
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



ANALYTICAL , GEOCHEHI CAL AND BIOGEOCHEHICAL 

STUDIES OF TUNGSTEN AND MOLYBDENUM 

A the si s  presented in parti al ful fi lment of 

the requirement s  for the de gree of 

Doc tor of Phi l sophy 

at 

Mas sey Universi ty 

BERTRAH FRANCI S  QUI N  

1 974 



To Lyn 



ACKNOWLEDGEMENTS 

I would like to thank my supervisor Dr. R.R. Brooks, 

for his enthusiastic encouragement and assistance during 

the course of the work described in this thesis. I also 

thank my eo-supervisor, Professor J . K .  Syers, for his 

guidance during the absence of Dr. Brooks. 

Particular thanks are due to the Mineral Resources 

Sub-Committee of the University Grants Committee for funds 

to support this project. 

Thanks to Mr. J.H. Hogland of the Grasslands Division, 

D.S.I.R. for his assistance with the clover pot trials. 

Mr. P. Nes kindly carried out the nitrogen analyses. 

To Dr. N.E. Whitehead of the Nuclear Sciences Institute, 

D.S.I.R. for his assistance during the investigation into the 

use of proton-induced X-ray fluorescence. 

To Dr. C.R. Boswell of the Computer Science Department, 

Massey University, for carrying out the trend surface 

analysis of biogeochemical data. 

To Dr. M.H. Timperley of Chemistry Division, D.S.I.R. 

for the use of his soil and plant data. 

I am indebted to Carpentaria Exploration Ltd. for 

logistic support during the investigations at Barrytown, and 

in particular I would like to thank l'1lr. J .A. C. Painter of 

this company for his assistance. Alex Harvey Industries 

k indly provided accommodation at Glenorchy. I am very 

grateful to Mr. E.J. Sixtus of Motueka for his assistance 

during the investigations at Canaan. 

Finally, I would lil{e to thank the Ministry of 

Agriculture and Fisheries for permission to complete this 

thesis after my appointment. 



( iv ) 

ABSTRACT 

Section I : S tudies were carried out which 

significantly imr.-roved l:he se!lsitiv:i.ty of the 

cal orimetric met hod for the determination of tungsten 

in geochemical and pl ant samples with dithiol.  

Proton-induced x-ray fluorescence was al s o  inve stigated 

t o  determine it s suitabil ity for the detection of 

nanogram quantit ies of tungsten. However al though 

it showed considerable potent ial , the sensit ivity 

of the method could not be devel oped sufficiently 

to compare favourably with col orimetry. 

A rapid method for the determination of 

tungsten in ore s ill1d c oncentrates by atomic absorption 

spectrometry was devel oped which , throu gh the use of 

an alkal ine sample solut :i_on, was free of int erference 

and instabil ity probl ems . 

Fol l owing a ca!'eful study of the parameters 

involved in the cal orimetric me thod for the 

determination of molyodenum with dithiol 7 a simple 

procedure was developed which coulc_ be used for the 

analysis of a wide range of materials. 

The usP of thP nitric/hvdrofluoric acid 

mixture for the digestion of soil s  and rock s was 

investigated. I!:: was found that the t endency for 

c alcium and mag-fle sium to precipit ate as their 

fluorides could be avoided by the addition of a 

small quantity of perchl oric acid . 

Section II : Scheelites from several 

l ocalities in New Zealand were analysed for their 

trace el ement c ontent . They were found t o  contain 

very l ow a"Tlount s  of impurit ies . Their Sr/Ba  ratio 

was found to  be useful for distinguishing between 

l odes .  



( v ) 

Secti on III : An i nvesti gati on was c arri ed out 

to compare the rel ative effi cacy of geochemi cal and 

bi o geochemical e�:pl oratiml for �cungsten under a wide 

range of geol ogical , vegetati onal , climati c and 

topo graphi cal condi ti onso It was found that, under 

most condi ti ons7 both soil and pl ant sampling could 

be used equally succes sfully to pinpoint scheel i te 

bearing veins. In areas  of high rainfal l and rugged 

topography , soil sampling did no-:: always r2veal the 

presence of reefs and , in  the se cases,  trunk-s ampling 

of  trees  could provide addi ti onc.l informati on. It 

was found that, for the purposes of biogeochemical 

prospecting,  all tree speci es coul d be grouped 

to gether. 

