparat ion  were  di s cont i nue d . 

I t  i s  poss ibl e to s ep arat e the rare ear ths using ammonium ci trate  as 

elut i ng agent ( SPEDDING ET AL , 1 950 ) but the t i m e  i nvolved 

r endered  this approach uns at i s fac tory . 

An exami nat ion  o f  li n e sp e c tra o f  the analysis  el ements 

was then made in an a t t emp t t o  det ermine the extent of mutual line 

i nterference  of thorium , yttri um and the rare earths , so that these  

el ements m i gh t  b e  analys ed  together a s  a group . The following 

results  are e s s en t i Rl ly thos e  r epor t e d  by COHEN ET AL ( 1 96 8 ) . 

I I .  Mutual Interference  o f  Y t t rium, Thorium and Rare Earth 

J>nalys i s  Lines 

I n  this  s tudy it  was n e c e s sary t o  know how the r e s o lu t i on o f  

the  l arge quart z  s p e c trograph vari e d  w i th wavelength . Thi s was 

determi ned  in t w o  s t eps . F i r s t ly , a curve of r ec ipro cal disper s i on 

( �/mm ) agai ns t wavel ength C R ) was c o ns truc t e d  from the NBS c ar d  

index b y  m0asur i ng t h e  dis t an c e  ( mm )  apart o f  any t w o  l i n es a t  
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a par t i c ular wav e l e ng th . S e condly , the minimum dis tanc e b e tw e en 

any two r e s o lvable  l ines on the pho tograph i c  pl� t e  was d e t ermin e d  

arb i trarily by use o f  the H i l g e r  mi c ro d e ns i tome ter , w i th and 

w i thout a c hart re corder . This dis tan c e  was found to be  abo u t  0 . 04mm . 
Us ing this  v�lue , a curve o f  resolution ( A )  as a func tion  o f  

wav e l ength ( � )  was constru c t �d .  I t  i s  i mpor tant to add that the 

t e rm reso lvabl e , as us e d  pr evio�sly , m eans that it was just pos s ible  

t o  d i s t i ngui s h  two  s eparat e peaks and  d epends somewhat arb i trar i l y  

o n  the  acui ty o f  the observer . Fig . I -6 shows the respe c ti v e  curves . 

From th e s e  figures i t  was poss ible  to d e termine a po tenti al i n t er­

ference  band of wavel engths on e i ther s i de of any part i c ul ar 

an3lysis  l ine a t  any par t i cular wavel ength . From NBS Tables  

( MEGGERS ET AL , 1 961 ) pos s ible  int erfering rare earth  el ement l i nes  

may b e  found . The ext ent to whi ch the e l ements  interfere  can b e  

ob tained approxima t e ly from the formula 

% I n t erferen c e  = 1 00 x Ai I i 

Aa I a 

where Ai , Aa are the  respe c t i v e  abundan c e s  o f  the int erfering 

and analysi s  e l ements  and Ii and I a are the r e spe c t i ve l ine 

i n t ens i ti es . I t  mus t b e  emphas i s e d  th�t i f  i n t e ns i ty values from 

the NBS Tab l e s  are u s e d  to comput e  this  i n t e r ferenc e ,  the resul ts  

may b e  d i f f erent  from tho s e  obtained w i th experimental c o nd i t ions 

di fferent  from tho s e  us e d  by the authors of thes e  tabl es . 

To check  the val i d i ty o f  thi s formula under the  c ondi t i ons 

use d , s eparat e  solu t i ons were prepare d  from 11Spe cpur e "  chem i c al s  

for y tt r i um , thorium and each l anthani de . S eparate samples c on­

taining 1 00 ppm o f  each element were prepar e d  and arced under the 
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s t andard con d i t i o ns . The intens i ty o f  n n  analys is l i n e  f o r  each 

element was  measure d  toge ther with the  i n t ens i t y  of  any p o t e n t i al ly 

i n t e r f er i ng lines o f  o th e r  elements . The data show e d  th�t f o r  a 

p r e d i c te d  int e r f 6 r e n c e  o f  up t o  1 0% , no i n t e r f e r en c e was d e t e c t e d  

i n  t h e  spe c trum o f  any o f  these  e l em ents  at the  wavel ength o f  the 

s e l e c t e d  analys i s  l ines . This was no t the cas e for pre d i c t e d  i n t er­

f er enc e s  gr eater t han 1 0% .  Tabl e I-5  l i sts  the analys i s  l i n e s  

u s e d  fo r y t t rium , thorium a n d  the r ar e  earths w i th t h e  resp e c t i v e  

i n t erfe r ing lines o f  o ther rar e ear th elements and intensi ty rat i o s  

for sub s equ ent corr e c tion . Th e analysis l i nes t e s t e d  are no t 

always the r e c omm ended R. U .  lines  but  i n  some cases are lines  o f  

lower wavel ength whi c h ,  although o f  lower s en s i t i vi ty , may s ti l l  

b e  u s e d  b e c au s e  o f  t h e  i o n  exchange enri c hment and s epar a t i o n  

p r o c edur e . This u s e  o f  lower wave l ength li nes has the  obvi ous 

advantage of b e t ter resolu t i on s i n c e  d i sp e r s i o n  increases  wi th 

d e c r eas i ng wav e l e ngth . Th e t �ble d o e s  no t l i s t  �ll the p o s s i b l e  

i n t e r f e i i ng l ines a s  given in  the  NBS Tables b u t  o n l y  those  whi ch  

give a p r e d i c t e d  i n t e r f e r e n c e  o f  more th3n 1 0% from the formula 

( c o ns i de r i ng the normal abundnnce r n t i o s  of thes e  element� ) and 

wh i c h w e r e  d e t e c t e d  in the spec trum of the pure elemen t . I n  all 

c ns es , the highe s t  likely conc entra t i o n  of the i n t e r f ering e l ement 

was taken in  order t o  allow for maximum interfer e n c e  po s s ibl e .  

When s igni f i c ant i n t e r f e r e n c es arc ob t ained , c o rr e c t i ons 

are  made as iri the following exampl e .  As the n e o dymium l i n e  a t  

4040 . 80 � i n t e r f e r e s  w i th c e rium 4040 . 76 � ( this l i n e , al though 

i n t e r f e r e d  w i th ,  was found t o  be the m o s t  sui table  c erium l i n e ) , 

the i n t ens i ty ra t i o  o f  the neo dymium l i nes at 4040 � and 406 1 � '  
i n  the abs e n c e  o f  c e r ium , wns measured nnd found to b e  0 . 732 . The 
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T,·.BLE I - 5 

Analyt i c al Lines  �nd Int erferenc es 

�nal�t i� al l i � e � i n
* 

I n t erf .:?rence  
i >  ( lnt en�:n t l. e s )  range A 

( from Fi g . I - 6 )  

Lu 2 9 1 1 . 39 ( 600 ) + 0 . 1 8  

Yb 3289 . 37 ( 2600 ) � 0 . 27 

Tb 332 4 . 40 ( 400 ) � 0 . 27 

y 3327 . 89 ( 600 ) � 0 . 27 

P d  342 1 . 24 ( 1 400 ) * *  � 0 . 30 

Gd 3422 . 57 ( 700 ) � 0 . 30 

Ho 3456 . 00 ( 1 80 0 )  � 0 . 3 1 

Tm 3462 . 20 ( 800 ) � 0 . 32 

Dy 353 1 . 70 ( 2000 ) � 0 . 33 

Er 3692 . 64 ( 700 ) � 0 . 38 

L a  39 95 . 75 ( 360 )  + 0 . 48 

Th 40 1 9 . 1 3 ( 300 ) � 0 . 50 

C e  4040 . 76 ( 1 50 ) :t 0 . 50 

Nd 406 1 . 09 ( 280 ) :t 0 . 50 

Pr 4 1 7 9 . 42 ( 460 )  � 0 . 55 

�u 4205 . 05 ( 4000 ) .±. 0 . 57 

Sm 4256 . 38 ( 1 40 )  .±. 0 . 59 

* In t en s i t i e s  from NBS Tabl es 
* *  I n t e rnal S t �n dard 

I n t erfer ing l ines  
i n  � ( intens i t i 0s ) *  

Th 2 9 1 1 • 32 ( 8 )  

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

C e  40 1 9 . 04 ( 1 4 )  

N d  4o4o . 8o ( 1 8o ) 

None 

C e  41 79 . 29 ( 5 )  

None 

C e  4256 . 1 6 ( 1 2 )  

I n t en s i t y  rat i o s  o f  i n t er-
fering lines and reference  

l i nes 

Th 2 9 1 1 /Th40 1 9  = 0 . 02 7  

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

C e  40 1 9/C e 4o4o = 0 . 237 

N d  4040/Nd4061 = 0 . 732 

None I 
C e  41 7 9/Ce 40 1 9  = 0 . 07 6  

N o ne 

C e  4256/Cc4o4o = 0 . 092 
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c o r r e c ted  c er ium intens i ty at  4040. 7 6  R i s  o b t ai n e d  by  subtra c t ing 

73% o f  the  neo dymium intsnsi ty at 406 1 . 09 � ( interference  fre e )  

from the obs e rved  value for the c erium l i ne . 

The correc t i o n  o f  analys i s  l i n e s  for inter fe renc e should b e  

carri ed o u t  i n  the following s equenc e .  C e  4040 i s  c o rre c t e d  for 

Nd 4040 i n t e r feren c e , followed b y  corr e c t i on o f  Th 401 9 for  

C e  40 1 9 ,  u s i ng the  corre c t e d  Ce  4040 i n t e ns i ty value t o  c al culate  

the corr e c t  value for C e  40 1 9 .  Having obtained  interfer enc e - free  

C e  4040 and  Th  401 9  i n t ens i t i es , Pr  4 1 7 9 c �n b e  c orr e c t e d  for  

· n�e>dymium , c e r ium and thorium interferen c e s . 

Working curves for i n t er f er enc e- free el ements c an be  p r epared 

by  dilution of a c ommon mixed s tandar d ,  but o ther  working curves 

mus t be  p r epared from indivi dual unmixed s tandards . Fig .  I - 7 a  

shows t h e  working curve f o r  C e  4040 i n  t h e  p r e s en c e  o f  various 

conc entrati ons o f  neo dymium , with and wi thout corre c t i o n , and the 

curve obtained from a pure c erium s t �ndnr d .  W o rking curves for  

o ther  elements  ( F i g .  I-7b ) are  also  given . The l ow s ca t t er o f  the  

points  gives  an  i ndi c a t i on o f  the pre c i s ion o f  the m e tho d .  

( c )  The U s e  o f  the Combi ned Anion  Exchange­

Spe c trographi c  Proc e dure 

( i )  D i s s o l u t i o n  o f  R o ck Sampl e s  

The ease w i th which ro cks a r e  dissolved  dep ends primar i ly 

o n  the n�ture o f  the  r o ck ( s i l i c a t e , sulphi de  e t c . ) ,  the  elements 

p r e s en t, and the solvent use d .  The solvent r e qu i r e d  for the ani on 

exchange s epar a t i o n , i n  thi s c as e , governed this  cho i c e  and h enc e 

p r e s e n t e d  c e r tain di ffi cul ti e s . Th e  main one was that 90% glacial 

a c e t i c  a c i d  and 1 0% 5 M ni tri c ac i d  i s  an extremely  p o o r  solvent . 
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Also , the el ements thorium and c e ri um are generally very i nsoluble 

even in min eral acids . As a resul t ,  the fol lowing rather t e di ous 

scheme had to be use d .  

Concentrated n i t r i c  a c i d  and conc entrated hydr o flu o r i c  a c i ds 

( 1 5 ml o f  e ach ) were added to 1 g o f  finely- divided rock sample 

( 1 20 mesh ) i n  a 250 ml t e flon b e ak e r  nnd evaporated  t o  dryness over  

a p e r i o d  o f  2- 3 hr . Then 1 5  ml o f  c onc entrated nitri c a c i d  was 

add e d  to the r esi due , whi c h  was next trans ferred to a 1 50 ml glass 

beaker and slowly evaporated to dryness. To this residue was 

adde d  1 5  ml o f  9 : 1 mixture o f  glac i al a c e t i c a c i d  and 5 M ni t r i c  

ac i d ,  and t h e  who l e  was transferred t o  a tube and c en t r i fuged . The 

supernatan t  l i quid  was retained and the r esi due was agai n  treated 

w i th 1 5  ml o f  c onc entrated n i t r i c  R c i d , evaporated t o  dryness , taken 

up in 1 5  ml of ace t i c  acid- n i tric a c i d  mixture and c en tr i fuge d .  

The solut i o n  was retained and the  r esi due ( usually less than 0.3 g )  
w as dri e d ,  w e i ghed , mixed i n  a 1 : 3 rat i o  w i th sodium p eroxi d e  and 

fused i n  a platinum c rucibl 2  at 480° for s even minut es ( RAFTER , 1 950 � . 

The melt was neutralised w i th n i t r i c  a c i d  and the solu tion  

centri fuge d . Any sol i d  remaining was dis carded . Suffi c i en t  

glac i al nce t i c  aci d to  give the c orr ect rat io  o f  a c e t i c  aci d t o  

ni tri c ac i d  was added and all thr e e  sup ernatants w e r e  comb i ne d .  

The t o tal vulumc was usually 70- 80 ml . The solution was degassed for 

twenty m i nu t es and then tr�nsferred t o  the prepared i on- exchange 

c o lumn . Comp l e t e  digest ion  o f  the  nnalysis el ements was confirm e d  

b y  arc ing t h e  supernatants and r esidue o f  a t est samp le  a f t e r  each 

s t age had b e en comp l e t e d .  
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( i i )  Analys i s  o f  G- 1 ,  W - 1  and CAAS Syeni t e 

To e valuate the complet e an�lyti cal pro c e dure , experim e n t s  

were  carr i e d  out  to t e s t  the rec overy o f  e l e m e n t s  from t h e  i o n­

exchange column . Tab l e  I-6  shows the r e su l t s  ob tain e d  for some 

r epr e s entat i v e  el ements  c arri e d  through a comp l e t e  s ep�ra t i o n  and 

analys i s  pro c e dur e . Analys i s  o f  the s t andard r o cks G- 1 ,  W- 1 and 

CA�S Syeni t e  for thor i um , y t tr i um and rare earths was carri e d  out  

by  the develop e d  pro c edure . Tabl e  I - 7  compares the resul t s  ob t�ined 

w i th the mos t  r e c e n t  r� c ommended values .  

( i i i )  Evaluation  o f  Data 

The agreement b e tw e e n  the spec tro graphic  results  obtai n e d  

i n  t h i s  work f o r  G- 1 and W- 1 and tho � e  given by FLEISCHER ( 1 96 9 ) 

are go o d .  The neutron ac t ivation  data o f  HASKIN and GEHL ( 1 963 ) 

als o  correlates  extremely well  and i s  shown i n  F i g. I - 8 .  
The values obtained  for CAAS Syeni t e  give fresh data for  

nine  rare  earth elements whos e  v cl.ues , as r epor ted  by  WEBBER ( 1 96 4 )  

were  e i ther doubt ful o r  were b elow t h e  d e t e c tion  limi t o f  the 

t e c hn i ques  us e d .  The r ec ent  summary of S I N� ET AL ( 1 96 9 )  includes  

v�lues  obt�ined  by  TENNANT and  FELLOWS ( 1 967 ) , also  using emi s s i o n  

s p e c trography . The s e  value s  generally correlate  well w i th t h i s  

w o r k  and a r e  shown in F i g .  I- 9 .  Thi s  figures  shows that t h e r e  i s  

d i s agreement i n  t h e  values for samar i um , holmium and lut e c ium . I n  

order to e valuate the c orr e c tness o f  t h e  values  obtai n e d , t h e  r�r e  

earth abundanc e  rat i o s  for a n  average a c i di c ro ck , a n  average b as i c  

rock  and C�AS Sye � t e were c alculat e d . These values are given i n  

Tab l e  I- 8 . � �i s  t able  shows that whenever the resul t s  o f  t h i s  w o rk 

and tho s e  o f  Tennant and F e llows agr e e , the abundan c e  rat i o  

( normal i s ed t o  La = 1 . 00 )  o f  t h e  rare earths in t h e  sye ni t e  
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TABLE I - 6 

R e coveries  from I on-Exchange S epar � t i ons 

El ement J>moun t added ( fl. g )  ,'-•mount r e c overed  ( �g )  

La 300 280 

Ce  300 309 

Nd 300 309 

Sm 1 00 1 02 

Eu 1 00 98 

Gd 1 00 99  
Dy 1 00 1 02 

Ho 1 00 1 02 
y 1 00 1 00 
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TABLE I - 7 

CoQpar i s o n  o f  Sp e c tr ographi c ,  Neutron A c tivation  and R e c ommended Values for Thoriua, Yt trium , 
Uranium and the Rare ear ths i n  G- 1 , W- 1 and ChhS Syeni t e  ( ppm ) 

Element G- 1 W - 1  Crti.S Sy�ni t c  

Code  A B c D l'l c D .a B E 

La 1 1 00 80 1 00 1 02 1 0  1 2  1 1 . 7 1 8? Zlf5 220 
Ce 2 200 1 60 1 70 1 34 20 23 24 350 625 365 
Pr 3 1 9  1 6  1 7 20 . 9 5 4 3 . 68 1 37 1 40 -
Ncl 4 60 43 55  54 . 6  16  1 7 1 5 . 1 300 305 302 
S m  5 < 5 c: 1 0  9 8 . 6 � 5 4 3 . 79 4:. 5 245 -
Eu 6 0 . 9  1 1 .  3 1 . 04 1 . 5 1 • 1 1 .  09 1 5 8 -
Gd 7 7 <: 1 0  5 4 . 88 4 4 4 . 2  72 58 -
Tb 8 < 2 < 50 0 . 6  0 . 5 < 2 0 . 8  0 . 75 � 2 4: 50 -
Dy 9 2 < 20 2 . 5 n . d .  2 4 n . d .  1 00 1 35 -
Ho 1 0  0 . 4  < 1 0 . 5 0 . 5 3 1 1 .  35 2 1  2 -
Er 1 1  1 . 4 <. 1 0  2 1 . 4  2 . 5  3 2 . 57 57 42 -
Tm 1 2  < 3 <: 1 0 . 2  0 . 2 < 3 0 . 3  0 . 35 < 3 5 -
Yb 1 3  0 . 6 0 . 8 1 0 . 62 1 . 5 2 . 2  2 . 1 90 57 70 
Lu 1 4  0 . 1 .c 1 0  0 . 2  0 . 1 7 0 . 3  0 . 35 0 . 33 1 . 5 < 1 0  -
y 1 5 1 2  1 2  1 3  1 2 . 5 1 1  2 5 23 . 8  450 450 450 

Th 30 2 1  52 n . d . 1 2 . 4  n . d .  7 1 0  1 300 1 338 
u 2 . 6 < 50 4 n . d .  1 . 5 0 . 5 n . d .  2380 2700 2500 

fl - Thi s  work . 
B - Dire c t  :':lr c ing w i th h i gh d i sp e r s i o n  ins trument ( TZNN/�NT and FELLO';� s , 1 967 ) . 
C - R e c ommended values for G- 1 and W- 1 ( FL.SISCHER , 1 96 9 ) . 
D - Neutron a c t i v :>. t i on ( }bSKIN and GEHL , 1 963) . 
E - Median value s  f o r  CArlS s y en i t e  ( S INE ET tL , 1 969 ) . 
n . d .  - N o t  determin e d .  

I 
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Rare 

Tf,BL.S I - 8 

Rare Earth �bundan c e  R3tios  for  G- 1 , W- 1 �nd 
Cl,, .S Syeni t e . C-�.11 Data Normal i s e d  to 

La = 1 . 00 by w 0 i ght ) . 

Syen i t e  
Ear th Element f, N . E . C .  T . &F .  

La 1 .  00 1 .  00 1 .  00 

C e  1 . 58 1 . 84 2 . 46 
Pr  0 . 20 . 0 . 72 0 . 55 

Nd 0 . 62 1 . 57 1 . 1 7  

Pm - - -
Sm 0 . 1 0  0 . 025 0 . 96 

Eu 0 . 0094 0 . 073 0 . 029 

Gd 0 . 057 0 . 33 0 . 1 67 
Tb 0 . 0030 0 . 087 0 . 1 74 

Dy 0 . 0 1 8 0 . 45 0 . 46 
Ho 0 . 0034 0 . 092 0 . 0067 

Er 0 . 0090 0 . 25 0 . 1 4  

Tm 0 . 00 1 6  0 . 01 3  0 . 01 6  

Yb 0 . 0035 0 . 38 0 . 1 83 

Lu o . ooo8 0 .- 0055 0 . 03 1  

30 . 

B 

1 .  00 

2 . 73 

0 . 35 

1 .  47 

-

0 . 36 

0 . 1 0  

0 . 39 

0 . 06 

0 . 30 
0 . 081  

0 . 1 8  

0 . 023 

0 . 1 3  

0 . 02 1  

h - kverage A c i d i c  R o ck pat tern . Average o f  G- 1 ( HASKIN and 
Gehl , 1 963 ) and Kirovograd grani t e  ( G,: ,VRILOVl• and TUR1-\NSKJ\YJ. , 
1 958 ) . 

B - hverage bas i c  r o ck pat t ern . Average o f  W- 1 ( HASKIN and GEHL , 
1 963 ) , and Ki lauea- iki ( SCHMITT ET AL 1 963a ) . 
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approximate  to that o f  �n average bas i c  ro c k .  A plo t o f  abundanc e  

ratio  ag�inst  atom i c  numb er for the average gran i t e  rock , average  

bas i c  ro ck and sy�� i t e  further c onfirmed  this . 

To help evaluat e  the relat ive mer i t  o f  the  valu e o f  t h e s e  

d i s c ordant el ement s , a s  shown i n  F i g .  I - 9 ,  the abundan c e  ra t i o s  

o f  the  rar e ear ths i n  the av erage bas i c  rock and the results 

obtained for the sy� i t e  i n  this work , together w i th tho s e  values 

o b t ained by  Tennan t and Fellows , �ere plot ted  agains t atomi c 

numb er nnd are shown in  F i g .  I - 1 0 .  From thi s i t  is  c l early s e en 

that the e l em ents s �m�r i um , holmium and l u t e c ium do no t l i e  as 

c l o s e  to the curve of the average b a9 i c  rock as do the o ther  rare 

earth e l ements .  I f  i t  is  assumed that the rare ear th abundanc e  

ratio  pat t e rn i s  c o ns i s t ent  for al l member el em ents, then the val u e  

f o r  t h e  d i s cordant  c l ement c l o s er to t h e  curve o f  t h e  average 

bas i c  rock i s  the value whi ch is likely to b e  more corr e c t .  I f ,  

as i s  the case  o f  samarium , both  the values l i e  far from th e 

average b as i c  rock curve , and are wi dely d i f ferent , then i t  i s  

l ikely that b o th are incorr e c t .  However , i f  this happens , the  

e s t im a t e d  value can b e  ob tai ned and i s  i n  this c as e  approximat e l y  

3 7  ppm . On  t h i s  bas i s  i t  i s  d o c ided  that the author ' s value for 

h o lm ium ( 2 1  ppm ) is more l ikely to be corr e c t  than that o f  

Tennant and Fellows ( 2  ppm ) whereas their  value for y t t erbium 

( 57 ppm ) is b e t ter  ( 90 ppm ) . I t  is  also possible  that the  author ' s  

value for lutec ium ( 1 . 5 ppm )  i s  too low ; a value o f  3 ppm i s  more  

cons i s t e n t  wi th the average bas i c  ro ck curve . 

I t  is  concluded that the results  in Tabl e I - 6  and Tabl e  I-7  

have demons trat e d  the feasi b i l i ty o f  using � large quar t z- op t i c s  

( m e dium d i spers i on ) s p 1 • c tro graph for the det erm i nation  o �  tiho rium , 
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y t trium and the rare earths provided  that an ini t ial s eparat i on 

i s  p r evi ously carr i e d  out . 
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ANALYTICAL METHODS FOR URANIUM 

( a )  Spec trogr�phi c Pro c edure for Macro �mounts  o f  Uranium 

The uranium spec trum i s  extrem0ly c omplex , and because no 

l i nes  show h i gh trans i t ion probab i l i t i es the emi t ted  radi u t i on i s  

d i s s ipated  nmong wnny l i nes . As a result ,  the s ensi ti v i ty i s  low . 

Als o , when pres ent  i n  high c onc entra t i o ns , uranium emi ts an i n t ense 

c on t i nuous background radiation whi c h  i n t erferes w i th i tsel f  and 

o ther e l ements . B e cause  of the s e  proper t i e s  uranium is a d i f f i c u l t  

element to analys e spec tro gr:tphi c al ly . 

Uranium was analys ed under the  s ame  spec trographic 

condi t i ons es t ab l i s hed for the analys i s  o f  thorium , yt trium and 

rare c�rths . How ever , the limi t of det e c ti on was only 0 . 8% uran i um ,  

rendering the techniqu e  sui tab l e  only for the analys i s  o f  mineral s . 

Fi g .  I - 1 1 shows the working curve ob tai ned . 

( b ) Solution  Fluorimetry 

Soluti on fluorime try was i nv e s t i gated  ns i t  i s  well known 

that thi s t o c hn i que  is  c o n s i derably less s ensi t ive  than th8 

extremely- s ens i t i v e  fus ion- bead technique and , as a resul t ,  m ight 

b e  a sui table m e thod to analyse for urcnium i n  the i ntermediate 

c · l n centra t i o n  range between  that o f  fus i o n-bead analys i s  and 

s p e c trographic  analys i s .  S ILL and PETERSON ( 1 947 ) reported the 

fluores c ence of uranium in orthophosphori c ac i d  and used this  

property to det ermine uranium v i sually . As  this  appeared to be 

a pos s ible method for analys i ng uranium in an i nt ermediate c on­

centra t i on rQnge , the following i nves t i ga t i o n  was c arried out .  

A ur ani um s tandard ( 1 0  ppm ) was prepared i n  s o lu t i ons o f  

5% , 1 0% , 20% , 50% , , 75% and 1 00% phosphori c a c i d  resp e c t i vely and 

the fluores cence measured w i th a fluorimeter . The results  are 
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Fig . I : - 1 1  Spectrographic working curve for uranium . 



shown i n  F i g .  I - 1 2 .  

§_p e c i fi c c:. ti ons 

I ns trument : Am i n c o - Bowm3n S p e c tro fluori m e t c r  wi th  

variab l e  exc i t ation  and eci s s ion  monochroma t o rs and 

xen::>n sour c e . 

Ex c i t a t i o n  w�v e l ength : 264 m �  

Emi s s i o n  wavel ength : 5 1 3 m p  

34 . 

From F i g . I-1 2 i t  i s  s e en that 5% o r  1 0% phosphoric  ac i d  i s  t h e  

o p t fmu� phosphoric a c i d  conc entrat i o n .  All fur ther analys i s  were  

carr i e d  out us ing 1 0% phospho r i c  ac i d .  Pr eliminary worki ng 

c u r v e s  w e r e  p r epared and i t  was found that Beer ' s  Law was obeyed 

up t o  about  13  p p m  u r an i um . T o  incr eas e the app l i cab l e  c onc entra t i o n  

range , the  following dilution s cheme was develop e d . Soluti ons 

with 5 �g - 50 pg o f  uranium w e r e  d i l u t e d  to 5 ml  w i th 1 0% 

p h o s p ho r i c  ac i d ,  s amp l e s  w i th 25  pg - 250 �g w e r e  d i l u t e d  to 25  ml  

and amounts  o f  250 �g  - 1 000 )lg requ i r e d  dilut i o n  to 1 00 ml . The 

results  are shown i n  Fi g .  I - 1 3 .  Thi s  allowe d  each analy s i s  t o  b e  

c arr i e d  o u t  i n  such  a way thut i f  d i l u t i on was n e c e s s ary , the t o t al 

uranium pres ent , and no t a frac t i on o f  i t , was dilut e d .  Thi s con­

s i derably r e du c e d  the abs olu t e  error i n  the analys i s  du e to 

dilut ion . The analys i s  was carr i e d  out  as follows : 

The i on-exchange elua t e  c ontai ning only urani um was taken 

to drynes s , 5 ml of phosphor i c  a c i d  w as added and the solution  was 

examined  und e r  an ul tra v i o l e t  l amp ( 254 m� ) . I f  the fluor e s c en c e  

i n t e ns i ty was too  high t h i s  volume was fu r t h e r  di lu t ed t o  25  ml  and 

again exam i n � d . I f  the i n t ens i ty was s t i ll too  high after  

d i l u t i ng to a volume o f  1 00 ml , then  a frac t i o n  o f  this  was t aken 

a n d  d i l u t e d  furthe r .  However , thi s s i tuation was unc ommon . 
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Repl i cate  anal ys i s  o f  samp l es containing 5 ppm U w e r e  analys e d  and 

g av e  a c o e f fi c i ent of var i a t i on o f  ten p e r  c en t . 

( c ) Fus i o_'1-Bead Fluorimetr;y 

M e l ts obtained  by fus i ng uranium s al ts w i th s o di um 

fluo r i de fluo r e s c e  a bri ll iant yellow- green when exp o s ed to u l tra-

viol e t  l i ght ( N I C HOLS and SLATTERY , 1 926 ) . However 1 sodium 

fluo r i d e  has a h i gh mel ting point ( 992°C )  and t ends to  s t i ck to 

p l a t i : _um and gold c ontainers making it di ffi cul t to work wi th . 

GRIMhLD I E� AL ( 1 952 ) employed a mixture o f  s o dium fluori de , s odium 

carbonate and p o tass ium carbona t e  whi ch has the advantages o f  a 

l ow e r  m e l t ing temp erature ( about 700°C ) ,  do es not s t i ck to 

platinum o r  gold c ontainers and gives about the same fluores c en c e  

as sodium fluori de . These  author s  a l s o  dis cuss t h e  e f fe c t  o f  

fus i o n  temp erature and t i m e  of  h 0ating on t h e  fluores c ence  

intens i ty .  De tails  o f  the p r o c e dure u s e d  i n  the  pres ent work are 

as follows . 

A m i xture o f  ANALAR s o dium fluoride , sodi um c arbonate and 

p o tass ium carbonate i n  the ratio  ( by w e i ght ) 9 : 45 . 5 : 45 . 5  was pre-

p are d . One hundred and e i gh t  grams o f  this m i xture was mixed i n  a 

Waring bl ender w i th 1 00 ml o f  water until  a smooth p as t e  was 

o b tai n ed . This was then poured i nto the p e l l e t  moul d .  The mould 

2 c ons i s t ed  o f  a 1 5  cm x 1 cm t e flon s l ab ( to  pr event contam i nati on ) 
w i th one hundred  holes  ( 1  cm i . d . ) . A glass plat e , fas t ened  by 

s c r ew c l ip s , was used as a base  and could b e  unfas t ened to r emove 

the p el l E: ts . � 0 The mould was heat e d  for 2-21 hrs at  1 05 C and the 

p el l e t s  w er e  extruded , trans ferr ed  to  a glas s b e aker and dri e d  for  

a further two  days . Finally , b e fore  u s e  they were  graded into  

group s a c c or d i ng to  the i r  w e i ght . Pellets  w e i gh i ng 1 . 0 ! 0 . 5  g 



--------------

w e r e  u s e d  f o r  t h i s  w o r k . The i on- e x c hange e l uat e s  w e r e  t uk e n  t o  

dry� e s s  an d t h e n  r e d i s s o l v e d  i n  2 m l  o f  2 M ni tr i c a c i d .  O n e  ml 

of each s �mp l e  �as tran s : � r r e d  to e u c h of s i x 1 ml c apa c i ty 

h c � i s ph c r i c a l  g o l d m i c ro -- di s h e s . A fu r th e r  thr e e  m i c r o - d i s h e s  w e r e  

f i l l e d  w i th 1 m l  o f  each o f  thr e e s tandards c o n t a i n i ng 1 �g , 3 �g 

a :1 < :l 6 1' g o ::'  u :r Rn i �.:  ".i. . Th e g o l d  d i s h e s  w e r e  p l a c e d  nn o. v e r t i c a l  

s o r t i o n  o f  q u a r t z  tub i ng moun t e d  i n  a s t a i n l e s s  s t e e l  h o l d e r  whi ch 

��s h e a t e d  i n  a n  o v e n  a t  1 05
° 

un t i l  t h e  c o n t e n t s  o f  t h e  dishes w e r e  

e v ap o r a t e d  t o  dryn e s s . O n  r em o v a l , o n e  f u s i o n  p e l l e t w a s  a d d e d  t o  

each m i c ro - d i s h  and t h e  h o l d e r  was pl ac e d i n  a furna c e  at 700
°

C f o r  

1 0  c i nu t o s . A f t e r r e m o v�l , t h e  d i s h e s  w e r e  p l � c e d i n  a f l uo r i m e t e r  

h o l � e r  and al l o w e d  t o  c o o l . Analys i s  was c a r r i e d  o u t  w i t h  a 

s p e c i al l y  d e s i gn e d f l u o r i m e t r i c  a t t a c hm en t  t o  a T e c h tr o n  AA3 a t omi c  

ab s o rp t i o n  sp e c t r o p h o t o m e t e r  ( BROOKS and WHI TEHEAD , 1 96 8 ) . As a 

p r e c au t i o n  agai ns t e r r o r s  i n  t h e  fu s i o n  p r o c e d ur e , as a r e s u l t  o f  

u n e ¥ 8 �  o r  var i ab l e  h e a t i ng , uranium s t andards w e r e  a lways i nc l u d e d  

i n  e 2 c h  s e t  o f  s i x analy s e s . F i g .  I - 1 4  s h o ws the s l i g h t  d i f f e r e n c e s 

o b t a i n e d  i n  t h e  w o r k i ng c u r v e s  f r o m  d i f f e r e n t  runs . The u s e f ul 

c o n c c � t r a t i o n range i s  b e tw e en 0 . 5  p p m  and 6 ppm u r ani um and 

repl i c a t e  analys e s  gav e a c o e f f i c i e n t  of var i a t i o n  of t e n p e r  c e n t . 
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F ig . I � 1 4  Fus ion-bead fluorimetry working curves for uranium . 



37 . 

DISCUSS ION 

In the intro duc tion  to  this  analyti c al s e c ti on i t  was c le arly 

shown that the use whi ch c an be made of r esults from the anal y s i s  of 

geologi c al samples  depends c r i t i cally on the a c c uracy of the 

de termina t i ans . For this reason c o ns i der able  e ffort and care was 

exer c i s ed to develop the m e thods ava i labl e to the author to the i r  

utmos t  pr e o i s i on and s ens i ti v i t y .  The r e sults given i n  Table I - 7  

f o r  G- 1 , W- 1 and CAAS Syen i tc i n d i c a t e  that t h i s  was achi eve d .  T o  

t h e  author ' s  knowle dge , t h i s  i s  t h e  f i r s t  t i m e  a medium- d i spers i on 

quar t z- op t i c s  spe c trograph has b e en suc c es s fully u s e d  to  analyse  

rare  earths at thi s  l evel . I t  i s  impor tant to  no te  that al though 

the analyti cal pro c e dure for thorium , yt trium and rar e earths was 

developed s p e c i fi c �lly for a quar t z - op t i c s  s p e c trograph , use  o f  a 

grating- sp e c trograph i n  con j unc t i on w i th thi s m e thod should y i el d  

even b e t ter  r esults . W i th a grat ing- sp e c trograph , b e tt e r  

p re c i s i on woul d be  obtained b e c ause  of  greater  dispers i o n( r e c i pr o c al 

dispersion  o f  the order o f  2 . 5� - 5 . 0�/mm ) and the s ensi t i v i t y  

should b e  higher d u e  to  t h e  corresponding redu c tion  i n  backgroun d .  

Dur i ng the development o f  the t e chniqu e  for analys i s  o f  the 

rare earths , fresh data were o b tained for the abundan c e  of the s e  

e l em ? nt s , and f o r  y t trium and thor i u� i n  s tandard rocks G- 1 ,  W- 1 

and CAAS Syeni t e .  The good correlat ion  o f  the data for G- 1 and 

W - 1  obtained in thi s work w i th that obtained by Haski n  nnd Gehl 

us ing n e u tron a c tivat i o n  analys i s , a te chnique which  i s  now 

gene rally ac c ep t e d  as probably the most  accurate method for t ra c e  

analys i s , i mp l i e s  that emi s s i o n  spe c trography i s  s ti l l  a n  extr emely 

u s e ful m e thod for rare ear th analys i s , provided care i s  taken to 

op t i m i s c  the c ondi t i ons . 
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The chemical me thods used  for uranium analys i s  i n  this 

s e c t i c n  e nabl ed  a w i de concentrati o n  range to b e  covered w i th a 

good degree o f  ac curac y .  Ion- exchange s eparation  o f  uranium from 

all o ther  elemen t s  enab l e d  fluorime t r i c  analys i s  to b e  c arri e d  out  

w i thout the  risk o f  quenching due t o  the  presence  o f  o ther  i ons . 

Thi s i s  p �r t i cularly important , for quenching probl ems i n  fluorim e try 

c �n be s ever e . The chemi cal me thods are b e t t e r  than the maj o r i ty 

o f  radio chemi c al t e chniques b e cau s e  they determine the absolute  

amount o f  uranium present . The p re c i s i o n  o f  radi o chemi cal  me thods , 

whi c h  usually involve the measurement o f  the a c t i v i t y  o f  daughter  

produ c t s  rather  than uranium i t s e l f , i s  heavily  dependent on the 

degre e  of i s o t op i c  equ i l ibrium i n  the samples  ana lys ed . 

The s epara t i o n  procedure developed i s  prac t i c al , but suf f e rs 

as a rou t i ne m e thod b e cause o f  the t i m e  involvGd i n  disso lu t i on o f  

the rocks i n  a n  unfavourable  solvent  and b ec aus e o f  the amount o f  

a t t e n t i o n  required  during s epara t ion . The time problem c an b e  

i mproved b y  opera t i ng more c c lumns s imul t aneously b u t  prac t i c al 

consi derati o ns limi t this to a maximum o f  about  twelve c o l umns . 

However , i n  all t e c hniques used for trac e analys i s  o f  rare earths 

there usually exi s ts some t e dious operat i o n  such as chem i c al 

s ep ar at i o n , or  i n  the c as e  o f  d i r e c t  neutron activa t i on analys i s , 

long " c o ol ing" times . 

I t  i s  concluded that the anal y t i cal proc edure develop e d  for 

the analys i s  of thor ium , yt trium and rare earths compar e s  favourably 

w i th o ther t e chni ques on the bas is  of time  i nvolved and p r e ci s ion  

obtai n e d .  
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INTRODUCTION 

The s earch for uranium in N ew Zealand during and following 

World  War Two was extensive  but did not  at first  y i e ld eny 

d i s c ov er i e s . In  1 954 GRhNGE i s sued a gu ide  to  prosp ec tors  i n  an 

effort  t o  create  i n t e r e s t  in  the s earch for uranium . hs a r e sul t 

o f  thi s , two prosp e c tors , Jacobscn and Cassi n , dis covered  radio­

active  ma t er i al i n  the Mi ddl e-Cre tace ous Hawks Crag Bre e c i a of  the 

Bull er Gorge late  i n  1 955 . Sinc e thi s  dat e , there has b e en a 

surge o f  i n t erest  i n  uranium prosp 8 c t ing in New Zealand , par t ly 

due to a gr eater  world demand for thi s  element and p artly  b e c au s e  o f  

t h e  urgent n e c es s i ty to find dom e s t i c  suppli es f o r  a nuc l ear 

reac tor whi c h  is p ropos ed for N ew Zeal and in the late  1 970 ' s .  

The radioac t i v e  area i s  s i tua t e d  i n  the Lowe r  Bul l e r  Gorge 

region of the South Isl�nd o f  New Zeal an d  and i s  some f i f t e e n  m i l e s  

eas t  o f  t h e  township o f  W es tpor t .  Thi s  region  has b e e n  i nv e s t i ga t e d  

by var i ous workers who h�ve s tudi 8 d  extensiv ely the geologi cal , 

p e t rologi c al and m ineralog i c el featur e s  o f  the ar ea ( BECK ET AL , 

1 95 8 ; �HITTLE , 1 96 0 )  and r e c ently this  who l e  r egion has b e en 

surveyed by ai rborne gamma- s c i n t i llome try . Exc ep t  for a s tudy o n  

t h e  sui tab i l i ty o f  s tr e am water analy s i s  ( WODZICKI , 1 959a) , l i t t l e  

o r  no geo chemi c�l work has b e en c arri e d  out . 

Many m e thods have b e en used  i n  vari ous p ar ts o f  the world  

for uranium prosp e c ting w i t h  varyi ng degr e es o f  suc c es s . The 

uranium content  o f  res i dual s o i l  has b e e n  used as an ore  gui d e  

under many di fferent c l imat i c  cond i t i ons w i th s ome suc c es s  ( JONES 

ET AL , 1 956 ; GANLOFF ET AL ,  1 958 ; ILLESLEY ET AL , 1 95 8 ) . Analys i s  

o f  plants  f o r  urani um i n  t h e  Colorado Plat e�u , has b e en o n e  o f  the  

mos t suc c es s ful o f  the b i o geochem i c al m e thods ( CANNON and 
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KLEINHAMPL , 1 956 ; CANNON , 1 960a ) and h as the advantage that this  

method  c an give an i ndi c a t i on o f  bur i e d  ore through thi cknesses  

o f  as much as  fi fty f e e t  o f  b arren overburden . However , a dis­

advantage o f  this m e t hod is  that a special i z e d  knowl e dge  o f  the  

up take b ehav iour o f  var ious plan t  sp e c i es i s  required  and  an 

ori entat i on survey mus t  always be c arr i e d  out  b e fore rou t i ne 

s amp l i ng c an b e  undertaken . Measur ement of  the �rnnium content  o f  

s t ream w�ter  has also b e en shown t o  b e  a n  e f fe c t ive  m e thod o f  

rec o nnai sance  exploration  ( JUDSON and OSMOND , 1 955 ; DENSON ET AL , 

1 956 ; FIX , 1 956 ) provided that the dep o s i t s  are reasonably large 

c ompar ed w i th the to tal drai nage ar ea . The advantages of samp l i ng 

s o i l s , s tream s e diments , plants and s tr e am w aters for uranium are 

th�t unexpos e d  ore dep o s i t s  c an b e  more easily l o c � t e d  and l arge 

areas can b e  cover e d  at a relatively l ow cos t .  However , one maj o r  

d i f fi cul ty i s  that uranium ( VI ) is  extremely solublq a n d  o f t e n  i n  

areas o f  high rai nfall , t h e  uranium c oncentration  can b e  very low . 

A cri t i cal  revi ew o f  s c i n t i llom e tri c ,  geochem i c al and b i ogeochemi cal 

m e thods for prosp e c t ing for uranium has b een  given by WHITEHEAD and 

BROOKS ( 1 969a ) . The same au thors have also carr i e d  out  b iogeo­

chem i cal prosp e c t ing i n  the New Zealand radi oac t i ve areas ( 1 969b ) . 