Following  thi s i nves ti gati on, a more intensive 

s tudy was carri ed out at Barryto"�Jm to test the 

sui tabil i ty of trend surfc..ce anc.lysi s of bi o geochemi cal 

data for loc ating ri ch pockets of scheelite wi th 

veins , wi th promi sing resul ts. 

A brief compar,sonof geochemical and 

bi o geochemical prospecting for molybdemMn was carri ed 

out at C anaan, Nel s on. It was fmmd tL:tt plant 

sampl ing gave more i nformati on where the l ow soi l  

pH prevented movement of molybdenum into the upper 

s oi l . 

Secti on IV : Foll owing the results of the 

bi ogeochemical expl orati on in  Secti on IV� which 

showed the exi stence of di fferences in the 

di stributi on of tungsten between tree organs from 

Barrytown and C anaan , the affect of soi l  sodium and 

potas sium was investi gated and was found to be 

responsible for these di fferences.  



As considerable areas containing scheelite 

mineralisation support pasture 1 c..n inves �i gation \If as 

carried out to study the effects of applied tungsten 

on clover growth. Tunssten: applied as tungstate, 

was found to sli gf1·l:ly decrease growth where fixation 

was the sole :1.i·trogen so"v:rce. I n  the presence of 

combined. r..i trogci1; huwever, i11.creases were 

recorded. 

A cor:1p2rlson of the elemental composition of 

native tree spE.cies was carried out to iYlvestigatE:: 

the effects of Sl.:'.ostr2,te cornr:osi tion. It was found 

that; wnereas vegetation a:r1alysis can :i_n general be 
used to indicat� th2 presence of mineralisation 

within a :�oclc type? it is not a reliable indicator 

of the composition of different rock types. 
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GENERAL 

INTRODUCTION 



In  respect to  occurr�nce, met al lurgy and 
properties , tungsten and molybdenum are remarkably 

simi l ar .  They both belong to Group 6b of the 
Peri odic Tabl e ,  wi th tungsten occun·ing in the thi rd 
t ransi t i on series  and molybdenum above i t  in the 
s econd . S ome of their physi c al and chemic al 
properties  are summari sed in Table 0 . 1 . 

The chief uses of both met al s are in the 
product i on of all oy steel s ; even small amount s 
cause tremendous increases in  hardnes s  and s t rength.  
"Hi gh-speed" steel s whi ch are used t o  make cut ting 
tool s that remain hard even at red heat cont ain 
tungsten ,  molybdenum anG chromium. Thei r hi gh 
elec t ri c al efficiency makes them ideal for lamp 
fi l aments . TUngsten c arbide i s  used for t i pping 
cutting tool s .  

Despite their simi l ari ties however , tungsten 
and molybdenum show di fference s  in vari ous types of 
compounds that are di fficul t to expl ain ,  parti cul arly 
in view of their simi l ar i oni c radi i ( Tabl e  0 . 1  ) .  
Both element s readily form s t able oxy-s al t s  knovm 
as tungstates and molybdates . TUngsten i s  found 
almost exclusively in  the form of tungstat e s , 
chi efly scheeli te( cauo4 ) and wol frami te ( ( Fe , Mn) \•To4 ) .  
However molybdenum, al though found in small amount s 
as wulfeni te ( PbHoO 4) ,  occurs chiefly as 
molybdeni te  ( Mos2 ) ,  whereas 11s2 i s  extremely rare . 
Moreover, their ores d o  not occur together as 
commonly as one mi ght expect ; thi s i s  particul arly 
true in New Zeal and .  