I n  pote ntially ur anif e rous areas o f  N ew Zealand , the  rugged 

topography and dense bush cover would sugges t  that the analy s i s  o f  

str eam s ediments  and s t ream waters should b e  a us eful me thod for 

the d e t e c t i on o f  uranium mineral i zat i on s i n c e  s tr eams are o ft en the 

o nly means of a c c e s s  t o  such areas . Unfortunat ely du e to the h i gh 

rainfall ( 200 inches  p er annum ) , analysis  o f  s tream wat e rs draining 

the . known uranium m i neral iz a t i o n  i n  the Lower Buller Gor g e  showed 
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that this  approach was uns a t i s fa c t o ry as the conc entra t i o n  o f  

uranium found depended cri t i c al l y  on  t h e  rai nfall and t h e  relat i ve 

s i ze o f  the mineraliz ed  ar ea in rela t i on to  the to tal drai nage 

area ( WODZICKI , 1 959a ) . Thi s  preven t e d  dir e c t  c orrelati on o f  results 

from c r e eks sampled  under di fferent weather c o ndi tions Q S  the 

uranium values would o f t en vary by  a fac tor of  three  i n  s �mpl e s  

t aken b e fo r e  and a f t er seve ral hours o f  rai n . A s  a r esul t o f  this 

high rainfall and the high mob i l i t y  of the  uranium ( vi ) , it  was 

susp e c t e d  that the dir e c t  analysis  of s t ream se diments m i ght  also 

b e  unsui t ab l e  as a prosp e c t ing gu i de for uranium . I n  such cases , 

and par t i cularly where s tream s e diments are the only a c c e s s i b l e  

material avai lable f o r  prosp e c t i ng purp o s e s , t h e  rol e  o f  pathfinders 

for  uranium i s  p ar t i cularly i mportant . Exc ept for the d i s co v e ry o f  

radi oac t i ve boulders in s treams (WODZICKI , 1 959b ) s tream s edim ent 
' 

analys i s  as a m e thod o f  prosp e c t ing has no t b e en u s e d  b e fo r e  i n  this 

area . 

Al though the use  o f  gener�l pathfinders i n  geochem i c al 

prosp e c t i ng has r e c e i ved  cons i derati o n  i n  the pas t (WARREN and 

DELAVAULT ,  1 959 ; H�WKES and WEBB , 1 96 2 ) , very l i t t l e  a t t en t i o n  

has b e en paid  to  uranium pathfinders b eyond t h e  u s e  o f  s elenium 

i n  the  urani ferou� are as o f  the Col o rado Plateau ( CANNON , 1 960b ) . 

Thi s negl e c t  o f  p ath finders for uranium probably arises p artly 

from an u ndue reliance  on  radiome tri c data whi c h  do not  always 

r e l i ably indi c ate the presence  o f  uranium ( WHITEHEAD and BROOKS , 

1 969a)  and partly from the fac t  that el emental as soc i at ions w i th  

uranium , vary from area to area and are not  c o ns i s t ent . 

The main aims o f  the work repo r t e d  i n  this s e c ti o n  were : 
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( 1 )  To i nv e s t igat e the  sui t ab i l i ty o f  u s i ng the uranium content  

o f  s tream s e diments  for  di r e c t  prosp e c t i ng for  uranium i n  the 

Lower Bull cr  Gorge of New Zealan d .  

( 2 )  To es tabl ish any el em e ntal as s o c ia t i o ns which  exis t in  

urani u �  m inerals o f  this nrea an d to s tudy the cha�ges o f  the s e  

as s o c i at i ons in the w eath e r i ng s equenc e :  mineral s - s o i l s - s tream 

s ed im ents , to a s c e r tain the i r  s u i t ab i l i ty as pathfinders fo� 

ura�ium . 

P r e l im i nary i nv e s t i gations  o f  the uranium minerals for all 
� 

e l ements , u s i ng emi ss i on spec trography and atomi c absorp t i on 

s p e c tropho tome try , gave e v i d en c e  that the elements , copp e r , l ead , 

z i n c  and b e ry l l ium held  some  as s o c i a t i o n  wi th uranium . Thorium , 

y t trium and the r are  earths could n o t  b e  analys ed  direc tly  due to 

the i r  low conc entrati o n  and poor  d e t e c t i o n  limi t with the  ins t ruments 

us e d . The analysi s  of the s e  e l em e nts  was impor t an t  b e c aus e o f  

the i r  l ikely geochemical ass o c i at i o n  w i th uranium ( GOLDSCHMIDT , 

1 958 ) and the i r  frequent o c curre n c e  i n  e c onom i c  depos i ts o f  uranium 

such as i n  the Mary Kathl e en M i ne in  Qu e ensland , Aus tral i a .  The s e  

e l ements w e r e , however , suc c e s s fully analys ed  w i th t h e  m e thods 

des c ri b e d  i n  Part I of  thi s the s i s . 

Ther e ��s cl early a need  for a more  de tai l ed geochem i c al 

survey o f  this  area and the work rep o r t e d  i n  thi s s e c t i o n  was 

carr i ed  out  w i th this  i n  v i ew .  



THE GEOLOGICAL AND PHYSICAL FEATURES OF THE 

UR�NIFEROUS AREA 

( a )  _?h:y_s i cal Featur�� 

The area under inves t i ga t i on i s  s i tuat ed  i n  the Lower Buller  

Gorge  region  o f  the  South Is land o f  New  Zealand and i s  some  f i f t e en 

m i l e s  eas t o f  the to�nship o f  W e s tp o r t  ( Fig . I I - 1 ) .  The mos t 

s tr i king feature o f  the c l i ma t e  i n  this  area i s  the heavy rainfal l .  

�hi s  var i es from abo�t  80 inches  p er annum near the coast  t o  200 

inches  p er annum fi f t e en m i l e s  i nland , w i th peri ods of up to one 

month when l i ttle  o r  no rain falls . The c l imate is t emp erat e ,  

average w i nter  and summer t emperatures not varying by  mor e than 

1 5°F .  

Below 3 , 500 f e e t , the area i s  covered  wi th dens e b e ech for e s t  

typ i c al o f  t h i s  part o f  New Zealand ( F i g .  I I -2 ) . The s tr e ams are 

short and the i r  profi l e� are s t eep . The rel i e f  var i es b e tw e e n  

2 , 000 ft and 4 , 000 ft making the country rugged and d i ff i cult  t o  

travers e .  Aerial phot ographs are shown i n  Fi g .  I I-3a and Fig .  I I- 3b .  

A c c e s s  i s  r e s tr i c t e d  mainly t o  the num erous s tr e ams which  drai n 

the ar e a .  The s t e epness  o f  the topography p r e c ludes the 

accumulation  o f  produ c ts o f  weathering except  a t  the foo t o f  b lu ffs 

and in riv e r  valleys . Exc luding the Oh ika beds , whi ch ar e well  

j o int ed , the  ro cks are mas s i v e  and weathering ext ends only a shor t 

d i s tanc e b elow the sur fac e . The s o i l s  in  the more st able parts 

o f  the t errain have b e en c l �s s i f i e d as moderat ely-weather e d , 

ppdzol i s e d , yellow-brown earths . Skele tal s o i l s  are found on the 

s t eeper  slopes . The pH  ranges b e tw e en 4 . 5  and 6 . 5  in  all hori zons 

o f  the s o i l s . 



Fig . I I  - 1 

L E G E N D .  

H a wk s  C r a q  Br� c c i a  � 
R a i lway s 

Sca le  

�r�==31==�?======31P 

Map Showing D i stribut ion of Hawks Crag 
Brec c ia on West Coast of South I s land 
of New Zealand . 



Fig . I I- 2  Photo showing dense beech forest i n  H . C . B .  area . 



�ig . I I - 3a Aerial photograph of Lower Buller Gorge including 
H. C . B. area. 



Fig . I I -3b A erial photograph o f  H . C . B .  area from Fig . I I -3a . 
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( b )  Gene ral G P o l ogy 

The·  geology o f  the Lower  Bull er Gorge has b e en d e s c r i b e d  

by MORGAN and BARTRUM ( 1 9 1 5 ) , B ELLM�N ( 1 950 ) and BECK E T  A L  ( 1 95 8 )  

and i s  shown i n  Fig . I I - 4 . Tab le  I I - 1  gives t h e  s trati graphi c  

s e qu e n c e  o f  ro cks i n  this are a .  A bri e f  outline o f  the ; . o � O[J i s  

given b elow for c omp l e teness . 

The bas ement ro cks include P aparoa grani te-g� e i s s  whi ch  

var i es i n  c omposi tion  from gra�i t i c ' to granodi ori t i c ,  Greenland 

S e r i e s  s e diment , and quar t z- phorphypy ins trus ives . G�e i s s i c  

bandi ng i s  c ommon and i n  some l o c al i t i es the g�e i s s  i s  p orphyr i ti c .  

Greenland S er i es cons i s t  of  w e l l - indurated phyll i ti c  

greyw �ckes o f  Pal� o zo i c  age and Ot :ka b eds , o f  Upp er Juras s i c  age , 

whi c h  r e s t  uncomformably o n  the basement rocks and cons i s t  o f  

non-marine shal es , tuffs , s ands t nnes  and c on�lomerates . 

The Hawks Crag Bre c c i a  ( M i ddl e t o  Upper Cre tac eous ) r e s t s  

un confo rmably o n  t h e  Ohika b e d s  and has b e en divide d  i n t o  thr e e  

fac i es dep ending o n  t h e  relative  amo�n t s  o f  p arent mater ial 

present . Thes e  ar e :  ( 1 )  The Tiroroa fac i es c onsi s t i ng o f  rounded 

to  sub- �ounded grani te p ebbles  and boul ders whi ch  are set i n  a 

c o ars e , angular , arko s i c  mat r i x .  

( 2 )  D e e  P o i n t  fac i es c o ns i s ting o f  angular 

to  sub- angular greyw ac ke fragments  s e t  i n  a s i l t y  matrix .  

( 3 )  Blackwater  fac i es cons i s t i ng o f  grani t e  

and greywacke  pebbles and boulders s e t  i n  a s i l ty matrix . 

( c )  The P e t rology and Mi neralogy o f  the U ranium Depos i t� 

A more  detailed  des c r ip t i on o f  the p e trology and mineral o gy 

o f  the  dep o s i ts i s  given than was for the geological  and phys i cal 
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S trati graphic  S e quence in Lower Bull er Gorge 
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s chi s t  
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Eoc ene-Pli o c ene 

Upp er  Cretaceou�( ? )  

Upp er Cretaceous ( ? )  

Middle  Cre taceous 

Juras s i c  

Jurass i c ( ? ) 

Lower Paleo z o i c  and/ 
or Pre-Cambr i an ( ? )  � 

Lower Pal e o z o i c  or  
Pre-Cambrian ( ? )  
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features as the p e trology and mineralogy i s  p er t inent t o  both  

thi s Part and Par t III  o f  the Thes i s . 

The gr eater proportion  o f  the uranium m ineral i za t i on i n  

t h e  Buller  Gorge o c curs i n  the bedded  deposi ts i n  t h e  Tiroroa 

fac i as o n  b o th the North and S outh s i des  of  the Bul ler River . 

M ineral i za t i o n  on the North s i d e  i s  primari ly c o ffini t e  ( hydroxyl-

sub s t i tu ted  uranous s i l i c at e )  whereas minerali za t i on on the S outh 

s i de i s  mainly uranini t e .  

( i )  The N or th S i de D epo s i t s : The mineral i z ation  on the 

Nor th s i de i s  found in hori zons whi c h  o c cur w i th i n  the  arkos e  and 

vary i n  w i dth from a f ew inches to s everal f e e t . The horizons, 

al though disposed  parallel to b e dding are lens o i d  and di s conti nuous , 

w i th uranium c onc entrati ons varyi ng from less  than 0 . 025% to 6 . 4% 

u 3o8 ( BECK ET AL , 1 958 ) . The c ountry r o ck i s  a medium- grained  

arkos e  whi ch c ons i s ts o f  angular quar t z , potash fel dspar , acid  

plagi oclas e , calc i t e , s eri c i t e , blotite , c hl o r i t e  and  tourmal ine . 

The i n t e r s t ial material or matri x , which  binds the ditr ital grains 

together i s  predominantly fine- grained c al c i t e  w i th sub- ordinate  

chlor i t e  and s eri ci t e . Thes e  m inerals form a country rock whi c h  

i s  l i gh t  gr ey in c o lour and granular i n  app earance . The rad i o-

a c t i v e  hori zons are d i s t ingui shed by a dark grey c o l our whi ch 

de epens w i th increas i ng radioac t i v i ty and the whi t e  or p ink 

feldsp ars , whi c h  are c hara c t eri s t i c  o f  the  country rock , c hange 

to a r e d  colour wi thin the rad i o a c t iv e  bands . No o ther l i thologi c a� 

o r  s truc tural feature d i s t i nguishes  the ore-b earing rock from 

inac t i v e  country rock . The c o n t a c t  b e tween  o r e  and c ountry rock 

may be qui t e  sharp and di s t ingu ished  by sudden colour change , or 
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i t  may b e  gradati onal and c har a c t e r i s e d  by darkening o f  the 

arkos e  over a trans i tional zone o f  an inch or so  thi ckne ss . 

Th e c hange from c ountry rock  arkose  to ore  through the  

grad�t io nal zone  has  b e en s tudi e d  b y  WHITTLE ( 1 960 ) who then 

observed  that the darkening o f  the  arko s e  and the formation  of 
v 

o r e  i s  due to the p rogressive emplacement  o f  black opaque 

c o ffini t e  in the inter s t i c es b e tw e e n  d e tri tal grains , along 

the i r  borders  and in  c racks whi c h  i n t er s e c t  them . C o ffini t e  

i n  t h e  interst ial areas , i . e .  w i thin  t h e  matr i x ,  replac e s  the 

c al c i t e  and p enetrates the m i c as along their c l e avages . The 

introduc ed  c o ffini t e  forms thin d i s c onti nuous shee ts , wrappi ng 

round the grain boundaries and l oc ally thi ckening or  thining . 

Large-scale  o r  comp l e t e  replacement o f  the matrix i s  rar e .  The 

darke r  c o l our of the more a c t i v e  bands is s i mp ly due t o  a gre a t e r  

mul t ip l i c i t y o f  th i n  c o f f i n i t e  r ep l a c e m e n t  mas s e s . 

( i i ) The South Bank D epo s i t s : U ranium mineral i zation  o n  

the 3outh  S i de of  the Buller G o r g e  i s  c o n c entrated  in two 

hori zons name d  T-J and S-C resp e c t ively . The T-J horizon i s  

s i tuat ed  across Centre  Creek abo u t  1 1 00 f t  above t h e  road and the  

S - C  hor i zo n  s � r e t ches b e tween  Centre  Creek  and Big  Tick  Creek  

about  800 f t  abov e the road ( Fig .  I I - 1 0 ) . 

T-J Hori zon : A c l eared quarry fac e  i n  the T-J horizon d i s c l o s e d  

thr e e  radi o a c t i ve hori zons s o m e  4 ' 6 " apar t . About 1 958 a n  adi t  

w as driven i n t o  non- folded c onglomerate and  arkos e  whi c h  dips a t  

a f l a t  angl e i nto t h e  hi l l s i d e . The o r e  band which th e ad i t  

follows var i e s  i n  thi ckness from '1 "  - 3 1 1  and follows an i n t e r fa c e  

b e tw e en p ebbly arkose above and gr anite boulder conflomerate b e low . 

The o r e  b e d  has no t a flat c on tac t b u t  i s  c re nul a t e d  as i t  p a s s e s  
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over and round l arge gran i t e  b oulders whi ch pro j e c t  upwards i n t o  

t h e  p ebbly arko s e . The ore  hor i zon i s  not  lo cated on a shear p l �ne 

bu t m erely on an interface  b e tw e e n  s l i ghtly di ffering s e dimentary 

fac i es . Thi s  is indi c a t e d  by the abs en c e  of rotated  boulders o r  

o f  boulders whi ch are s tr e s s e d  or  shat tered  in ar eas where they 
0 

pro j e c t  above  the average plane o f  the interfac e .  The arko s e  

ad j ac ent  to t h e  o r e  b and i s  a n  irregular ly- grained r o c k  c ompo s ed 

o f  angular quar t z , fekSpars and mus covites , some o f  whi c h  i s  

qui t e  c o ars e - grai ne d .  Thes e  o c cur i n  a matrix  o f  finer quar t z , 

fel dspar and m i c as w i th s e ri c i t e  and c l ay .  Cal car e ous mate r i al 

i s  abs ent , a fac tor  whi ch prov i d e s  an immediate  d i s t i n c t i on from 

the arkos e  of the Nor th s i d e . The contact  w i th the ore b and i s  

very sharp and i s  due t o  the  sudden appearanc e  o f  uranin i te i n  

the matrix i n  such great quanti ti es a s  t o  change the r o c k  c o l our 

qui t e  black . The uranium content  o f  the ore band i n  such 

ins tanc e s  c an be as h i gh as 35% U308 over a w i dth of  an inch o r  

mor e . Fig .  I I- 5  shows an autoradiograph and c l early illustrates  

thi s . Uranin i t e  replaces  only  the c l ays and seri c i t i c  mat e r i al 

whi l e  the f i n e r  detri t al quar t z  and feldspar o f  the matrix are 

pres erved as i nclus i ons in the urani n i t e . There  i e  an abundan c e  

o f  c hal c op yr i t e  i n  t h e  areas where uranin i t e  i s  empl a c e d  and i n  

the s il i c eous detri tal material but  t o  a l es s er extent . Both 

uran i n i t e  and chalc opyri t e  were  observed to have penetrated m i c a  

c l e avages ( WHITTLE , 1 960 ) . 

S - C  Hori zon : Thi s  hori zon i s  int erse c t ed in Big  Tick and i n  Centre  

Creek and the following describes  samples  taken from the s e  i n t er-

s e c t ions ( WHITTLE , 1 960 ) . 



Fig. I I -5 

Photograph 

·Autoradiograph 

Photograph and autoradiograph of arkose 
containing uraninite . 
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The material from Big T i ck Creek i s  a p ebbly ark o s e  

c omparab l e  w i th that in the vi c ini ty o f  t h e  adi t and i t  contains 

grani t i c , s ch i s t o s e  and phyl l i t i c  p ebbles  but  no carbonate 

minerals ar e pres ent . The rock is  very ext ensively  al t e r e d  and 

is impregnated  w i th l imon i t e  which exis ts w i th arsenopyr i t e  

r emnants  mainly in  t h e  �ntrix . Radi oactivi ty i s  due to s e condary 

minerals o c curring w i t h  limoni t e  in the matrix and along the 

surfac e s  and cracks within boul ders . Skele tal r e s i duals of 

hi ghly altered  primary mi�ral wi thi n the matr i x  probably  supp l i e d  

t h i s  s e c 8ndary mater i al . 

The material from Centre  Creek  i s  p ebbly arkos e  s i m i l ar 

to th�t at the adi t .  I t  contains grani t i c , s c hi s � o s e  and phyl l i t i c  

fragments  in  a s trongly mi cac eous arko s i c  ho s �  rock . Samp l e s  

were  s e l e c t e d  from t h e  eas t �nd w e s t  s ides  of  t h e  c r e ek f o r  

comparison . The rock on the W e s t  s i de is  a dominantly gran i t e  

c onglomerate wi th large , thin pebbles  o f  phyl l i t e  o r  s chi s t .  

The matrix c ontai ns c al c i t e  whi ch i s '  unevenly dis tribut ed,  b e i ng 

abs ent  i n  some areas and �eavily conc entrated in o thers . Radio­

ac t iv i t y  is  spr ead throughout the sp e c imen due  t o  d i sp e r s e d  

s e c o ndary m i neral� but  i s  c o n c e n t r a t e d  principally in the dark­

c oloured areas where u ranini t e  and i t s  included suphides  

impregna t e  the  matrix . Cal c i t e  and  chlori t e  are pres ent in both  

the w eakly and s trongly radi o ac tive  areas . 

The mat er ial from the S - C  hori zon on the eas t s i de o f  

Centre  Creek is  b y  c ontras t , � dark gre y , almo s t  b lack , 

irregularly-g�ain e d ,  mi cac eous arko s a  whi c h  contains abundant 

chlori t e  and s eri c i t e  but no c arbonat e in i t s  matrix . The 

dark c o l our of this arkos e is due to dis s eminated  organ i c  mat t e r , 
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abundant chlo r i t e  and general s tain i ng by iron oxide . S ome  o f  

the organi c  mat ter  i s  homogeneous and ani s trop i c  and app ears t o  b e  

extrins i c  hydrocarbon . I t  has a tex tural relati onship t o  the  

hos t  arko s e  which  sugges ts it  is  epigene t i c  i n  origin . The 

maj o r  radioac tivi ty is conc entrated along the edges of the l ong 

v e i n- l ike hydro carbon bodi es al though they thems elves are no t 

radioac t i v e . Thi s  radioac tivi ty i s  due to r e l i c t s  o f  uran i n i t e  

wh i ch o c curs in  t h e  arkose  mat r i x  i n  j ux tapos i t i on t o  t h e  

carbonaceous mas s e s . Mos t � f  the uranin i t e  has vanished  due to 

l eaching , but  areas i n  which rel i c ts r emain are c l early marked b y  

hosts  o f  minu t e  sulphide m i neral s . The t exture o f  this  r o ck 

i ndi c a t e s  that i t  has been  sub j e c t e d  t o  mild  s hearing and the  

vein-like  hycro carbons are dispers ed parall e l  to the d i r e c t i o n  o f  

s t rai n .  

The geochemical survey repor t e d  in  thi s part o f  t h e  thes i s  

was c o n fined t o  the Tiroroa facies  o n  the Sou th S i de o f  the Bul l e r  

River . Thi s  s i d e  was chosen b e caus e only a minimum o f  prosp e c ting 

had b e en done i n  this  area .  This lack o f  exp lorat i on was due t o  

t w o  r easons . F i rs tly , the dep o s i t s  on  the Nor th S i d e  w ere  found 

fir s t  and h e n c e  a t trac t ed most of the attent i o n .  S e c o ndly , the 

later d i s c overy of the South S i d e  depo s i t s , whi ch are s omewhat more 

ext ensive  than those of the North S i d e , c o i nc ided w i th the fall 

i n  the world pri c e  for uranium . The comb i na t i o n  o f  t h e s e  two 

fac tors made the m i ni ng of this uranium uneconomic and as a r esult  

the  interest  i n  uranium prospe c t ing fell consi d erably at  this time . 

As has b e en m e n t i o ne d  previously , this  trend has b e e n  c ompl e t ely 

reve rs e d  in rec ent  y ears w i th the advent o f  an era of  i n t �ns ive  

ac t i vi ty i n  the  s earch for  uranium . 
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!1ETHODS 

( a ) Sampl ing Pro c e dur8s 

Minerals were ground , dri ed  at 1 1 0°C and were s i ev e d  to 

1 00-mesh s i z e b e fore  further treatment . Samples  were taken from 

the radioac tive  hori zons T-J and S-C on the S outh S i de ( uranini t e ,  

torbern i te , l�u tuni te, gummi te ) and from the radi oa c t ive 

hori zons on the North Side  ( C < > ffini te ) .  

S o i l  samples w ere  taken from vari ous points on  the 

dr�inage s l op es o f  the South Bank hori z ons and were air dri e d ,  

p as s ed through a 40-m e sh nylon s i eve  anu then igni ted  a t  450°C 

to  remove the organi c  mat ter . Further grinding to  1 00-mesh 

follow e d .  

S tream s ediments were coll e c t ed from vari ous s tr eams 

draining ond adj oining the urani ferous areas on the South Bank 

in the following manner . Samples were  taken from s tream depo s i t s  

and wer e w e t- s i eve G through a 40-mesh , nylon c l o th s t r e t ch e d  

o v e r  t h e  mouth o f  a plas t i c  funnel .  The fra c t i on pas s i ng the  

s i eve  was collec t e d  in a plas t i c  bag and  the fines  were  all o w e d  

to s e t t l e  for approximately t w o  to three  minute s  b e fore t h e  water  

was  de c ant e d o f f .  The po s i t i on o f  t h e sampl ing point  and t h e  

bng marking was no t e d . Th e s e dim2nts were dri ed  at  1 1 0°C and 

s eparat ed into three frac ti ons by the use o f  nylon s i eves . The 

frac t i ons were : less  than 80 mesh , be tw een 60 and 80 mesh , and 

between 40 and 60 mesh . Preliminary analys is  o f  these frac t i ons 

showed that the "less  than 80 mesh" c ontained the high e s t  

conc entration o f  n e arly all  el ements i nv e s ti gated (Tabl e I I -2 ) .  



Samp l e  

B 1  

B C 4  

T.4BLE I I  - 2 

hnalys i s  o f  S tr eam S e diments as a Fun c t i on 

o f  Mesh S i z e  

M e s h  S i z e  L a  Ce  Pr Nd  Gd  Dy  Yb 

Less  than 80 54 1 34 1 5  34  1 3 4 . 8 4 . 1 

B e tween 60 and 80 36 67 1 0  1 4  8 . 5  2 . 7  2 . 3  

B e tween  40 and 60 42 95 1 3  1 6  8 . 5  3 . 8  2 . 4  

Less  than 8o 26 50 1 1  9 7 2 . 3  1 .  0 

B e tween 60 and 8o 20 44 1 2  1 1  4 . 6  1 .  7 1 .  1 

B e tw e e n  40 and 60 2 . 8 40 2 1 2  3 . 2  0 . 4  0 . 5  

52 . 

y Th u 

1 2 . 5  1 1  1 3 . 6  

1 4  1 1  1 0 . 0  

2 1  1 4  9 . 8  

4 . 8  3 . 1 4 . 8  

5 . 6  6 . 0  4 . 8  

1 1 3 . 8  
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( b )  �nalyt i cal Techniques 

Emi s s ion s p e c trography w as used to an�lys e b eryll i um , 

thor ium , uranium , yttrium and rare earths as described  i n  Part  I .  

Solu t i on fluorime try and p el l e t  fluori m e try were  used  to 

analys e uranium , the par t i cular m e thod used depending on the 

uranium conc entration . 

A T e chtron Ah 3 atomi c abs o rp t i o n  spe ctropho tom e t er was 

used to analyse c opp e r , zinc  �nd l ead . The samp l e  was trea t e d  

w i th a m ixture o f  hydrofluori c  and hydrochl o r i c  aci ds and t aken  to 

dryness . The r e s i due was r e d i s solved  i n  2 M hydro chl o r i c  ac i d ,  

f i l t e r e d  and stored  i n  plas t i c  b o t tles  until  the t ime o f  analys i s .  

( c )  S t a t i s t i c al Analys i s  o f  Dita 

To b e  abl e  to make careful int erpretation of the int er­

e l ement analyt i cal resul t s , correlation c al culat i o ns were c ar r i e d  

o u t  on a I BM 1 620 ( I I )  computer . 

Correlat i ons b e t w e en two var i ab l es are usually c arr i e d  out  

by the m e thod o f  l i near regress ion , but  MIDDLETON ( 1 963 ) no t e s  

that t h i s  i s  appl i e d  to det ermine wh ether  o n e  var i able  is  

dependent  on the o ther when the  latter  i s  n o t  sub j e c t  t o  err o r . 

However , i n  this  work , as i n  m o s t  geo c homi cal work , n e i ther 

variab l e  can be said  to be absolut ely known . Ther e fore , i t is 

b e t ter  t o  c al culate  the redu c e d  maj o r  axis , rather than the 

r egres s i o n  l ines . The advantages o f  the r e du c e d  m a j o r · axi s  are 

that : 

1 .  i t  makes  no assump t i ons  o f  i ndependen c e ; 

2 .  i t  i s  i nvari ent under change o f  s c al e ;  

3 .  i t  i s  s impl e  t o  c ompu t e ; 
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reasonabl e  than corresponding resul ts  ob tained from regr es s i on 

analys i s . ( IMBRIE , 1 956 ) . 

For all thes e c orrelati ons , the logari thms o f  concentra t i ons 
0 

were  compar e d , s i n c e  the conc entrat i ons o f t e n  spanned s everal 

o r ders of magni tude and app ear e d  to  b e  log- normally dis tributed  

( AHRENS , 1 954 ) . Thus the posi t i o n  o f  the r educed m a j o r  axi s on  a 

l og-l o g  b as i s , was calculated  for each pair o f  analyti c al dat a , and 

the s igni fi c an c e  of the c orrelat ion d e t ermined by c al culati o n  o f  

the c o rrelation c o e f f i c ient  ( r )  and r e feren c e  t o  the tab l es o f  

FISCHER and YATES ( 1 957 ) • . 

. Cumulative  frequency s tu d i e s  o f  some o f  the data were  also 

c ar r i e d  o u t . A plot of the c umula t i v e  frequency of the 

conc entrati ons o f  the samp l e s , as a p erc entage of the to tal 

number o f  s amples , p l o t t e d  on probab i l i ty pap e r  agains t the 

c o n c entration value , has been shown to b e  use ful for geochemi c al 

and b i o g eo chemi cal data int erpr e ta t i on ( TENNANT and WHITE , 1 95 9 ; 

W ILLIAMS , 1 967c ) .  In par t i cul ar , l og- normal dis tributions w i l l  

s h o w  a s traight l ine when plo t ted on l o g-probab i l i ty paper , and 

s i m i larly w i th normally- d i s tr i b u t e d  data on l i near-probab i l i ty 

paper . In o thei cases , curves w i l l  ensue . However , i f  there i s  

more than o n e  dis tribution s e t  wi thin the data , such a s  could  

o c cur i n  mi neral ized  and unmineral i z e d  s o i l  samp l e s , a dis t i nc t 

change o f  s lope o r  a poin�  o f  inflexion i n  the graph w i l l  b e  

obs erve d .  Thi s break can b e  c o ns i d e r e d  t o  o c cur a t  the minimum 

concentration of mineral i z e d  s ampl e s , al though some o v erlap o f  

d i s tributions w i l l  o c cur ( WILLI�MS , 1 967c ) .  I t  mus t b e  rememb e r e d  

that t h e  s i gn i fi cance o f  interpretation from this analys is i s  
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so mewhat l i m i t ed unl e s s  t h e  s e t  contains ab out 8 0  to 1 00 sampl e s . 

How ever , g eneral i s e d  conc lus i ons can b e  obtained on s e t s  l e s s  

than 80 . 



ELEMENTAL ASSOCIATIONS W ITH UR�NIUM I N  

MINERALS , SOILS AND SEDD1ENTS 

This s e c t i on r eports  on the v�ri ous el emental 

ass o c i at i ons w i th ur�nium and d i s cusses  their  

sui tab il i ty as pathfinders . Thi s  i s  essentially 

the s ame as was report e d  by COHEN ET AL ( 1 96 9 ) . 

( a )  Copper and Uranium 

56 . 

Analys i s  o f  c opper and uranium in mineral s , s o i l s  and 
L) 

s tr eam s ediments , c ombined w i th a s ta t i s t i cal i nterpretation  o f  

the dat a ,  showed a meaningful c orrelation b e tw e en this pai r o f  

el ements for the whole of  the weathering s equenc e minerals - s o i ls -

s tream s e diments . Correlation  c o e ffi c i ents ar e shown i n  

Tabl e  I I - 3  a n d  plo t s  o f  t h e  d a t a  ar e shown i n  Fi g .  I I - 6 . 

C o rrelation c o e f f i c i ents  decrease  regularly in the 

s equ8n c e  minerals - soils - stream s e di ments and indicate that 

ass o c iat i on b e tween this pair of  el ements originates i n  the 

minerals and i s  pres erved throughout the weathering s equenc e .  

WHI TTLE ( 1 960 ) has obs erv e d  that chal c opyri te  i s  ass o c iated  w i th 

tiranium i n  the South Bank depos i t s  o f  the Lower Buller Gorge and 

thi s i s  probably the sour c e  of the c opper det e c t e d . Fur ther 

m ob i l i s at i o n  and transpo r t  o f  b o th el ements i s  fac il i tated  by the 

p orous nature o f  the arko s i c  matrix whi ch allows oxida t i o n  and 

movement t o  take pla c e . 

The pres ervation  o f  the i ni t i al copper-uranium 

relati onship throughout the whol e  weathering s equ ence  is a 

fortuna t e  o c currence  whi ch renders c opper a u s e ful pathfinder i n  

minerals , s o i l s  and s ediments . 

Cumulative frequency plots  for  c opper i n  s o i l s  and 
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TABLE I I  - 3 

S ta t i s t i c al Data for  Vari ous  Elements i n  Minerals , S o i l s  and S tr e am S e diments 

Firs t C o rrelati ng S e c ond Corr elating  M inerals  Soils  S e d im ents 
Vari ab l e  Vari ab l e  

L o g  c o n cn . o f  U L o g  c oncn . 
Log  c o n c n . o f  U Log  concn . 
L o g  o on c n . o f  U L o g  concn . 
L o g  c on c n . o f  U L o g  c o n c n .  
L o g  c on c n . o f  Cu Log c o n c n .  
Log  c on c n . o f  Cu Log concn . 

r = c o rr e l a t i o n  c o e f f i c i ent  
Si g .  = l ev e l  of  s igni f i c an c e  

o f  Be  
of  Cu  
of  Pb 
of Zn 
of Pb 
o f  Zn 

r 

0 . 88 
0 . 79 
0 . 95 
0 . 02 
0 . 78 
0 . 04 

S i  g .  r S i g .  r - -
S * *  0 . 68 s • • o . o? 
S * *  0 . 66 s • • 0 , 42 
S * *  o . 8o s • • - 0 . 25 
NS 0 . 34 PS 0. 1 2  
S * *  0 . 74 s • • - 0 , 1 4  
NS 0 . 32 PS 0 . 20 

N . B .  Levels  o f  s igni f i c an c e  ( BROOKS ET AL , 1 96 6 )  shown above  are as follows : 

S * *  = s i gn i f i c an t  at  0 . 1 % l ev e l  o f  probab i l i ty ( very h i ghly sign i f i c an t )  
S*  = s i gni fi c an� a t  0 . 1 - 1 %  level  o f  probab i l i ty ( h i ghly s i gn i f i c an t )  
S = s i gn i f i cant a t  1 -5% l ev e l  o f  probab i l i ty ( si gn i fi cant ) 
PS = s igni f i c an t  a t  5- 1 0% l e v e l  o f  probab i l i ty ( po s s ibly s i gni fi c an t ) 
NS = no t s i gn i fi c an t  

S ig . 
NS 
PS 
NS 
NS 
NS 
NS 
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s ediments ( Fi g .  II-7 ) show that anomalous amounts  c orrespond t o  

great er  than 60 ppm i n  soils  and greater than 40 ppm i n  s e diments . 

Su c h  values may repres ent i ndi r e c tly the presence  o f  uranium 

mineralizat i o n .  

( b )  Beryl l ium and Uranium 

S t a t i s t i cal analys i s  of b eryll i um and uranium data showed 

a m e an i ngful correlation b e tw e en this pai r of e l ements i n  the 

minerals , and soils but  no t in the s t ream s ediments . C o rr e l a t i on 

c o e ff i c i ents  are given in  Tab l e  II-3  and plots  o f  the data are 

shown in Fig.  I I- 6 .  Cumulative  frequency p l o ts for the s o i l s  

a r e  s hown i n  Fi g .  II-7 , from whi ch i t  i s  s e en that b eryll ium 
(j 

values above 4 ppm ( normal background d i s t ribution  for gran i t i c  

rocks ) i ndi cate  abnormal values  and would sugges t t h e  p r e s e n c e  

o f  u ranium . 

( c )  L ead and Uranium 

The ass o c i a t i o n  o f  l ead wi th uranium i n  the minerals i s  

extremely c lo s e  ( Tab le  I I - 3  and Fi g .  I I - 6 ) . The correlation i s  

s o  g o o d  ( r  = 0 . 95 )  that the  author b e l i eves that mos t  o f  t h e  l e ad 

i s  radiogeni c i n  nature . 

In the  soils , two d i s tinc t d i s t ributi ;ns are evident  

( Fi g .  I I- 7 ) and a value  o f  70 ppm app ears t o  indi cate  the  threshold 

value for  anomalous l ead . The correla t i on b e tw e en uranium and 

this  e l ement  in s o i l s  is  s t i l l  good ( r  = 0 . 80 )  but no t as good  

as i n  the mi nerals whereas i n  the  s tream sedimen ts no c o rrelati on 

b e tween these  elements exis ts at all . 

( d )  Zinc  and Uranium 
-

No s igni fi cant correlat i on was obs erve d  for this pai r o f  . 
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e l em en t s  i n  mi nerals or s e diments  ( Tabl e  I I - 3 )  but the re  was a 

poss i bly- s i gnifi c ant  relatio nship i n  s o i l s  ( r  = 0 . 34 ) . A z inc-

uranium relationship i n  s o i l s  has  also  b e en obs erved by WHITEHEAD 

and BROOKS ( 1 969b ) . How ev e r , the au thor cons i ders zinc  as an 

unsu i t ab l e  path finder for uranium s i n c e  the value of r is s o  l o w . 

( e )  R�re Earth El ements 

The anal ys i s  of minerals  for  y t t ri um , thorium and the 

rare earth el ements was carr i e d  ou t u s i ng the analyt i c al proc e dure 

d e s c r i b e d  i n  Part I o f  this  thes i s . The r esul ts  ore s hown in 

Tab l e  I I- 4 .  Thi s  tab l e  shows that although the l evels of  these 

e l ements  are slightly  higher i n  the mineral i z e d  frac t i o n  c ompared 0 

wi th the  unmineral i z e d  frac ti on , they are s t i l l  extremely low . 

How eve r , d e sp i t e  th e i r  low conc entrat i o n , the normal 

Oddo-Harkins dis tribution  exis ts , ( Fig  I I - �, that i s , the even-
) 

numb ered  rare earths have a h i gher  conc entrat ion  than the  uneven 

numbers and thus show that no frac t i onation has o c curred  wi thin 

the group . S ta t i s t i c al anal y s i s  o f  the data was  no t at t emp t e d  

a s  i n  m o s t  c as e s  the conc entration o f  t h e  el ements was almos t  a t  

t h e  d e t e c t i o n  l i mi t .  

Vis ual i ns p e c t i on o f  the  results  show that there are no 

meaningful c o rrelati ons b e tween  any of the el ements and uranium 

and thus y t trium , thorium and the rare earths are unsui t ab l e  as 

pathfinders . 

Ho�ever , the l ow v aluas  obtained  are s igni f i c an t  i n  them-

selves  as they sugges t  that e i ther  the ori ginal uranium was n o t  

ass o c i at e d  w i th rare earths o r  that t h e  uranium has b e en mob i l i s ed 

and b e c au s e  o f  the great er  solub i l i ty o f  uranium ( VI ) c ompare d  



. 
:!: 
a: 
0.: 

M i nera ls  

M i n e ra l i z e d  Frac t i o n  

,JJ., 
lit 'JJ. U n m i ner a l i z e d  Fraction 

Stream Sed i ments 

1 
• 

V a r i a t ion a ro u n d m e a n  1 

La Ce Pr Nd P m  S m E u  Gd Tb Dy Ho E r  Tm Yb L u  

F ig . I I  - 8 Rare Earth Distribut ion in Uranium M inerals and in Stream 
Sediments Draining Hawks Crag Breccia Areas . 



• 
0 \.0 

TABLE I I  - 4 

Rare Earth Con�entrations i n  Minerals t Matrix and S tream S ediments (ppm ) 

Samp l e  La Ce  P r  Nd Sm Gd Dy Yb y Th u 
- --

MI NERilLS 

Uran i n i t e  1 1 0  1 8  n . f .  n .  f .  n . f . 7 1 . 5 1 .  4 8 . 5 4 1 62 , 000 
Matrix 1 6 8 n .  f .  n .  f .  n . f . 2 0 . 9 0 . 5 1 . 0 n . f .  1 0 , 000 
Uro.n i n i t e  2 7 19 n . f .  n .  f .  n . f . 8 . 5 0 . 6  3 . 0  1 4 . 0  n. f .  1 20 , 000 
fh t r i x  2 7 8 n . f .  n . f .  n . f .  6 . 5 1 • 1 0 . 8  3 . 4 n .• f .  1 0 , 000 
Uranin i t e  3 n . f .  n .  f" • n . f . n .  f .  n . f . 9 . 5 4 . 4  4 . 4  9 . 5 n .. f .  1 1 0 , 000 
M n t r i x  .3 n . f .  n .  t·. n . f . n .  f .  n .  f .  n .  f .  0 . 9 0 . 9 1 . 9 n . f .  248 
Matrix 4 1 9 n . f .  n .  f .  n . f . n . f .  n .  f .  n .  f .  0 . 8 n . f . n. f.  843 
T o r b e�i t i c

) 3 1  42 n .  f .  30 n .  f .  6 . 5 n .  f .  1 .  8 4 . 8 n .. f .  750 
Mntr�x 5 

i\utun i t i c
) 

M a t r i x  6 
4 n . f .  n .  f .  n . f .  n .  f .  5 . 9  1 .  7 1 .  7 6 . 5 n. f .  8 

Gumm i t e  n . f .  n .  f .  n . f .  n . f .  n . f .  n .  f.  n . f .  n .  f .  n . f . n . f .  250 , 000 

STREAN SEDINENTS 

0 1  2 8  50 1 4  1 7 n .  f .  n . f .  1 . 6 1 .  0 2 . 5  4 . 6  3 . 4  
02 47 95 1 8  40 n . f . n .  f .  4 . 8  1 . 6  1 2  1 8  8 . 6 
03 2 8 54 1 2 1 1  1 0 3 - 7 2 . 2 0. 6 3 . 4 5 . 6  2 . 4  
04 1 6  2 6  5 1 0  n . f . n . f . 0 . 6 0 . 1 1 . 9  3 . 4  2 . 0 
05 30 40 1 3  1 6  8 3 . 6  2 . 7  1 . 0  6 . 0  7 . 0  1 .  2 

1 4  4 . 0  
' 

4 . 5  07 1 5 25 1 0  n .  f .  11 .  f � 0 . 7 0 . 5 1 . 5  
08 30 38 1 1 . 0 1 6 . 0 9 . 0  4 . 0 2 . 4  0 . 9  6 . 0  6 . 0  3 . 4  
B 1 3  23 46 1 2  1 1  n . f .  5 . 0  2 . 5 2 . 0  8 . 0  5 . 4  8 . 6  
B 1 4  20 30 1 0 7 n . f .  3 . 6  0 . 8 1 .  2 2 . 6  6 . 4 0. 8 
B 1 5  2 6  45 9 1 1  n . f .  5 . 6  1 . 3 0 . 7  5 6 . 4 2 . 9  
B 1 6  54 1 34 1 5  34 n . f .  1 3  4 . 8 4 . 1 1 2 . 5  1 1 . 0  1 3 . 6  
B 1 7  27 57 1 2 1 9 4 1 2 . 0  0 . 9  6 . 5  4 . 8 1 . 4  
B1 8 42 60 1 8  30 n .  f .  8 . 5 2 . 4  1 .  3 1 6  9 1 . 7 
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TABLE I I  - 4 cont inued 

S amp l e  L n  C e  

S TREAM S EDIM�NTS cont . 

BR1  29  
BR2 46 
BR3 45 
B C 1  2 5  
BC2 2 6  
BC3 30 
BC4 26 
BC5 28 

n . f .  n o t  found . 

90 
70 
6 1  
46 
52 
60 
50 
74  

P r  

1 0  
1 4  
1 0  
1 0  
1 2  
1 4  
1 1 
1 5  

N d  S m  

n . f .  n . f .  
30 1 0  
36 1 2  
1 3  n .  f .  
1 5  n . f .  
22  n .  f .  

9 4 
1 5  6 

Gd Dy Yb y Th 

3 . 4  n . f .  1 .  5 4 . 8 1 7  
1 1 . 5 2 . 5  0 . 8  9 . 0  1 6  

1 0  3 . 6 1 . 5 1 3 . 0 1 1  
1 2  1 .  5 0 . 7  4 6 . 0  

7 1 . 8 0 . 7 4 . 4  5 . 6  
9 2 . 6  1 . 1 6 . 0  6 . 5  
7 2 . 3  1 .  0 4 . 8  3 . 1  
6 2 . 3  o . B  4 . 4  5 . 0  

0 1  r epr e s e n t s  s amp l e  1 f r o m  the  Ohika- i t i  River a s  shown in Fig . II-9 . 
B1 3  r e p r e s e n t s  s ampl e  1 3  from Tiroroa  Creek as shown i n  Fig . I I - 9 .  
BR rep r e s e n t s  Big R i v e r  area ( Fi g .  I I - 1 ) .  
BC r epr e s e n t s  Bul l o ck Creek area ( F i g .  I I- 1 ) . 
Uranini t e  1 ,  2 and 3 rep r e s e n t  thr e e  d i fferent  mineral s amp l � s  and 
Matrix  1 ,  2 and 3 rep r e s e n t  the a s s o c i a t ed matrix fra c t ion ( Fi g .  II-5 ) . 

u 

8 . 8  
0 . 8 
0 . 4 ! 
6 . 8 
4 . 0  i 
3 . 8 
4 . 8  
4 . 0  
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w i th rare ear ths , fra c t ionation  has taken plac e .  This l at t er 

reason i s  b e l i eved to  b e  more l ikely as mineralogi c al s tudies  b y  

WHITTLE ( 1 960)  have a l s o  shown evidence  f o r  the  epigen e t i c  nature 

of uranium . 