Another surpri sing di fference between tungsten 
and molybdenum, particul arly in  view of t heir simi l ar 
abundances  ( Table 0 . 1 ) ,  and their simi l ar properti e s  
i n  the s oi l ,  i s  that molybdenum i s  an e s s enti al 
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Table 0 . 1  

Physi cal and chemical properti es of tungsten and molybdenum 

Property 

Di scovery 
Atomic weight 

. d . bt I onlC ra lUS , 11 
i'1el ting point 

Boil ing point 

Speci fic gravi ty 

Valencies 
Crustal abundance 

Chi ef ores 

Descri pt i on of met al 

U ses 

S olvents 

Tungst en 

1 7:8 1 , Scheele 
1 8 3 . 86 

o . 6 5 A. 
3400 c 
5 900 c 

1 9 . 3  

2 , 4 , 5 , 6  
1 . 5 ppm 

scheeli t e ,  Ca\:704 
wol frami te ( Fe , Hn )W04 
very hard , bri t tle , 
s teel grey col our 

all oy steel s ,  tool steel s ,  
fil ament s ,  electric 
furnace wi ring 

ni tric/hydrofluoric aci d  
mixture , oxidi sing melts 

Holybdenum 

1 7 8 3 ,  Scheel e  
95.95 

o . 6 2 A. 
2600 c 
4800 c 

1 o .  2 

2 , 3 , 4 , 5 , 6  
1 .  5 ppm 

molybdenite. 1'1os 2 wulfeni t e ,  Pbivioo4 
very hard , si lver
whi te  colour 

al l oy steel s ,  tool 
s teel s ,  fil ament s  

hot cone, ni tri c  or 
sulphuri c acids , 
HF/HN03 ,  oxidi sing 
mel t s  



el ernent for pl ant s  ( and animal s ) ,  whereas tungsten 

i s  not . In fact , tungsten has been shown t o  ac t as 
a competi tive inhibi tor of molybdenum function in 
enzymes responsible for ni trogen fixati on and the 
reduct i on of ni trate to ni tri t e  ( Takahashi and 
Nason , 1 9 57 ; Hwa_Ylg and Doi, 1 965 ; Heimer et �' 1 9 6 9 ) . 

Tradi t i onal ly ,  tungsten and to a lesser extent 

molybdenum , have been amongst the more di fficul t 
element s  t o  analyse . The two el ement s  interfere 
wi th one another in calorimetric determinati ons 
because of their simi l ar propertie s .  TUngsten 
parti cul arly i s  insensi tive by emi ssi on spectrography , 
due to  i t s  hi gh boi ling point ( Table 0 . 1 ) ,  and both 
element s are rel atively insensitive by at omic 
absorpti on spectrometry due t o  the formation of 
refractory oxides in the fl �ne . 

The wri ter's M . Sc . thesi s ( Quin ,  1 97 2 )  
describes the devel opment of a calorimetri c method 

4 

for the determinati on of tungsten in pl ants and soi l s  
wi th t oluene -3 , 4-di thi ol ( di thi ol ) . The method , 
al though accurate and free from molybdenum interfe�ence , 
l acked suffi cient sensi tivi ty for some applicat i ons , 
and an inve s ti gati on was c arri ed out t o  improve the 
sensi tivi ty and , i f  possibl e ,  the productivi ty of 
the method . A rel atively new nuclear method of 
analysi s ,  proton-induced x-ray fluorescence , was 
al so  investi gated t o  determine i t s  potenti al for the 
detection of nanogram quanti ti e s  of tun gsten . 

The detenninati on of tungsten in ores and 
concentrat es  has l ong been a di fficul t task . 
TUngsten tends to precipi t ate  out of the acid l e ach 
soluti on u sed in the c al orimet ric determinati on when 
present in  l arge amounts ; matrix problems make 



emi ssion spectrographic analysi s unreli abl e ; and 
al though sensi tivi ty i s  not a probl em for tungsten 
ri ch sample s , the wide range of polymeri c and 
het'rD>polymeri c tungsten species formed in  acid 
s olution make it impossible to  obt ain reli able 
resul t s  by at omic absorpti on spect rometry . An 
inves tigati on was therefore c arried out to  see i f  
the formati on of these species could be avoided . 