During the current inve s t i gation , TENNANT and SEWELL ( 1 967 ) 

p ub l i s h e d  the results o f  a survey o f  the rare earth c o n t en t s  i n  

s tream s e diments o f  t h e  adj ac e n t  O tu tu tu River and Ohika-Nui 

River  no t in cluding the Hawks C rag Bre c c ia drainage are a .  Th e s e  

results  showed that t h e  O tu tu tu area w as r i c h  in  " c erium- earths" 

whereas t he Ohika-Nui River  area was r i ch i n  "yttrium- earths " .  

The conc entration range o f  the e l ements  Lanthanum , C er i um , 

N e odymium , Y t trium and Thorium var i e d  from s everal t ens t o  

s e v eral hundred ppm . Thi s vari ati'on  was generally unpr e di c table 

as e l ement  concentrati ons from samp l e s  t aken wi thin s ev eral 

hundre d  yards of  each o ther could  v ary by an o r d er o f  magni t ud e .  

Overall , however , the rare ear th p at t ern for each ar ea was qui t e  

d i s tinc t i ve . 

The Hawks Crag Bre c c ia is found on  b o th s i d e s  o f  the 

Ohika-Nui River  and O tututu River ( Fi g . I I- 1 ) and al though it is 

generally b e l i ev e d  that it has no t travelled  very far , due t o  the 

pres enc e o f  angular parent rock , i ts o r i gin is  s till  far from 

c l ear . P e trologi cal c omp ariso ns of the grani t e s  in  the Bre c ci a  

wi th those i n  neighbouring ar eas s e ems t o  sugges t that the Brec c i a  

c o u l d  p os s ibly b e  d e r i v e d  from t h e  O tututu grani t e  ( NhTHAN , p e r s . 

cornm . ) .  I t  was hoped that analyses  o f  s tream s edirnents from the  

Hawks Cra.g Brec c i a  would r e fl e c t  c hara c t eris t i c  rare e ar th 

pat t erns whi c h  when c ompared w i th tho s e  o btained b y  TENNANT and 

SEWELL m i gh t  show whether the B r e c c i a  c ould have b e en derived  from 



e i ther  the Ohik�-Nui gran i t e  o r  the O tu tutu gran i t e  or  p o s s i bly 

both . The r esults obtained  �re shown i n  Tab l e  I I - 4  and are 

d i s c us s e d  later . 
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ELEMENTAL Ri,TIOS i\.S P .. THFINDEHS FOR UR'"'NIUM 

From Fig . I I -7 i t  app ears that an anomalous uranium 

di s tribution  may b e  d e t e c t e d  by the p r e s en c e  o f  > 70 ppm lead , 

"> 4 ppm beryl lium and > 60 ppm copper i n  the s o i l s  and > 40 ppm 

cop�er  i n  the s tr e am s e diments . Although the analysis  of s tream 

s e diments for copp er as a pathfinder for uranium app ears to b e  a 

likely m e thod , the p o s s ib i l i ty o f  s ingl e anomalous c opper v alue s  

d u e  t o  o ther fac tors  i s  s ti ll a danger to t h e  reliab i l i ty o f  t h e  

metho d .  For this  reason vari ous rat i o s  and c ombina t i o n  o f  r a t i o s  

o f  all the ass o c i ated  elements w e r e  inv e s t igated  in a n  a t t emp t to 

es t ab l i s h  a more r e l i able  c r i t erion for the d e t e c t i on of anomalous 

areas . The u s e  of ratios or c ombination of ratios tends to l e s s en 
I 

the impor tanc e o f  any spuri ous , anomalous resul t .  

Figure I I - 9  shows a triangular plot  for  uranium , l ead and 

copper c oncentrat i ons in whi ch each c ons t i tuent is  exp r e s s ed as a 

p e r c entage  o f  the �urn o f  the three .  The data are there fore not  

based  o n  the absolute  perc entage o f  each  el ement i n  tho ent i re 

m i neral , s o i l  or  s tr eam- s e diment s ample .  

1l  dec reas e i n  the uranium content  i ndi c a t es the progress i o n  

o f  w eathering through t h e  s equen c e  minerals- s o i l s - s tream 

s e d iments . I t  i s  s ee n  that i n  the s ediments , the uranium content  

de c r eas e s  t o  very l ow values and  the  importan c e  o f  the  l ead- c opper  

relati onship be c omes much gr eat er . Vi sual insp e c t ion  o f  the data 

for the s tr eam s ediments i n  Fi g .  II - 9 ,  shows that ther e  i s  a 

t endency for  c ertain  s amples  t o  b e  grouped  toge ther  i n  the 

coppe r- r i ch c o rner  of the graph . Thi s  imp l i e s  higher c op p er/lead 

rati os , par t i cularly for s ediments 1 0 ,  1 3 ,  1 5 ,  1 6  and 1 7 ,  the 

s amp ling p o s i t i ons of whi ch arc shown i n  Fi g .  I I- 1 0 � 
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The copp er/l ead ratios  are s hown also i n  Tab l e  II-5 whi c h  

includes the uranium c ontent a n d  indicates whether t h e  s t ream from 

whi c h  the sample  was t aken ( Fi g . I I- 1 0 )  was known to drain a uranium 

anomal y .  hs far a s  w a s  known a t  t he time , Tiroroa Creek ( sampl e  

1 0 )  was no t known t o  drain a radioac t i v e  are a .  

As i t  s e emed  t h a t  h i gher  copp er/l ead r a t i o s  i n  s tream 

s e diments m i ght  in�i cate  uranium anomal i es i n  the drainage area o f . 

the s tr e am , further s ampl ing was c ar r i e d  out  i n  Tiroroa Creek.  

These  s amp l e s  gave further e v i d e n c e  o f  uranium m ineral i zati o n  in  

this  are a  w i th absolute  uranium values  ranging from  1 8- 62 ppm  and 

w i th ass o c i a t e d  hi gh copp er/l ead rati o s . 



N o . 

1 
2 

3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7 
1 8  

TJ:..BLE I I  - 5 

El emental Ratios as Pathfinders for 
Uranium i n  S tr eam S e diments 

Name o f  S tr eam Cu/Pb ratio  u conc n .  
( ppm )  

Trib . Ohika- i ti R .  0 . 42 3 . 4  
Main S tream -

0 . 58 8 . 6  
Ohika- i t i  R .  

Trib . Ohik3.- i t i  R .  0 . 44 2 . 4 
Trib . Ohika- i t i  R .  0 . 42 2 . 0  
Trib . Ohika- i ti R .  0 . 44 1 .  2 
Tri b . Ohika- i t i  R .  0 . 73 4 . 3  
Trib . Ohikn- i t i  R .  0 . 36 4 . 5  
Trib . Ohika- i t i R .  0 . 44 3 . 4  
Trib . Ohika- i t i  R .  0 . 70 1 .  6 
Trib . Ohika- i t i R .  0 . 80* 0 . 8 
Trib . Ohika- i t i  R .  0 . 1 8  3 . 4 
Trib . Ohika- i t i  R .  0 . 25 1 .  5 
Tiroroa Creek 7 . 69 *  8 . 6  
Batty Creek 0 . 67 0 . 8  
B i g  Tick Creek 0 . 83*  2 . 9  
C entre Creek 2 . 27 * 1 3 . 6  
Hawks Crag C r e ek 0 . 83*  1 .  4 
Blackwater R .  0 . 70 1 . 7 

6 6 . 

Vvhether mineral-
i za t i o n  pr eviously 

known 

No 

No 

No 
No 
No 
No 
No 
No 
No 
Yes 
No 
No 
No * *  
Doub tful 
Yes 
Yes  
Yes  
No  

* Ratio  indi cating pres enc e o f  mineral i zation in drainage area.  

* *  Evidence  o f  mineral i zation found at later  dat e . 
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DISCUSSION 

Geo chemi cal prospec ting i s  c onc ern e d  w i th the d e t e c t i on o f · 

anomalous amounts o f  any element as a gui d e  to the d e t e c t ion o f  

i ts o r e . Thi s  problem may essentially b e  appro�ched i n  two ways i 

Samples  c o l l e c t e d  from a grid surv ey may be  analys ed  e i ther 

d i r e c tly for the element conc erned or for its  asso c i a t e d  el ements � 

The cho i c e  o f  e i thGr o f  these  two appro�ches depends o n  the answers 

to  the following ques t i ons . Firs tly , is  the me tal b e in g  sought 

capable  of b e ing transported  far enough from its sour c e  and in 

suffi c i ent quanti t i es , to j us t i fy d i r e c t  geo chemi cal s earch? 

S e condly , w ill  normal var i a t io ns in the background of the  area 

r ender  any g eo chemi cal metho d  unreliab l e . In v i ew o f  these  

que s t i ons , pathfinder elements. may b e  defined  as  e l ements  whi c h , 

b e cause o f  s ome  parti cular property or prop e r t i e s , provide  

anomal i e s  or halos  more  r eadil y  usuab l e  than the sought-after  

element with whi ch they  are ass o c i a t ed . 

Uranium i s  well known for i t s  s o lub i l i ty and extreme 

mob i l i ty and as d i s cu s s ed previous l y , i s  a di ffi cul t e l ement to 

prosp e c t  for dir e c tly in areas ' o f  rugge d topography and h i gh 

rainfal l . Hence  the impor tant role o f  p�thfinders i n  this  

ins tanc e .  However , i t  i s  interest i ng to  note  that Tab l e  I I - 4  

shows a uranium value whi ch i s  di s t inctly higher i n  a s ampl e from 

a known mineral i z e d  s t ream ( B 1 6 ,  C entre Cre ek ) and thre e  o ther  

h i gh values ( B i g  River 1 ,  Tiroroa Creek LB127 and Ohika- i ti 

River L027) . I t  was found that BR 1 was taken thirty yards d own­

s tream from an i s o l a t e d  uranium anomaly ( FOSTER , p ers . comm . ) and 

more d e t a i l e d  i nv e s ti gati o n  i n  Tiroroa Creek indicated  a general 

radiat i on l evel two or thr e e  tim2s  b ackground . The sampl e  from 

the Ohika- i t i  River was taken i n  the main stream and the high value 
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ob tained is  thought to b e  due t o  an unrepr e s en t a t i v e  fra c t i o n .  

�11 these  anomali e s  d e t e c t e d  b y  the  d ir e c t  �nal ys i s  o f  

uranium have two f eatures in c ommon . The s e  are : 

,1 ) the  sample  taken was v er y  c l o s e  ( wi thin fi fty yards ) 
o f  the uranium anomaly , and 

2 )  the uranium anomaly was a cons i d erab l e  part o f  the 

drainage are a  and regi s tered  at leas t  three  t imes above background 

on  a s c in t i llome t e r . 

Although di r e c t  analys i s  of  uranium in  s tream- s ediments 

r e g i s t ered some  suc c es s , this  surve y  has shown that generally �n 

an area o f  rugged topography and h i gh rainfall this approach is 

unsui tabl e .  

S t at i s t i cal evaluation o f  the e l em ents  ass o c i at e d  wi th  

uranium throughout  the weathering s equ en c e  m i neral s , s o i l s , 

s t re am- s e diments , show ed that only copp e r  was s u i t able  as a p ath­

finder in the s tr eam- s e di ments whereas l ead , b e ryllium and copper 

were sui t ab l e  pathfinders i n  mi nerals and s o i l s . To unders t and 

t h e s e  results  i t  i s  n e c essary to C J ns ider the different  

w eathering pro c e s s e s  i nvolved and  to evaluate  their relati v e  

s i gni f i c anc e .  

Three main typ e s  o f  w eathering may b e  d i s t i ngui shed : 

phys i c al , chemi cal and b i ol o gi c al . Phys i c al pro c es s e s  include  

those  that c ause  rock d i s i n t egrati on wi thou t app re c i Rb l e  chemi c al 

o r  min�ralogi c al c hanges .  As the r o ck disint egrat e s , the  sur fac e 

area b e c omes larger and this  faci l i tates  chemi c al w eathering due 

to r eac t i ons w i th wat er , o xygen and carbon dioxi d e .  Biologi c al 

ac t i v i ty c an contribute  e i ther  d i r e c tly or  indirec tly t o  b o th 

phys i cal and chemi cal weathering . G0nerally , thes e pro c es s e s  t ake 



place  s i de b y  s i d e  and the i r  relative  importan c e  vari es 

according to the envi ronment .  

I n  the Bul l e r  Gorge region , although the to pography i s  

rugged and the annual rainfall i s  high ,  both condi ti ons b e ing 

sui tab l e  for phys i cal weathering , the area i s  dens ely covered  

w i t h  vegetation who s e  natural rain  s h i e l d  and  large root  ne twork 

suc c e s s fully prevents erosion . Thi s  dens e v e g e tation cover  may 

also play an impor tant role  in the b i ological weath e r i ng p r o c e s s  

a s  up take o f  e l em ents s u c h  a s  copp e r , z i n c  and uranium by  the 

flora has b e en shown to be qui t e  s i gn i f i cant (WHITEHEAD and BROOKS
f 

1 96 9b ) . 

Although b i ologi cal e f f e c t s  can make an app r e c i able  

contribution  to the overall weathering pro c e s s , as  does physi cal 

w eather i ng , the author feels that the c ontribution o f  this e ff ec t 

i s  low as the levels o f  element conc entrations found i n  the s o i l  
" 

are too  h i gh to have ac cumulat ed  from d e c ayed vegatati o n .  

Evaluation  o f  t h e  e f f e c t  o f  p hysi cal and b i ologi c al 

w ea the ring processes  for the d i s tribution o f  th e elements 

indicates  that the large s t  cont!i b u t i o n  comes from chemi cal 

w eathe r i ng .  Acc ep tan c e  th�t chemi c al weathering is the maj o r  

fac tor  i s  s tr engthened  when i t  i s  rememb ered  that the Hawks 

Crag B r e c c i a  is a p orous sands tone matri x  and as a result  o f  the 

h i gh rai nfall , oxi dation and transport  o f  the solubl e e l ements 

i s  easily fac i l i tated . 
0 

A c o mparison o f  the solubi l i t i e s  o f  the elements uranium , 

copp er ,  lead  and b e ryllium shows that uranium ( VI )  is the m o s t  

solubl e followed by c opp e r , l ead and then b eryll ium . Further 

evi dence  sub s tantiati ng the i mp ortanc e of  chemi cal weathering i s  
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shown by the fac t that b e caus e o f  solub i l i ty d i f f e r en c e s , l e ad and 

b eryll ium do no t correlat e wi th uranium beyond the s o i l s  whereas 

c opp er do es . B e c ause copper i s  l e s s  s o luble than uranium i t  i s  

m o r e  sui tab l e  f o r  analys i s  in s tr e am- s ediments than t h i s  e l ement  

and i s  henc e a sui table path f i nding element  for uranium . 

�nalys is o f  uranium minerals for yttrium , thorium and the 

rare ear ths did not  provi de any us e ful i nforma tion conc erning 

p o s s i b l e  pathfinders for uranium . I n  all cas es the levels o f  

the s e  el em ents  i n  the minerali zed r ocks were  extremely l ow , w i th 

the levels  i n  the minerali zed frac t i on be ing s l i ghtly high e r  than 

tho s e  in the unmineral i s e d  frac t i o n . S tr e am s e diment concen t ra t i o ns 

w e r e  higher again and probably r e fl e c t  the greater prop o r t i on o f  
grani t i c  mat e r i al in the Br e e c i a .  The resul ts  presented  i n  

Tabl e  I I - 4  f o r  t h e  analys i s  o f  s tr eam s ediments from t h e  Hawks 

Crag Bre c c i a  for yttrium , thorium and rare e ar ths show that 

overall the concentra t i ons of  these e l ements are low compar e d  w i th 

the m a j o r i ty o f  those  values ob tai n e d  by TENNANT and SEWELL from 

the Otututu and Ohika-Nui grani t i c  areas . The generally low 

levels ob tained for yttrium , thorium and the rare earths are 

probably du e to dilu t i on w i �h the w eathe r e d  matrix mat erial whi ch ,  

as shown by resul ts  in Tabl e  I I - 4  for the matrix , i s  d e f i c i ent  

i n  rare  G ar ths . An  a t t emp t was  made  to compare the  rare  earth 

d i s t ributi ons found in the Hawks Crag Bre c c i a  areas wi th thos e  

found i n  the Ohika-Nui and Otututu River areas b y  comp u t i ng the 

amounts of lanthanum , yttrium and thorium in each samp l e  as a 

p e r c entage o f  the sum o f  the thre e , and by p l o t ting these values  

on  tri angular graph paper . The  e l ements , lanthanum yt trium and 

thnrium w�re cho s e n  b e c aus e they w e r e  shown by TBNN.!�NT and SE'.'JELL 
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t o  b e  the m o s t  d i s c r iminat ing for the r espe c tive  ar eas . 

F i g .  I I - 1 1 shows the r esults obtaine d .  The ove rlap o f  samp l es 

from the Ohika-Nui area into  that area on the graph r ep r e s e n t i ng 

the O tu tutu area and v i c e  vers a ,  i s  a resul t o f  the fluc tua t i on 

o f  the element c o n c en trat i on wi thin each area . I t  i s  s e en however , 

that the greates t c o n c en trati o n  o f  samples from b o th the 

Ohika-Nui and O tu tu tu areas do fall into  s eparate �reas o n  the 

graph which may be  taken as 1 1 c hara c t e r i si ng11  that part i cular are a  

s ampl e d . I t  i s  c l early s e en th�t  the  samp l es from the Hawks Crag 

B r e c c i a  fall c l o s er to the are a  c harac t er i s e d  as O tututu t han 

that c hara c t e r i s e d  as Ohika-Nui  R i v e r . Thi s  would i ndi cate  that 

the Hawks C rag Brec c i a  was derived  from the O tu tutu grani t e . 

The autho r consi ders , how 0ver , that for a more d e f i n i t e  

i n d i c a t i on o f  thi s relati onship , analysis o f  a l arge numbe r  o f  

samples  from all the Hawks C rag Bre c cia  ar e as would b e  r e qu i r e d .  

I n  summary , i t  i s  c oncluded  that this work has s hown that  

i n  the Hawks Crag B r e c c i a  ar ea , prosp e c t i ng for uranium by us e 

o f  pathfinder elements , l e ad ,  b eryll ium and c oppe r  i n  s o i l s  and 

c opp er in s tream sediments p rovi des a relativ e ly speedy and 

s impl e  m e th o d . Di r e c t  analys i s  for  uranium was shown t o  b e , i n  

general , unsui tabl e  unl e s s  the s ampl i ng s i t e  was c l o s e  t o  t h e  

radioac t i v e  are a .  Al though y t trium , thori um and rare earths 

did no t prove sui table  as pathfinders for uranium , the analysi s  

o f  stre am s e diments for the s e  e l em ents d i d  provide new e v i d e n c e  

t o  suppor t  t h e  sugge s t i o n  t h a t  t h e  Hawks C rag Bre c c ia was 

derived  from grani t e  from the O tu tu tu are a .  

The unc e r t ainty concerning thi s origin is  r e fl e c t e d  i n  the 

vari ous theo r i e s  for the origin of the  urani um mineral i za t i oJl. 
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i ts el f  ( BECK E T  AL , 1 958 ; WODZICKI , 1 959b ) . The f i nal par t  

o f  t h e  thes i s  i n t er ali a reports  o n  l o w  energy gammR ray s tu d i e s  

car r i e d  out  w i th t h e  minerals t o  d e t ermine the i r  c ompos i t i o n  and 

s tate  o f  equi l ibrium ; an impor tant  c o ns i deration for any 

d i s c u s s i o n  conc erning the origin  of the s e  radi oactive  depos i t s . 



EQUILJBRIUM S TUDIES ON URi-iNIUM MINZRALS ·  
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INTRODUCTION 

Natural ur�nium , cons i s t ing of 99 . 28� u238 , 0 . 7 1 % u2 35 

. 234 . 0 . 0 1 %  U , 1 s  an uns tab l e  e l ement who s e  i s 0 topes d e c ay t o  

s impl e r  nuc l i des  w i th emi s s ion o f  alpha , b e t n  and gamm� radi a t i o n .  

The r e c o rding o f  t h i s  radi o a c t i v i ty w i th appropri a t e  e l e c tron i c  

ins truments  has , f o r  many year s , b e e n  a c onv enient method f o r  the 

dG t e c t i o n  of uranium and has formed the bas i s  o f  0 m e th o d  u s e d  

e x t en s ively  i n  exploration f o r  uranium mineral i zation . At f i rs t ,  

hand-borne Gei ger-Muller  count ers , whi c h  d e t e c t  alpha and b e t a  

radiati o n , w ere  us ed , but  th ese  instruments have now b e en sup er-

s e d e d  by the more s ens i t iv e  s c i n t i llome t e r . The s c inti llom e t er  

d e t e c t s  gamma radi a t i on , whi c h  i s  considerably more energe t i c  than 

�lpha or  b e t a  radi a t i on , and hence  fac i l i tat e s  d e t e c tion of radio-

ac t i v e  sub s t ances  at a much gr eater  r�nge than do es the  Geiger  

c ount e r .  B e c aus e o f  the hi �her  sens i tivi ty achieved , the 

s c i n t i ll om e t er c an be  op erat ed from moving v eh i c l es . The lat e s t  

d ev elapm�nt i n  rad i om e t r i c  survey t e chniques i s  the us e o f  

h i ghly- s ensi t iv e  s c intillometers  capable o f  di fferentiating b e tw e en 

40 radi at i ons  from uranium , thorium and K • 
I t  i s  well known that the maj or frac t i o n  o f  gamma rad i a t i on 

o f  the uranium s e r i es c omes  from the d e c ay o f  daughter  produ c t s  o f  

Ra226
• An approximate  det ermination o f  the amount o f  uranium 

present  c an b e  made direc tly from the m e asurement o f  the gamma 

r ad i a t i o n  i f  i t  i s  assumed that the mineral is in r adi o ac t i v e  

e qui l i b rium . In thi s , i t  i s  imp l i e d  that the r a t e  o f  produ c t i on 

o f  Ra226  from u238 must equal the rate o f  dec ay o f  Ra226 , a 

c ondi t i on whi ch i s  no t always s a t i s f i e d  i n  practi c e .  For the 

purp o s e  of o r e  de t e c t i on , however , where we are conc erned wi th  the 
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order o f  magni tude o f  the uranium conc entrati o n , the state  o f  

equilibri um i s  unimpor tant . �s i t  has b a en found that many 

uran i um minerals are not  in equ ilibrium , di rec t measurement o f  the 

gamma radiation  for uranium c .nt ent l eads to i n c o rr e c t  values . 

This  probl em c an b e  over come by measuri ng b o th b e t a  and gamma 

rad i a t i 0 n  ( ZICHHOLZ ET �1 , 1 953 ) . However , the importan c e  o f  

knowing the s tat e o f  equi libr ium o f  a uranium min2rQl i s  no t 

confined  to  the qu n t i tative  analys i s  o f  uran i um .  I n  o rder t o  

obtain  the age o f  a uran i um mineral i t  i s  also ne c es sary to know 

i ts s t a t e  o f  equilib rium , as deviat ions from the equilibrium s t � t e  

ch�nge t h e  Pb206;u238 or Pb207;u235 r �t i o s . ( Pb206 and  Pb207 ar e  

t h e  s table  end produ c t s  o f  t h e  d ec ay o f  u238 and u235 resp e c t i vely , 

as shown i n  Fig .  I I I - 1 ) . 

The t e rm generally ac c ep te d  t o  describe  the s tat e o f  

equilibr i um o f  a uranium min erc:-.1 i s  np erc entnge equilibrium r .?tdium " .  

Thi s  i s  defined  �s the amount o f  radium ac tu�lly present  i n  a 

sampl e e xpressed  �s � perc entage o f  the amount o f  r �dium whi c h  

w o u l d  b e  present i f  a s t a t e  n f  radioac t i ve equilibrium exi s t e d  

b e tween t h e  uranium and the produ c ts o f  i ts d e c a y .  ts has b e en 

m en t i on e d  pr e viously , this s t�ge i s  reached when the rat e  o f  radium 

d e c ay b e c omes  equ&l to the rate o f  radium format ion . Th ere are 

tw :.> m::t i n  re-=tsons for the 1 1p erc en to.ge equilibri  urn radi urn" devi[t ting 

frnm one hundred p erc en t . 

( a ) Insu f fi c i en t  time  may have elap s e d  s i n c e  tho d 0 � o s i t i n n  c f  

the uranium t o  allow tho form �t ion o f  the equi libr ium amount o f  

radium . The rate  a t  which the Ra226 a c t i v i ty builds up t o  that 

o f  the u238 parent is  limi t e d  by the hal f- l i fe of one of the 

i n t e rm e d i a t e  members of the s eri0s , u234 ( ti = 2 . 0 . 1 05 yr ) . Only 



El ement 

Uranium I 
Uranium x1 
Uranium x2 
Uran ium ri · 
Ionium 
Rad ium 
Rad o n  
Rad ium A • Rad ium B 

I Astfi t i ne 
Rad ium c I Rad ium c •  I �  Rad ium C "  

I 
Rad ium D 

Rad ium E I Rad ium F I Thall ium 
,.:: I 

Rad ium G 
( end produc t )  

El ement 

Ac t inouranium 

Uranium Y 
Protac t i nium 
Ac t inium ==-----1 
Rad ioa c t inium 

I Ac t inium 
Ac t inium X 
Ac t ino n 
Ac t inium A I Ac t inium B 

I .A s t a t ine 
4! I 

Ac t inium � .• Ac t inium 

I Ac t inium 
I 

A t " '!E D c :t.n :t.um 
( end produc t )  

Fi g .  I I I - 1  

K 

C "  

Uranium S er i e s  •-'--'·�--

Symb ol 
23 8u 
234T h 
234 Pa 
234 . u 
2 30T� 
226 Ra 
222 Rn 
2 1 8Po 
2 1 4Pb 
2 1 8At 
2 1 4Bi 
2 1 4Po 
2 1 0Tl 
2 1 0Pb 
2 1 0Bi 
2 1 0p0 
2 06Tl 
2 06Pb 

Ac t inium S e r i e s  

Symb ol 
235u 
23 1 Th 
23 1 Pa 
2 27Ac 
227T h 
223Fr 
223Ra 
2 1 9A n  
2 1 5p0 
2 1 1 Pb 
2 1 5At 
2 1 1 Bi 
2 1 1 Po 
2 07Tl 
2 07Pb 

Rad iat io n 

a. 
� 
� 
a. 
a. 

a. 

a. 

a. , �  
j3 
a. 

j3 , a. 
a. 

� 
� 

� , a. 
a. 

� 
-

Rad iat i o n  

a. 

� 
a. 

[3 , a.  
a. 

� 
a. 

a. 
a. , �  

j3 
a. 

j3 , a. 
a. 

� 
-

Hal f-Life 

4 . 5X1 01 0  year s 

24 days 
1 . 1  minut es 
2 . 3X 1 05 years 

8 . 0X1 04 y e a r s  
1 .  6X 1 03 years 

3 . 8 days 

3 . 0 minu t e s  
2 7 minu t e s  
2 s e c ond s 
2 0  minut e s  

- 4  1 . 5X1 0 s e c o nd 
1 . 3 minut es 
2 2  years 
5 . 0  d ay s  
1 40 day s  
4 . 2 minut es 
S tabl e 

Hal f-Life 

7 . 1 X1 08 years 
24 hours 

4 3 . 2X1 0 y ears 
22 y e a r s  
1 9  d ays 
2 1  minut e s  
1 1  d ays 
3 . 9 s e c o nd s  
1 . 8X1 0-3s ec o nd 
3 . 6 minut es 

-4 1 0  s e c o nd 
2 . 2  minu t e s  

5X1 0 -3s e c o nd 
4 . 8 minut es 
S t abl e  



Thorium S e r i e s  

El em e nt Symb ol Rad ia t io n  

T horium 
2 32T h  a. 

Me sothorium I 
22 8Ra � 

Meso t horium I I  
22 8Ac � 

Rad iot horium 
22 8T h a. 

T horium X 
224Ra a. 

T horon 2 2 0T n a. 

T hor ium A I 2 1 6Po a. 

T hor ium B 2 1 2 Pb � , a. I _ 2 1 6A t A s t a� ine a. 

Thorium c 

~ 
2 1 2Bi � , a. 

T horium C 1 
2 1 2Po a. 

T h  I . •n 
C"  

2 08T h � Thor�um 
I 2 08Pb or�um -

( end pr od uc t ) 

Fig .  I I I - 1 
23 8 2 3 5 2 32 D e c ay S c hemes for U ,  U ,  T h  

Hal f-Life 
1 0  1 .  4X1 0 y ears 

6 . 7 y ears 
6 .  1 hours 
1 . 9 y ears 
3 . 6 days 
51+ s e c ond s  
0. 1 6  s ec o nd 
1 0  hours 

-4 3X1 0 sec o nd 
6 0  minu t e s  
3X 1 0-7s e c o nd 
3 . 1  minu t e s  
S tabl e 
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ft  . . d th R 226 
t . .. t a e r  a l i t t l a  more th�n one m 1 l l 1 o n  years oes e a ac 1 v 1  y 

reach  97% o f  i t s  equilibrium value . 

( b )  There may h �vc  � ecn s ome preferenti �l l o s s  ( e . g . b y  l eaching ) 

o f  one o r  more  o f  the i s o topes  i n  the d e c �y s e ri e s . I f  radium has 

b e en los t preferenti:1l l y ,  a " p e r c G n t r>.ge equi librium rEJ.dium" val u e  

o f  l es s  th�n o n e  hundred  p e r c e n t  i s  to b e  e xp e c ted , whereas 

pre feren t i nl loss  o f  uranium w i l l  l ead to  values o f  "per c en tage 

equ i l ibrium radium" greater  thc:n one hundred p e r c en t . 

The mos t  c omm0n m e thod u s e d  t o  d e t ermine the "per c en tage 

equ i librium radium" rel i es on the measurement o f  the known trpes  

o f  radiation aris ing from the d i s i n t egra t i on o f  uranium and i ts 

daught e r  pr�du c t s . I t  i s  n e c e ssary i n  this  m ethod to m easure b o th 

b e t a  and gamma radi a t i on . The b e t a  radiation  �rises  from b o th the 

imme d i a t e  uranium daughter  produ c t s  and als o  from radium . The 

ma j o r  fra c t i o n  of the gamma rad i �t i on ar � s es from radium and i ts 

daughters . The gamma radi a t ion �i gure i s  used  to c al culate  the  

amount of  beta  r ad i � t i on due  to radium , and  this i s  then dedu c t e d  

from the to tal b e t a  me�surement to det e rmine t h e  amount o f  b e t a  

radi�ti on ari s ing from t h e  uranium . From this corre c t e d  figure , 

the amount o f  urc.nium i s  d e t ermined  .:::md the 0perc entnge equil ib r ium 

radium 1 1  c alcul a t e d .  Thi s  i s  essentially t h e  method used  by BOS I N  

and BOGDr,N ( 1 960 )  and STERN and STIEFF ( 1 95 9 ) . iLno ther app roach is  

that  o f  GR&CE and BATES ( 1 959 ) who  d e t ermined the equi l i brium u s i ng 

alpha and fiss ion- fragment rad i ography . Thi s  technique has the  

advantage that  i t  can be  app l i ed on a m i c ro s c al e  but suffers from 

the d i sadvan t age that it c an no t be used  in the pr esence  o f  

natural thorium . 
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The main w e akness in  th� me thod involving the m e asurement 

of b o th b e t a  and gamma rad i at i on i s  the assump t i o n  that nll the 

gamma radi a t i o n  d e t e c t e d  i s  due to the de c ay of radium o r  i ts 

daugh ters . This  i s  n o t  s o , as Th234 and u235 both produce  gQmma 

radiat ion , �nd al though the a c t i v i ty is only a frac tion  of that 

from radium and i ts Gaugh ters , i t  is s t i l l  s i gn i f i c ant . As a 

result  o f  thi s , the corre c t ed b e t a  figure for uranium would b e  

too  low , ::1.nd ther e f o r e  t h e  asso c i a t e d  ; 'perc en tage equil i brium 

radium ' ' , value  would b e  rather too high . The advantag e  offered  

by  a method  whi c h  independently measur es  the  radiation  from only 

226 235 Ra and a uranium i s o top e i s  c l early s e en ( U  i s  the mos t 

sui tab l e  uranium i s o tope for a gamma ray s tudy as the d e c ay o f  

U238 t P 234 d . · . . d u 2 34 . o a o c s n o t  1nvolve gamma em1ss1on  an 1s  

insuffi c i en tly abundan t ) . LEDERER ( 1 96 9 )  s tates  that  the princ ipal 

g �rnma rays from b o th u235 and Ra226 fi �ve an energy o f  1 85 KeV and 

the p r i n c ipal g�mma rays from Pb2 1 4  ( a  daugh t er of Ra226 always i n  

equilibrium , du e t o  i t s  short hal f- l i fe )  have ene rgi es o f  2 42 , 

2 95 and 352 KeV r e sp e c tivel y .  From these gamma rays i t  i s  

thc:oreti cally p o s s i b l e  . to cal culat e t h e  1 1 p e r c en tage equ i l i br i um 

radium 1 1 • To n chi eve this exp erimen tally ,  however , i t  i s  ne c es s ary 

2 1 4  t o  resolve  t he three Pb gamma rays , and to d e t ermine the 

extent  to which the Ra22� 1 85 KeV gamma r ay interferes  wi th 

the 1 85 KeV gamma ray from u235 . 

Prior to the  devel opment o f  the Ge ( Li )  d e t e c t o r , the 

Pb2 1 4  gamma rays c ould  no t be s ::J..t i s factorily  resolve d , as t h e  

Nai ( Tl ) d e t e c to r  di d no t possess  suffi c i ent  r e s o l u t i o n  i n  this  

energy regio n .  Fig .  III-2  c l early illustra t es this  p o i n t . 

,:,1 though the  Ge ( L i )  d e t e c t o r  was developed primari ly for the 
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b en e fi t o f  the nu c l ear s p e c t ro s c op i s t ,  i t  h�s b e en u s e d  in  many 

o ther f i elds  o f  r e s e a r c h .  Th e s e  in c lude d e c ay- s cheme s tudi e s  w i th 

radi o a c t i v e  i s o topes , b e am s p e c tr�s c opy , low- t emp e ratur e nuc l ear 

o r i entat i o n  and a c t ivation anal y s i s . An E xc el l en t  rev i ew o f  the 

impac t o f  s em i c �ndu c t o r  d e t e c tors on gamma- ray and e l e c tron 

sp e c tros copy i s  given by HOLLANDER ( 1 96 6 ) . The prep arat ion , 

maint enan c e  �nd r e l e vant theory o f  the s em i c ondu c t o r  d e t e c t o r  

i s  given by  Mr,NN £T ;,1 ( 1 966 ) , DZ:;,RN"LY and NORTHROP ( 1 966 ) and 

CQ·:}TE ( 1 967 ) . 

The geochem i s t  and analyt i c al chem i s t  h �ve gained  mos t  

b en e f i t  from the Ge (Li ) d e t e c tor i n  the fi eld o f  ac tivation  

analy s i s  b ec ause the  high r e s o l u t i on ob tained has , in m�ny c as e s , 

mad e p o s s i b l e  the dir e c t  m easurement o f  the i rradi a t e d  s amp l e .  

Pr ev ious ly , us ing th� Nai ( Tl )  d e te c t o r , t � di ous chemi cal 

s eparat ions were r e qui r e d .  T o  the author ' s  knowle dge , t h e  only 

�ppl i c at i on of the Ge ( Li )  d e t e c tor to natural ly- o c curring radio­

a c t i v e  ma te rial , is  that of M�THEVON ET AL ( 1 967 ) , who used  the 

gamm� r ad i at i �n o f  spe c i fi c  i s o top es t o  det ermine urani um , 

thor ium and radium c o ntent o f  such s amp l e s . The m e thod used  by 

the s e  au thors required  tha t  the samp l e  w as in  rad i o a c t i v e  

equi l i brium and that � n  ac curately known uranium s t andar d ,  als o  i n  

equi l i b rium , was av�i lab l e  a s  r e: ferenc e . l'LTHEVON £T !cL also 

d e v e l op e d  a m e thod t o  compare the radi o a c t i v e  equ i l ibrium of  each 

s amp l e  w i th that of the s t3ndard r o c k . How ev e r , due to an error 

in the as s i gnment o f  the 1 85 K eV gamma radi �t i on by  the abo v e  

au tho r s , t h e  pres ent au thor c n n s i ders  that t h e  rep o r t e d  work i s  in 

s e rious e rr o r  and r e qui r e s  further elu c i d a t i on . 

The  aim o f  this part o f  the the s i s  was thr e e - fo l d :  
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( 1 )  To i dent i fy the various peaks i n  the  l ow energy r e g i �n o f  the 

gnmm� s p e c t rum ( 30-360 K e V )  o f  naturally a c currin5 urnnium ores . 

( 2 )  From the resul t s  o f  ( 1 ) , to  develop a m e thod for d e termining 

the 1 1p e r c entage e qui libri um radium " . 

( 3 )  To inve s t igat e tha equi l i b ri um s ta t e  o f  uranium minorals i n  

t h e  Bull e r  Gorge i n  order t o  provi d e  more  i nformation o n  the 

h i s tory of these depos i t s . 
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INS TRUMENTATION 

�ll m a �suremants w e r e  obtained v i �  a h i gh- resolution g�mma 

sp e c trom e t e r  at the I ns t i tute  of Nuc l e ar S c i en c es , D epartment o f  

S c i ent i fi c  and I ndus trial Res earch , W ellington . 

High resolution i n  the l ow- energy r egion ( 40-360 KeV)  was 

ob tained by using a 5 cm3 Ge ( L i ) d e t e c to r , dri ft e d  from five s i des 

nnd w i th the open end fac ing the radi a t i o n . In a germanium 

d e t e c tor  only 3eV i s  r equir e d  to  produ c e  an e l e c tron-hole  p ai r ,  

whereas a Nai ( Tl )  c rys tal requires  abou t 300 eV per  pho to- e l e c t ron 

from the c athode and henc e has a much poorer resolution . 

Fig . I I I - 2  c l early illus trates the d i fference  in r esolution o f  

the s e  d e t e c tors . 

The Ge ( Li ) d e t e c tor was c oupl e d  t o  a SIMTEC P- 1 1 ,  low-no i s e  

F i e l d-Effect- tran s i s t o r  pre-ampli f i er ; t h e  combination p ro v i d e d  

r e s o l u t i o n  o f  2 . 5 KeV . The s e  t w o  c omponents were  hous e d  in t h e  

radiat i o n  a r e a  thirty to  forty feet  f r o m  the control room . Coaxial 

cables from the pre- ampli fi er l ead to  the c ontrol room , where  the 

pulses w er e  ampl i fi e d  by an ORTEC 4 1 0  trans is tor main amp l i f i e r  

whi c h  w a s  �onnec t ed  t o  a n  'RCL 256- c hann el pulse-he ight analys e r  

( P . H . � . ) .  For v e ry a c curate calibration work a KICKSORT 

4096- channel pul s e- h e i gh t  analys er  was us e d .  Data s tored  i n  the 

memory of  e i ther P . H . h .  were  r e c orded  as a sp e c trum l i s ting v i a  a 

typ ewri t e r , for  later manual p l o t t i n g ,  o r  were  punched dir e c tly 

onto pap er  t ap e  whi ch provided the i nput in format i on for computer­

ass i s t e d  analys i s .  Fi gures  -I I I - 3  and I I I - 4  show s chema t i c  di agrams 

of the gamma spe c trome ter , and the sys t em used  for c �mputer­

as s i s t e d  analysis 0f  gamma spe c tra , resp e c t ively.  
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Op eration  Proc edure 

Fi v e  to fi fteen grams ( d ep ending on the a c t i vi ty ) o f  

powdered r o ck ( less than 80 mesh ) wcs placed  i n  a cylindri c al 

glnss phi al ( 5cm x 2cm  d i am . ) and posi tioned i n  front o f  the 

d e t e c tor next to the thin �luminium w indow . The s�mplc  was 

counted for a suffi c i ent time to  allow a well-defined sp e c trum to 

b e  obt�ine d .  For most uranium minerals thi s  was b e tween  f i f t e e n  

a n d  t h i r y  m i nu tes . � c h e c k  on t h e  numb er o f  c ounts p e r  channel i n  

each c hannel comp r i s i ng t h e  sp e c trum was easily ob tained a t  any 

time  v i a  an o s c i llos c op e  in the P . H . A .  When a well-de fined 

sp e c trum h ad been  obtaine d ,  the number  i n  each channel was e i ther 

l i s t e d  by the typ ewri t er or  punched on to p ap er tap e  and then 

analys e d  wi th the computer as h �s b e en previ ously des cribe d .  A 

t yp i c al sp e c trum 0b tained i s  shown i n  F i g .  I I I- 2 . 



IDENTIFICATION OF SPECTRA 

( a )  Calibration  o f  Pul s e  He igh t  tnalys e r  

A s  has b e en previ ously ment i oned , t h e  gamma sp e c trum i s  

r e c o rded  by t h e  P . H . � .  c s  counts i n  � given t i m e  f o r  e a c h  c hannel . 

I n  order  to  as s i gn sp e c i fi c  ener�i e s  to each p eak a calibra t i on 

curve o f  energy as a fun c t i o n  c f  c hannel number  mus t b e  det ermined . 

The calibrat i on curve was c o ns truc ted  from the gamma sp e c trum o f  a 

s t �ndard sour c e , c o n s i s t i ng o f  s everal i s o top e s , by plo t t ing the 

known energi e s  o f  the gamm3 rays frpm these i s o topes �gains t their  

c o r r e sponding chann el numb ers . Tabl e I I I - 1 shows s ome o f  the 

i s o topes  used , w i th their resp e c ti v e  gamma ray energi es , and 

Fi g .  I I I - 5  s hows a typ i cal c al i bra t i on curve ob tai n e d .  Provi de d  

that t h e  s e t t i ngs on t h e  sp e c trome ter  are kept c0ns tant , the 

calibr a t i o n  curve c an b e  used for all sp e c t ra taken over  seve ral 

hour s . I f ,  however , �n ass i gnment o f  an energy to a p eak i s  

doub t ful the c al ibration curve i s  r e d e t ermined ei ther imme d i a t ely 

b e fo r e  o r  after  the parti cular sp e c t rum b eing s tudi e d .  

( b )  �nalys i s  o f  Spe c tra  

The  analy s i s  of  the l ow- energy gamma ray region ( 30- 400 K e V )  

w a s  carr i e d  o u t  i n  two  p ar t s . The firs t , and mos t  impor tant to  

thi s w o rk , was  a qu�l i t a t i v e  and quan t i tative  s tudy confined  t o  the 

region 1 80- 360 KeV . Thi s  region includes the main gamma rad i a t i o n  

f r o m  u235 and Ra226 
( 1 85 KeV ) and the m a i n  gamma rad i a t i on from 

2 1 4  Pb ( 242 , 295 , and 352 K eV ) . The s e are the most  imp or t an t  gamma 

rad i r:c t i ons for the cal c ul � t i o n  o f  rad i o a c t i v e  equi librium . The 

s e cond  part was c on c erned only wi th i d en t i fi cation  of the 

obs e rv e d  peaks in the region 30- 1 80 KeV.  The energy region above  

360 KeV  was not  c o ns i dered  b ec ause  it  contains only gamma rays 

f B . 2 1 4  . f th rom 1 and y 1 elds no n ew in forma t i on . Use  of one o e s e  
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T1-.BLE I I I  - 1 

I s o top es and Resp e c tive Gamma Ray Energi es  Us e d  for 

Calibration o f  � Pul s e  H e ight AnRlys er 

Iso top e s  Energi es ( Ke V )  

Ba1 33 30 . 9 , 8 1 . 1 ' 276 . 5 ,  303 . 0 ,  356 . 3 ,  

Ra226 1 85 . 7 ,  241 . 9 , 295 . 2 ,  352 . 0  

it m 2lt 1  26 . 35 ,  59 . 54 

Co57 1 2 1 . 97 ,  1 36 . 33 

Co6o 1 1 73 . 2 , 1 332 . 4  

Pb2 1 0  46 . 5  

82 . 

384 . 1 



gamma rays  as a det ermination o f  Ra226 was no t attemp t e d  b e c au s e  

o f  t h e  v ery l o w  d � t e c tnr  e f f i c i ency in this energy r ange . hlthough 

no appr e c i ab l e  amo unts o f  the thorium s er i e s  were  d e t e c t e d  in the 

urani�m minE rals from the Hul ler Gorge ( a  s i tuat ion whi c h  reduced 

the  c omplexi ty of the sp e c trum ) , th e quantitat ive  s tudy c arr i e d  

o u t  included t h e  possibili ty o f  t h e  presence  o f  thorium in o rder 'V · ,  
to ensur e th�t this m e thod o f  calculating radio�ctive  equilibrium 

had general appl i ca tion . 

( i )  1 80-360 KeV Region 

Fig .  I I I-6  shows ( i )  t�e  gamma spe c tr a  obtained from a 

uranium m i neral ( uranini tc ) , ( i i )  

and Bi2 1 4
, ( i i i ) "uraninite  minus  

R 226 . ' l ' b  . "' J.' th Pb2 1 4 
a J.n equJ. 1 r 1 um " 

Ra226 :' and ( iv )  an aged thorium 

nitrate s amp l e . The spec trum l abell e d  "uranin i t e  minus Ra226 1 1  

was obtained  by counting the urani n i t e  for two hours and sub-

trac ting the c ounts obtained from t h e  radium s ourc e  over the s am e  

t im c .  T o  normal i z e  the two c ount rates , the p o s i t i on o f  the 

rad i um s ourc e . in front o f  the d e t e c to r  was altered  unt i l  the 

"perc entage l ive  t i m e "  meter  regi s t e r e d  the s am e  valu e  .:ts when the 

uranini t e  s amp l e  was c ount e d .  Thi s  approach was consi de r e d  t o  b e  

t h e  mos t s u i t able way to  d e t ermine  t h e  extent o f  interferen c e  o f  

the Pb2 1 4 
p e aks i n  natural samples , aris ing from u2 35 o r  o ther  

d e c ay p ro du c ts . I t  i s  es tim�t e d  that  the error incurred by this 

p r o c edure would not be  greater than one p ercent . 

From F i g .  I I I - 6  i t  i s  c l early s e en that the 1 85 K eV gamma 

2 2 6  
ray f r o m  Ra c anno t b e  d i s tinguished  from t h e  1 85 KeV gamm� ray 

from u235 , and that the 239 KeV gamma ray from Pb2 1 2  ( a  daught e r  

o f  Th232 ) interferes  s trongly w i th the 242 K e V  gamma r a y  f r o m  Pb2 1 4 

A s  a result  o f  a systemat i c  s e ar c h  through TABLE OF I SOTOPES 
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( LED�RER , 1 96 9 )  thes e interferences  were  e xp e c t e d  but t h e i r  

resp e c t i v e  quan t i tative con tr i b u t i ons w e r e  unknown . The "uranini te 

· R 226 · r  t h k t 350 7 K V m1nus a ' sp e c  rum s ows a p ea a • e • 'I'hi s  i s  

b bl  d t o  B l.. 2 1 1 , d h t  f u2 35 B . 2 1 1 . th 1 p r o  a y ue a aug er o , as 1 1 s  e on y 

isotope  p r esent which  has a . favourab l e  d e c ay path t o  produ c e  a 

gamma ray o f  thi s energy.  Hen c e  there  i s  interference  of  the 

Pb2 1 4  352 KeV peak by the B i2 1 1  350 . 7  KeV peak . Thi s  B i2 1 1 

i n t e r f e r e n c e  p re vents the Pb2 1 4  352 KeV pe ak from b eing us e d  as a 

measure o f  Ra226 pres ent i n  t h e  sampl e  b e c ause the B i2 1 1 

2 1 4  contribu t i on to t h e  P b  p eak w i l l  vary a c cording t o  th e amount 

of u235 p res ent in the sampl e .  Further  c onfirmati o n  that the 

Pb2 1 4  
352 K eV p e ak i s  contaminated  i s  shown by c o mparing the 

ratio - 352 K eV p e ak/295 K eV p e ak fr om the uran i n i t e  wi th the 

226 same r a t i o  from the  Ra s p e c trum . The valu es o f  thi s  ratio  

are 1 . 31 9  and 1 . 257 r esp e c t i vely , whi c h  s hows that  the  value of  

the 352 K e V  peak from the uranini te is  h i gher than would be  

exp e c t e d  if  it  was  fr e e from i n t e r f e r enc e .  The sp e c trum ob tain e d  
' 

from the aged thorium ni trate  s amp l e  shows a s trong p eak due t o  

Pb2 1 2  
a t  239 K e V .  h S  the r e solution  o f  the sys t em used  i s  

2 1 2  2 . 5 K ev ; i t  i s  s e en that the P b  239 KeV p e ak w i ll i n t erfere  

w i t h  t he  Pb2 1 4  242  K eV p enk and render  i t  unsui t ab l e  as a measure 

for Ra226 • Th e se  results s how t hat 6nly the Pb2 1 4  2 95 K eV p eak 

i s  f r e e  from int e r ferenc e ,  and i s  sui tab l e  for use as � measure 

f R 226 t •  . t o a ac 1v1. y . 

( i i ) 30- 1 80 KeV Fegion 

The  i denti fi c ation o f  p e aks from uranium samp l es in  this 

energy r ange of the spec trum was at t emp t e d  as l i t t l e  informat i o n  

i s  ava ilable i n  the  li terature � Preliminary exp eriments , w i th 



d i s s ol v e d  uranihi t e  as s �mpl e , were  carri ed out to inv e s t i gate 

the sui t abi l i ty of  us ing s olvent extrac tion t e chniques to  s epar�te 

the var i ous i s o topes nnd hence fac i l i tate  i d en ti fi ca t i o n  o f  the i r  

gamm � radi at ions . The sys tem c ho s en was tributyl phosphate/HCl as 

this  was the b e s t  d<:> cumented ( s:.To , 1 966 ) . However , inc ompl e t e  

s epara t i ons w e r e  ob t ained  w i th this  sys t em . h suc c e s s ful 

s eparat i on was achi eved by u s i ng the anion- exchange t echnique 

repor t e d  in Part II  o f  this  thesis for the s eparat ion  of uranium 

and thorium . Fig . I I I-7  shows the sp e c tra obtained .  The 

exc ellent  s epara t i on of uranium from thorium ass i s t e d  i dent i fi ca t i on 

o f  u235 gamma radiat i o n  and Th234 gamma radiation in t h i s  e nergy 

reg i o n .  The sp e c trum o f  t h e  uranium frac tion  shows that u235 

emi ts the  follow i ng gamma rad i a t i on and X-rays i n  the 30- 1 80 K eV 

region :  49 , 68 , 85 , 93 , 98 , 1 1 0 ,  1 43 , 1 63 KeV . The sp e c trum of 

the  thorium fra c t i on shows tw:. peaks due to the 63 KeV and 93 KeV 

gamma rays from Th234 . The u235 sp e c trum o b tained i n  this  work 

comp.'lres well  w i th t hat obtained  by  MilNN ET i\.1 ( 1 966 ) ' .::J.lso us ing  

a G e ( Li ) d e t e c t ,Jr , from a u235 sour c e  o f  93% pur i ty . The 

ur::::.n in i t e  sp e c trum ( F i g .  I I I - 2  s!J.ows two p eaks at 76 and 8 9  KeV 

whi ch are absent from the uranyl ni trate  S) ..:: c trum . The s e  p e aks 

are Bi K x- rays , following the de cay o f  Pb2 1 4 • Thei r  abs e n c e  

2 1 4  
from the  uranyl ni trate sp e c trum i s  due t o  the abs en c e  o f  P b  , 

b e cause o f  the young age o f  the  samp l e . S i m i l arly , a p e ak a t  

2 1 0  46 . 5  KeV , due t o  P b  , app ears i n  tha uranini t e  sp e c trum , b u t  

no t i n  t h a t  o f  the uranyl ni trate . 

The above resul ts show that t h i s  low- energy region 

( 30- 1 80 KeV)  i s  extremely comp l ex . The features  w i th the b e s t  
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p o s s i b i l i t i es for us e ful app l i c �tions ar e the 63 K e V  gamma radi ation  

from Th234 ( as an  indi c a t i o n  o f  u238
) ,  and the 46 . 5  K eV gamma 

. 2 1 0  radiation ( as a measure o f  Pb . ·  ) . However , the higher en ergy e nd 

( 1 80- 360 KeV)  o f  this low e nergy r egion app ears to contain the 

most s i gnifi cant informat i o n .  



EQUILIBRIUi"' STUDIES ON MINERALS 

( a )  Deriva t i on o f  the Equilibrium R el�tionship 

J:.s h:ts b e en previously menti oned , the term ' 'perc entage 

equ i l i b ri um ra.dium ; '  is  the a c c ep t e d  way of expr essing "th e  s tate  

o f  equilibrium o f  a uranium mineral . This term is  defined  as the 

amount of radium ac tually pres ent i n  the sample , exp r e s s ed as a 

perc ant�ge o f  the amount o f  radium whi c h  would b e  pres ent i f  the 

samp l e  was of suffi c i ent age to  have attained a st�te o f  

equilib rium b e tw e en the uranium and the products o f  i t s  decay . 

From the previ ous resul ts  i t  i s  s een that i t  i s  possible  

to de termine the  numb er of  radium atoms present  from  the count 

rat e  o b tained  from �he Pb2 1 4  295 K �V p eak . The numb er of c ounts 

i n  uni t time  at an energy o f  295 KeV , C ( 295 ) , i s  given by  

where  APb ' NPb a r e  the d e c ay c ons tant and numbe r  of  atoms 

respec tively , of Pb2 1 4 , PPb ( 295 ) is the frac t i on of d i s i n t e gr�tions 

f Pb2 1 4  . . E (  ) · rom g1v1ng a gamma r ay of 295 KeV , and 295 1s the 

G e ( L i ) d e t e c tor e f fi c i ency a t  this energy . 

When Ra226 i s  i n  rad i o a c t i v e  equilibrium w i th Pb2 1 4 , 

A N - A N Pb Pb - Ra Ra 

where A
Ra ' NRa are the d e c ay constant and number o f  atoms 

resp e c tively , o f  Ra226 • Thi s  equ i l i brium i s  � t tained i n  a Ra226 
s ampl e  after only a few w e eks hav e  elapsed . 

Hence  the number o f  radium atoms i n  the samp l e  i s  given by 

C ( 2 95 ) 

How ever , the  absolute  9alue o f  the d e t e c tor effi c i ency , whi ch i s  
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d i f f i c u l t  to obtain w i th b e t ter thRn t e n  perc ent �c curacy , mus t  b e  

d t: t crmin ed  experimentally for each d e t e c tor us ed . ; _ s  3. resul t , 

this appro�ch is  c �nsider e d  unsa t i s fac t o ry . To overcome this 

probl em nn a t t emp t was made ta ob tai n a r e la t i onship b e tw e e n  the 

" p e r c en t nge equi l ibrium r c!.dium; '  .:md the rati o  o f  the 1 85 KeV 

( u235 + Ra226 ) p e ak to the 295 K�V (Pb2 1 4 ) peak i n  which the 

d 2 t e c tor  e f f i c i ency t e rm is no t involved . Th e following shows how 

th i s  relati onship was develop e d .  

L e t  C ( 1 85 )  b e  the numb er b f  counts i n  uni t t i m e  a t  an 

energy o f  1 85 K c V , and l e t  the d e t e c to r  e ffi c i e ncy at this  energy 

b e  E ( 1 85 ) . 

Then C ( 295 ) 

and 

- - - ( 1 )  

- - - ( 2 ) 

wh ere A.U ' NU are the cl e c 3.y c ons tan t ,J.nd number o f  3.toms , 

r e spe c t i v e ly , o f  u235 , PRa ( 1 85 ) , PU ( 1 85 )  ar e t h e  frac t i ons o f  the 

d i s in t e gra t i ons from Ra226 , u235 giving n gamma ray of the  s tated  

energy . 

L e t  A PPb ( 295 ) E ( 295) = Ra 

A PRn ( 1 85 E( 1 85 )  = Ra 
A

uPu ( 1 85 ) E ( 1 85 )  = 

then C ( 29 5 )  = k1 NR a  

C ( 1 85 )  = k2NRa + k3NU 

NRa = C ( 295 ) /k1 

and NU = � iC ( 1 85 )  
3 

k1 

k2 

k3 

h e n c e  Nu k 1 C ( 1 85 )  - k2 C ( 295 ) 
NRa 

= k 7 C(295) 
;; 

= !sz c k 1 
k3 k2 

C ( 1 85 )  - 1 )  . C(2 95 )  

- - - ( 3 )  

( 4 )  

( 5 )  



-· -- - - -------------------

- !2 ( k1  ) - k3 k2 
X - 1 

C ( 1 85 )  
w h e r e  x = C(295 ) . 

/ 

- - - ( 6 )  

Now P invo l v e s  the r e L;. t i v e  e f f i c i en c y  o f  t h e  d e t e c to r  K2 
at 1 85 and 295 KeV , and mus t b e  d e t �r m i n e d  e xp er im e n t a l l y  b y  

226 
me2suring x

Ra
' t h e  value o f  x for the s p e c trum o f  pure Ra i n  

e qu i l i b rium w i th i ts daugh t er s . In t h i s  c as e , NU = 0 and h e n c a  

X - !2_ Rn - k 1 
( 7 ) 

Thus ( 6 )  b e c o m e s  

( !!Z From 3 ) , 
k 

= 
3 

� - � 
N

Ra 
- k3 

A. RaPRa ( 1 85 )  
X

upu
( 185 )  

(� - 1 )  
xRa 

4 · 32 . 1 0-
4

. 4  
= 9 · 75 . 1 0- !0. 54= 

4 3 . 29 . 1 0 

( 8 ) 

w h e r e  PRa
( 1 85 ) and PU ( 1 85 ) are o b t a i n e d  from LEDERER ( 1 96 9 ) . 

- 1 )  -- - ( 9 )  

238 - 226 
When radi o a c t i v e  e q u i l i b r i um e xi s ts b e tw e en U and Ra , 

w h e r e  A.
U 1 ' NU1 ' are the de cay c o ns t an t  and numb er o f  atoms 

r e sp e c t i v e l y , o f  u
238

• 

Bu t = 
0 . 7 1 
99 . 28 

4 · 32 . 1 0- 4 
0 •? 1  

= 1 • 53 . 1 0-10 . 
99 · 28 = 

and the val u e  o f  x f o r  a s amp l e  i n  equ i l i b ri um , x 8 , from ( 9 )  i s  

g i v en b y  
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Consi der  . a  s 3mp le  c ont�i ning NU atoms � f  u235 . I f  the  

samp l e  were  i n  radi o a c t i ve equilibrium , 

( N  ) = 
Ra eq  Nu 

3 · 29 . 1 04
c xe _ 1 )  xRn 

In gen eral , however , NR w ill  b e  a 

Hen c e  the p er c en tage equi l ibrium radium , R ,  i s  

= 
0 . 6 1 . 1 00% - - - ( 1 1 )  

For the  spe c trome t er sys tem u s e d  i n  the pres ent w ork t h e  

value o f  xRa was found to b e  0 · 607 ( Fig .r I I I - 6 ) .  I t  may b e  n o t e d  

t h a t  the  relative  d e t e c tor e f fi c i ency c an n o w  b e  calculat ed , that 

is 

E ( 1 85 )  
E(2 95) = = 2 . 86 

Sub s t i tut i on of  t h e  value xR = 0 . 607 i n  equation  ( 1 0 )  gives  
a 

Xe = 0 . 98 

Thi s  allows a graph t o  b e  drawn gi ving p er c en t age equ i l ibrium 

radium , R ,  as a func tion  o f  x ,  using ( 1 1 ) .  Thi s  i s  shown i n  

Fi g .  I I I - 8 . From t h i s  graph , R can b e  d e t ermined  d i r e c tly from 

the  exp e rimental count-rates  C ( 1 85 )  and C ( 295 ) . Th e  approp r i a t e  

value o f  xR f o r  any o ther Ge ( L i )  d e t e c to r  c a n  b e  found b y  1 a 
· th t . C ( 1 85 )  R 226 

measurlng e ra l O  C(2 95) for a pure a sour c e .  
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( b )  The I s o t o p i c  Comp o s i t i on o f  Uranium Minerals from the 

Lower Bul l er Gorge 

91 .  

The gamrna s p e c tra o f  thr.� e  uranium s tande.rds and var i ous 

primary and s e condary miherals , s e l e c t e d  from b o t h  the North and 

S outh Si d e  dep o s i t s  w o r e  obtai n e d , and their resp e c tive  

C ( 295 ) /C ( 1 85 )  rat i o s  were  measu red . From this ratio  the  

i lp e r c entage equil i b ri um rnclium" , R ,  was calculat e d .  T9.bl e  I I I -2 

shows the values obtained .  

As has  b e en p r eviously mentioned , the mineral ogy o f  the 

uranium dep o s i ts has b e en tho roughly inv e s t i gated  and has b e en 

shown to cons i s t  meinly o f  co ffini t e  on the North S i d e  and 

ure.nini t o  on  the S outh S i d e , w i th b o th s i des c ontaining the 

s e condary mineral s , gummi te , t0 rberni te , autuni t c  and ur.'lnophane . 

However , b e c au s e  o f  the physi c �l d i f fer e n c e s  obs erved among many 

o f  the 1 1uran i ni t e "  s amp l es measured , i t  wo..s considered  n e c e s s ary to 

i nves t i gate their mineral form . For examp l e , the  so..mp l e s  lab e l l e d  

4 a n d  5 i n  Tab l e  I I I- 2  wer e i n  fac t  o b tained from t h e  s a m e  r o ck , 

the top hal f o f  whi ch was b lack and the b o t tom hal f bright yellow . 

An.'llysis  o f  each frac t i on gave 1 7 . 5  and 1 6 . 0  p e r c ent uranium 

resp e c t i v ely . The corresponding values o f  R show that the b l ack 

frac tion  is nearer to equ i l ibrium than i s  the yellow frac tion . 

M ineral i denti fi cation was e f f e c t e d  by the u s e  o f  an X- ray 

powder d i f fr a c tome t er .  The samples  s tu d i e d  had p r ev i ously b e en 

s epara t e d  into thr e e  dens i ty frac t i ons by u s e  o f  b r o mo f o rm , 

me thyl ene i o d i de and c l e r i c i  solution . The frac tion o f  the o r i g i nal 

s ampl e whi ch h�d a dens i ty greater than c l e r i c i  solu t i on was used  

for  the  powder  mount . The i denti fi cati ons ob tnined are given i n  

Tabl e I I I - 2 . From this tab l e  i t  i s  s e 0 n  that none o f  the uranium 



T;,BLB I I I  - 2 

The Equil ibrium S tn t e  o f  Vari ous Uran i um Minerals  

from the  Lower Bull8r  Gorge 

Su.mpl e  
I 

N o . Mineral Form 1 85 2 95 

1 13 - uo2 3 .  1 4  3 . 00 

2 !3 - uo2 6 . 75 5 . 50 

3 13 - uo2 1 1 . 60 1 1 . 30 

4 13 - uo2 1 3 .  1 0  1 2 . 90 

5 I .:mthini t e  uo2 . 5uo3 . 1 oH2o 8 . 30 7 . 55 

6 Co ffini t e  8 . 40 7 . 1 0  

7 C o ffini t e  1 0 . 30 8 . 48 

8 Torberni t e *  7 . 80 6 . 90 

9 U03 " 2H20 4 . 80 4 . 78 

1 0  1\.u tuni t e *  4 . 83 2 . 80 

1 85/295 

1 . 04 5  

1 . 22 5  

1 . 030 

1 .  02 

1 . 1 70 

1 . 1 85 

1 . 2 1 5  

1 . 1 30 

1 . 050 

1 . 72 5  

Sampl e s  1 - 5  and 9 taken from T-J hori zon ( S e e  Fig . I I - 1 0 ) . 

Snmples 6 and 7 taken from North S i d e . 

Samples 8 and 1 0  taken from S-C  hor i zon . 

* I den t i f i e d  visually.  
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R% 

83 

59 

85 

86 

65 

64 

6 1  

70 

83 

33 
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minerals taken are in equi librium . This  is  no t unexp e c t e d , as 

p e trologi cal s tudies  by  WHITTLZ ( 1 960 ) s how e d  that i n  many cases 

the uran i um minerals were al t e r e d  due to weathering pro c esses . The 

f::tc t thnt the valu e o f  R is  l oss  th.:m one hundre d  perc ent means 

that e i ther  radi um has b a en lost  from the s amp l e  o r  the samp l e  i s  

. l ess than one m i l l i on y e 'lrs old , the time  t�ken to  a t tain 

equi l ibrium . WILLI.'\MS ( 1 957 ) quo tes  nn age d e termi nation o f  tha 

Rio Tinto Company on a samp l e  o f  c o f fini t e  from the North Bank as 

lying wi thin the rnnge of  one hundr e d  million  to one hundred and 

fi f ty mill ion years . This  i ndi c a t e s  a C r e tac e ous age for the 

mineral i za t i on . Approximat e  age d e t e rmin ::tti ons were ob tained fo r a 

s e l e c tion  o f  uranini te  samples , from the South S i ce , by using 

the Pb206;u238 method ( KULP ET f,L , 1 954 ; ECKELM1�NN and KULP , 1 957 ) 

and b y  making t�e following assump t i ons : 

( 1 )  The to tal uranium measured was t�ken to  b e  u238 . 

( 2 )  The to tal l ead measure d ,  l ess an es t imated  b �ckground value ,  

The background vqlue w2s obtained by  

analysing l ead i n  a non- radi oac tive  por t i on of  the  matri x  materials . 

W i th the s e  assump t i ons the ages o f  four uranini t e  samples  were  

calculated t o  be  77 , 97 , 1 30 �nd 1 80 m i l l i on y ears . These  values , 

supp o r t e d  by the value ob.tained for the North Bank c o f fi ni t e , 

i n d i c a t e  qui t e  c l early that the minerali za t i on i s  o f  the order o f  

one hundred m i l l i on years o l d  and therefore the "p e r c en tage 

equilibrium radium "  values of l ess t han one hundred p er c ent must  

b e  d u e  t o  pre feren t i al loss o f  r qdium . I t  i s  usually assum e d  that 

uranium is  leached  p r eferentially to radium b e caus e of i ts greater 

solub i l i ty . How ever , i f  this  s eque n c e  held  for the samples s tudi ed , 

th e vnlue 0 f  the 1 1per c en t <:>.:;e equili brium r.:d.ium" o b t a i n e d  would b e  
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greater t han one hundr e d  p o rc cnt . The r e fore  i t  is  c on c luded by 

the �u thor that p r e ferential  l e a ching of radium has taken p l ac e . 

Thi s  c onclus i o n  i s  supp o r t e d  by the resul ts  ob tained from two 

s eparate exp eriments c arri ed out by SThRIK ET AL ( 1 95 1 ) to 

inv e s t i gnt � the r e l a t ive  d i f fi c ul ty of l e aching of uranium and 

radium from uranini t e . The s e  authors showed that when urani ni t e  

was l ea c h e d  w i th d�s t il l e d  water , or  w i th vari ous c o ncentrati ons 

o f  ni t r i c ac i d ,  o r  w i th so dium c arbona t e  solu t i ons , the radium was 

l e ached  p r e ferenti ally w i th resp e c t  to uranium in  all cases . Th e 

s e c ond e xp e riment i nvolved the analys i s  for uranium and radium o f  

the outer- sur fac e ,  mi ddl e - po r t i on and c entral core  o f  · b o th i n t a c t  

and d e f o rm e d  uranini t e  sampl es . T h e  intac t samples  showed no 

di f fe r e n c e s  but the de formed samp l e s  showed that radium had b e e n  

p r e fe r e n t i ally r emoved w i th resp e c t  to  uranium . hs W HITTLE has 

shown that the uranini t e  s �mp l e s  are s l i gh tly w e athere d , the 

au thor ' s  e xpl�na t i on of the values of the "p er c entage equi l i b r ium 

radi um"  obtai ned for these  samp l es app ears cons i s t ent . Tab l e  I I I - 2  

also shows that uranium samp l e s  in  whi ch t h e  uranium e xi s t s as 

U ( VI ) are o f t e n  further from equil i b r i um than those samp l e s  in  

whi c h  the uranium exi s ts as U ( I V ) . The low values o f  ' ' perc entage 

equ i l i br ium radium ' '  obtained for such s amp l e s , may be due to 

c o n t inuous l eaching o r  as a r e s u l t  of insu f f i c i ent time  to attain 

equ i l i b rium since  the ini t i al dep o s i t i o n  o f  the urani um from i ts 

o r i g i nal  p r imary m in er al . B e c ause o f  the c omp l e x i ty o f  this 

s i tuati on , i t  i s  C 8 ns i d e r e d  by the author , that equi l i brium 

s tu d i e s  on s econdary uranium minerals provide  l i t tl e  i nformat i o n  

co nc erning the h i s t ory o f  these  minerals . Thi s  is  no t s o  w i th 

primary mi ner�ls where a knowl edge o f  this equ i l ib r i um i s  m o s t  

inf o rma t i v e . 
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DI SCUSS ION 

The results  p r e s ent e d  in Par t I I I  of thi s  the s i s  cl early 

show that the development of the repor t e d  t e c hn ique for the 

d e t erm i na t i o n  of the 1 1�wrc ento.ge equi l i b rium radium " was :tJrim <.:trily 

dependent on the e lu c i dati on of  the low- energy gamma ray sp e c trum . 

The s u c c e s s ful i d ent i fi c � t i o n  o f  m o s t  peaks was obtained as a 

r e s u l t  o f  e f f i c i ent chemi c �l s eparati ons , which  r e d u c e d  the 

numb e r  of int e rf ere nce s  from the various  i s o top e s  pres ent , 

a c curo. t e  puls e - h e i ght analys er cal i b ra t i ons , j u d i c i ous u s e  o f  

s t andard s our c e s  and care ful , syst emati c  evalua t i on o f  the data o f  

2 1 4  
LEDERER ( 1 969 ) , The s e  results  showed that the Pb 295 KeV gamma 

ray was the m o s t  sui t able  to m easur e , . d .  t "  
. 

f R 
226 

as an ln 1 c a  l O ll  o a · ? as 

i t  was fre e  from i n t e r ferenc e .  Thi s  made i t  p o s s i b l e  to d e r i v e  

the r e l a t i onship b e tween the 1 85 K e V  p e ak ( u235 and Ra226 ) and 

295 KeV p eak in  t e rms of the "perc entage equil i b rium radium " . 

Thi s  me tho d  w i l l  b e  r e f e rred t o  i n  future as the  "D i r e c t  Gamma 

Hethod 1 1  ( D . G . M . ) .  

Th e advantages o f  this  m e thod over  p r e v i ous m e thods  are 

thr e e fo l d . F i r s tly , and m o s t  i mpo r t ant , only rad i a t i o n  from 

s p e c i f i c  i s o top e s  i s  measured wher eas i n  previous proc e dur e s , the 

t o t al b e t a  and t o tal gammn r a d i a t i o n  of all i s o topes  pres ent i s  

measur e d .  S e condly , the d e r i v a t i on o f  the e q u i li b r ium r e l a t i onship 

shows tho.t the 1 1D . G . H . 1 1 is independ ent of d e t e c tor  e f f i c i ency and 

as such is s u, e r i o r  t o  the prev i ous m e thods whi ch r e qu i r e  thi s  to  

b e  a c curat ely known , a d e t erm i n a t i o n  whi ch i s  d i f fi c ul t t o  o b t a i n . 

Thi rdly , the "D . G . M . " i s  s impl e to  us e and requires , depend i ng o n  

the ac t i v i ty o f  the s amp l e , o n l y  f i f t e en to  t h i r t y  m i nu t es 

count i ng t ime . The main d i s advo.ntage is  that it  r e q u i r e s  a Ge ( L i )  

de t e c to r , h i gh r e s o l u t i o n  p r o - amp l i f i er and r e asonably soph i s t i c ated 
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� l e c truni c s . 

The use  o f  the nn . G . M . 1 7 for det ermining the  nperc ent ".!ge 

equi l i brium radium ' '  of uranium ores from the Buller  Gorge showed 

th�t i n  no  i ns t �nc e were any of  them i n  rad i o � c t i v e  equ i librium . 

The s i gni f i c Gn c e  o f  this  has b e en d i s cussed  and apart from r e ­

emphas ing t h a t  t h e  mineral i za t i o n  app ears t o  be  o f  Cr�tac eous age 

nnd has undergone s l i ght  weathering , will  no t be d i s cus s e d  fur ther , 

as the origin and his tory o f  the mineral i zation i s  outs i de the 

s cope o f  this  thes i s . 

I t  i s  i mp o r t an t  to a d d  that the "D . G . M . "  c an nlso b e  app l i e d  

f o r  t h e  quan t i tative  d e t s rmination  o f  uranium . This simply involves 

o b t ai ni ng n sp ec trum of the ur�nium s ampl e ,  measur ement of the  2 95 

and 1 85 KeV peaks and the calculation o f  the ac tual number  o f  

1 85 KeV gamma rays from u235 as des c r i b e d  earl i e r  i n  this  s e c ti o n .  

A plo t o f  t h e  numb er  o f  counts p e r  uni t t i m e  a s  a fun c t i on o f  

uranium conten t , obtained e i th e r  by chem i c al m e thods o r  from 

s tandards , nllows a w o rking curve to be cons t ru c t e d  whi c h  i s  

appli c ab l e  t o  any uranium ore  i rr esp e c tive  o f  i t s  s tate o f  

equ i l i b r ium . 

To summ�r i s e ,  this  part o f  the thes i s  r eports  on the 

i d ent i f i c a t i on of  gnmm� radi a t i on in the low energy region of the 

s p e c trum , 30- 360 K eV for naturally- o c curring uranium mineral s . To 

the au thor ' s know l e dge , this  is the firs t time  that this  has b e en 

suc c e s s fully achi eve d . Repor t e d  al s o , is  the development nnd 

suc c e s s ful use , of a new m e tho d for the d e t e rmination o f  "perc entage  

equ i l ibrium rndi um11 , an  important  quant i ty i n  the s tu dy o f  

uranium mineral i zation . 
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The aims o f  this thes i s , as mentioned i n  the General 

Introdu c tion  were  threefol d :  

( 1 )  To devel op" a me tho d for the analys i s  o f  low conc entrati ons o f  

yttri um , thorium and rare e �rths w i t h  the use o f  a l arge quar tz-

opt i c s  s � e c trograph . 

( 2 )  Tn inves t i gate the p o s s i b l e  as s oc i a t i on o f  the above  el ements , 

and any o ther e l em ents , w i th uranium i n  the m inerals from the South 

Si d e  o f  the Buller  River and to s tudy the dis tribution  o f  thes e 

e l ements i n  the w eathering s equenc e :  mineral s , s o i l s , s t r eam 

s e diments . From these  r esults , to examine c r i t i cally the relative  

merits  of  d i r e c t  analysis  o f  uranium and o f  as s o c i ated  e l ements in  

s tr eam s ediments , as a geochem i cal  prosp e c ti ng m e thod  for uranium 

m i nerali zat i on . 

( 3 )  To dev elop a m e tho d ,  using only gamma radiation from u 235 and 

R 226 
a , to  d e t ermine  the 1 1p ercentage equilibrium rad i um "  o f  u r an i um 

mineral s . 

The r esul t s  p r e s en t ed i n  Par ts I ,  I I  and I I I  o f  this  thesi s  

show that the above  aims have lareely b e e n  achi eved . 

The analyt i c al s e c t i o n  i n  Part I showed that , b y  care ful 

s e l e c t i on of c o nd i t i ons , together wi th an e ffi c i ent s ep aration  

s cheme , a large quartz-op t i c s  emi s s i on s p e c t rograph c ould b e  

s u c c e s s fully used  t o  analys e low conc entrations o f  y t tr i um , thorium 

and rare earths . The results  obtained for the s tandard ro cks G- 1 

and W- 1 sub s tanti ated  this claim and i n d i c at e d  the ac curacy that 

c an be ob tained .  Fresh data fo r the �b ove elements i n  C�hS s yeni t e  

w e r e  a l s o  provided  and the s e  agr e e d  w e l l  wi th t h e  results o f  

TENiL •NT and FELLOWS ( 1 967 ) anc� C Hii.HP ( 1 96 8 ) , the only other r esul ts 

ob tained for the s e  e l ements i n  this s t andard r o c k .  The main dis-
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advanta3e o f  the r e p o r t e d  t e c hnique i s  that i t  i s  not r e a d i l y  

app l i cabl e a s  a rau t i n 8  m e thod f o r  the rnp i d  analys i s  o f  y t t rium , 

thorium and rare earths i n  geologi c al s ampl es . This i s  due to the 

l i m i tation of the d i s s olution stage in the preparat i on of the 

s amp l e  for the ion-ex ch�nge column . The solution n e c es s ary to 

ensur e  s eparat i o n  on  the r e s i n , a mi xture o f  a c e t i c  ac i d  and n i t r i c  

a c i d , i s  a n  extremely p o o r  so l v ent f o r  geo l ogi cal s amp l es . However , 

i f  the s eparation st age o f  the analy t i c al p r o c e dure could b e  

improv e d , t h i s  would then render t h e  m e thod qu i t e  s u i t ab l e  for 

rap i d ,  routine analys i s .  

�lthough the g e ochem i cal s tudy i n  Part I I  show e d  no 

app arent ass o c i a t i on o f  y t t r ium , thorium and the rare earths wi th 

uranium , the data w e r e , neverthele ss , i mpor tant as they provi d e d  new 

e v i dence  for the p o s s i b l e  origin o f  the Hawks Crag Bre c c ia from 

the Paparoa Rang e . Copp er , b eryl l i um and l e ad di d ,  how ever , show 

good c o r r e l a t i ons at vari ous s t ag es  down the weathering s equenc e ;  

o f  t h e s e  e l ement s , c opp e r  show ed  the  b est  c o rrelat i on i n  the 

s t ream s e di ments . This s tudy showed that in this  ar e a  o f  h i gh 

rainfall and rugg e d  topography , the anal ysis o f  c opper as a 

"pathfinder" for uranium app eared t o  b e  a b e t ter indi cation o f  the 

known m i neral i za t i on than was the analysi s  o f  uranium . Thi s  was 

exp lained by the l o w e r  solub i l i ty of c opper c o mp ared w i th uranium . 

How ever , the use o f  c opper alone ns an indi c a t i o n o f  uranium 

mineral i zat i on was not c � ns i dered comp l e t ely r e l i ab l e  b e caus e  o f  

unrepresentative  samp l i ng and the p r e s e n c e  o f  d i fferent amounts 

of unmineral i z e d  matrix mate r i a l . This var i a t i on in s ampling 
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o ften arose  as a r esult o f  a l ack o f  f i n e  s ed i ment i n  t h e  main flow 

o f  the s t r eams . To overcome these twn probl ems , ra t i o s  of l ead , 

zinc  and cop pe r  were  taken in an at temp t  t �  minimi s e  such 

flu c tuat i ons . In general the  r esults ob tained from th e s e  r�ti os 

showed s i m i l ar p a t t erns t o  tho s e  r e f l e c t e d  by the analys i s  o f  

copper al one . I t  i s  co ns i dered  by the au tho r , howev er , that 

al though the results app ear prom i s i ng , a more de tai led  s tr e am-

s e d i m ent samp l ing programm e would n e e d  to be carr i G d  out b e fo r e  this  

t e c hni que could b e  cons i dered  comp l e t ely r e l i abl e . � i th r egard to  

d i r e c t  anal ysis  o f  uranium in s treGm s e dimen ts , this s tudy d i d  

show tha t , ex ce pt  when samples  w e re t aken wi thin thirty to for ty 

yards of a re asonably l arge , a c t i v e  ou t c rop of uranium 

mineral i za t i on , the  analys i s  o f  s tr e am s e diments for uranium gave 

no indi c a t i o n  o f  surrounding mineral i z � t i on . I n  fac t ,  urani um 

anomal i e s in s t r eam s ediments could only be d e t e c t e d  over d i s t an c es 

s i mi lar to  t hose  for whi ch r a d i ome t r i c  i ns truments w e r e  u s e ful . 

I t  i s  cons i d e re d  that Part I I  o f  this thesis  has c l early 

shown that , b e cau s e  o f  climat i c  o r  topo graphi c al d i f ferences , 

t e c hn i ques whi ch are used  for geochem i c al �resp e c t ing o f  uran i um 

min eral i zation i n  o ther parts o f  the world may not  be  invar i ably 

app l i c ab l e  in o ther areas . I t  i s  t o  be  exp e c t e d  that  the pathfinder 

el ements will also vary from one  uranium dep o s i t  to ano ther and 

i t  is there fo r e  always nec es sary to carry o u t  � p rel imi nary 

o r i en t a t i on survey of each new ar ea . From a knowl e dge o f  the 

g e o logy of the qrea , e l ements l ikely to b e  asso c i a t e d  w i th the  

m i neral b e ing sought can b e  cho sen . 

Part I I I  o f  thi s thes i s  i s  l argely a s tudy o f  the gamma 
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r a y  sp e c t r a  o f  u r a n i u m  m i n e r al s , and s ho ws t h e  d e v e l o p m e n t  of a 

n e w  t .; c h n i q u e  f o r  the  d e t e rr.1 i na t i o n  of " p c r c en t.:"tge e q u i l i  b r i  urn 

r a d i um ' 1  ( i n  t h i s  t h e s i s  c F.J. l l e cJ.  t h e  1 1 D i r e c t  G 'i.mmo. H e t h o ,J l ' ) ,  w h i c h  

w i l l  p r o v i d e  g e o l o � i s t s w i t h a u s e f u l  t o o l  f o r  t h e  s t u d y  of t h e  

o r i g i n  an d h i s t o ry o f  u r 'l n i u m  m i n e r a l i z a t i on .  O th e r m e t h o ds ar e 

av�i l ab l e  t o  d e t e r m i n e t h e  n p e r c e n t ag e e q u i l i b r i um r a d i um " , b u t  

t h e  " D . G . tvl . "  ho.s t w o  m :t i n  a d v cm t o.g e s . F i r s t l y , i t  m e a s u r e s  o n l y  

rad i � t i on ar i s i n g f r o m  t h e  i s o t o p e s  c o n c e r n e d , w h e r e a s  t h e  

p r e v i o u s  m e t h o d s  i n v o l v e  a s s u mp t i o n s  c o n c e r n i n g  t h e  o.s s i gnm c n t  o f  

r a d i a t i o n  t o  t h e  p ar e n t  i s o t o p e s . S e c o ndl y , t h e  "D . G . N . n  i s  

i n d ep e n d en t o f  d e t e c t o r  e ff i c i e n c y  and r e l ies o n l y  o n o. r a t i o  o f  

t h e  numb e r  of c o u n t s  o b t a i n e d  f r om t h e  1 85K eV a n d  2 95K eV gamma rays 

r e s p e c t i v e l y and n o t  0n t h e  ab s o l u t e  d e t e r m i na t i o n  of t h e  numb e r  

o f  b e t n  and g;:,mm a rc. d i .".. t i · m s  em i t t e d .  T h e  11 c c u r o. c y  of t h e  "D . G . M . 1 1  

d e p e n ds o n l y  o n  th e a c c ur a c y  o f  t h e  v al u e s f o r  t h e  d e c a y  

c o n s t an t s , �
R a  

and �
W

' a n d  o n  t h e  a c c u r a c y  o f  t h e  val u e s d e t e rm i n e d  

f o r  t h e  r e sp e c t i v e gamma ray de c ay p a t h  PR3 ( 1 85 )  and P0 ( 1 8 5 ) . 
T h e  a c c u r a c y of t h e � e  v al u e s  i s  c on s i d e r e d t o  b e  

± 2% , whi ch y i e l ds 

../cin e r r or of + 5% i n  t h e  v a l u e  f o r  t h e  " p e r c e n t a g e  e qu i l i b r i um 

r a d i u m ' i . Th e e r r o r  d u e  to c o un t i ng s t at i s t i c s  c an b e made a lm o s t 

n e g l i g i b l e b y  i n c r e a s i n g t h e  c o un t i n g t i m e . A t  t h e  p r e s e n t  s t a g e 

of d e v e l o p m e n t , t h e  : 'D . G . M . " c nn b e  u s e d t o  d e t e rm i n e  the 

i ' p e r c e n t 3.ge e q u i l i b r i um r a d i um 1 1  f o r  m i n o r a l s  c on t ;:c i n i ng 0 . 1 %  u3o8 

or gr e a t e r  w i t h  �n a c c u r a c y  of ± 5% . 

Th e r e s u l t s  f r o m  age d e t e rm i n a t i o ns and the val u e s  o b t a i n e d  

f or t h e  " p e r c en t a g e  e q u i l i b r i um r o. c� i u m "  s u g g e s t e d , qu i t e s t ro n g l y , 

th�t  the  uranium m i n e ral i za t i o n  h a s  remai n e d  i n  i t s o r i g i n a l  s i t e 
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o f  �epo s i t i o n  over 2 p e r i o d  o f  app roxim�t ely one hundre d  m i l l i on 

years . These re s ults  do p r o v i de informat ion c onc erning the 

h i s to ry of the uranium but they do no�  t e l l  us any thing ab out  i ts 

o r i gi n .  �l though s o m e  cons i de r a t i on o f  the origin was made i n  

Part I I , a fulle r  d i s cuss i on o f  thi s  sub j e c t  i s  o u t s i d e  the 

scope of this  thes i s . 

To summar i s e , this the s i s  has develop ed  two anal y t i cal 

m e t h o ds , one in the f i e ld  o f  el emental analysi s  nnd the o th e r  in  

t h e  fie ld  o f  rad i o c hemis try , whi ch should  find app l i c at i ons in  

the f i e l ds o f  anal y t i cal chem i s try , geochemis try and  geol o gy . The 

c r i t i c al evaluat ion  o f  g e o c hemi cal pro s p e c t ing m e thods , 

di s cus s e d  in thi s thes i s , should provi d e  the bas i s  for the  

development o f  s uch  t e c hniques for u s e  in further  uranium 

prosp e c ti ng i n  New Ze aland . 

The author c o n s i d e r s  t h a t  fu ture s t ud i e s  in  the urani f e rous , 

Bul l e r  Gorge r e g i o n  s hould b e  c arri e d out w i th the following aims : 

( 1 )  To subs tant i at e  further the val i d i ty o f  the  use o f  copper  as 

a path f i nder for uranium by a more d e tai l e d  and comprehens i v e  

survey o f  t h e  s tr eams draining thi s are a .  

( 2 ) T o  t e s t  the hyp o th e s i s  that uranium was l eached from i ts 

o r i g i n  in  the  grani t e  o f  the Paparoa Range and re depos i t ed  i n  the 

p r e s ent s i te in  the  H awks Crag Br e c c i a . Such a s tudy would 

i nclude the analys i s  of the tra c e - e l ement content  of the gran i t es 

from �o th the Paparoa Range an d Hawks C rag B r e c c i a  i n  c o n jun c t i on 

w i t h  p e t ro l o g i cal i nv e s t i gati ons . 

The resul ts  o f  this  r e s earch should provide  valuab l e  

informati o n wh i ch w o u l d  i n d i c a t e  sui tab l e  areas f o r  fur ther 

uranium prosp e c t i ng i n  New Zealand . 
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