The c al orimetri c  determinat i on of molybdenum 
wi th di thi ol has been in use for many years 
( H amence , 1 940 ; North , 1 9 56 ; S t anton and Hardwi ck , 
1 967 ) and approximately 30 vari ant s  on the method 

have been publ i shed . Thi s l arge number of 
procedures has ari sen partly bec·ause of a tendency 
of individual workers to  devel op speci al i sed 
techni ques  to ful fi l their parti cul ar requirement s , 
but l argely bec ause of insufficient study of the 
par�neters involved. Thi s the si s describes the 

development of a procedure whi ch , by changing the 
me thod of s ample di ssolution as requi red , can be 
used for the determination of molybdenum in a wide 
range of materi al s .  

Scheel i t e ,  one of the mos t  abundant ores of 
tungsten>i s  widespread throughout the S outh 
I sl and of New Zeal and , and the geology of the 
vari ous deposi t s  has been the sub j ect of several 
articles  ( Finl ayson ,  1 908 ; \1il li ams ,  1 965 ; Mu tch,  

1 96 9 ) . H owever there is  l i ttle  chemical dat a on 
the ores  avai l able and , in view of the import ance 
of impuri ties  in  controlling the  value of the ore , 

i t� considered that thi s aspect should be 
investi gated . I t  was al so  hoped that chemic al 

analysi s could be u sed to di stingui sh between the 
vari ous scheeli t e  - bearing l odes of the complex 
Glenorchy area .  
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The demand for tungsten has been increasing 

in recent ye ars and thi s has l ed t o  an accelerated 
search for i t  in many countri e s. Because of the 
deep soil  cover and dense ve getation exi s ting in  
many areas of New Zeal and , outcrops are few, and 
soil  and pl ant sampling are generally the rnost 
sui table methods for l ocating Jninerali sed reefs . 
Fol l owing the promi sing resul t s  of the ini t i al 
geochemical and bi ogeochemic al expl orati on carried 
out by the wri ter at Barryt own ( Quin ,  1 97 2; Quin 
and Brooks , 1 97 2 ) , it  was decided to  carry out an 
investi gati on to  determine the rel ative efficacy 
of soil and pl ant srunpling to  l ocate scheelite 
mineral i sati on under a wide rang� of geol ogical , 
vegetati onal , cl imatic  and t opographical condi t i ons . 
The s tudy areas selected were Gl enorchy , Paradi se , 
1'1acrae ' s Fl at , Top Valley (Uairau Valley ) Barrytovm I 

and Canaan ; their l ocalities  are sho�n in Fi g .  0 . 1 . 
Fol l owing thi s investi gati on a more intensive 

s tudy was c arri ed out at Barrytmm to test  the 
sui t abi l i ty of trend surface analysi s of 
bi ogeochemical data for l oc ating ri ch pockets  of 
scheelite within veins . 
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Considerably more geochemi cal and bi ogeochemical 
explorati on has been c arried out for molybdenum than 
tungsten ,  but previ ous work in  New Zeal and has been 
restricted to demonstrating the exi sbence of geochemic al 
and bi oge ochemical anomal ies  in  the general area of 
minerali s at i on ( Brooks and Lyon , 1 966 ) . Hence 
al though molybdenum i s  of minor economic si gnific ance 
in New Zeal and, i t  was of interest  to determine 
whether pl ant or soi l  analysi s could be used t o  l oc ate 

buri ed minerali sat i on ,  and wi th thi s aim in mind a 
brief  investi gat i on was c arried out at Canaan , Nel son . 
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Fi g . 0.1. Map of South I sl and , New Zeal and , showi ng schi s t s  
of geosyncline and l ocat i on of s tudy areas . 



The final section of thi s thesi s  describes 
three investi gati ons whi ch were prompted by the 
resul t s  of the expl orati on \1rork . The resul t s  from 
Barryt O\'m and C anaan showed di fferences in the 
uptillce and di stribution of tungsten by t ree species , 
and pot tri al s  were carri ed out wi th beech seedlings 

to  determine the c ause of the di fferences . 
The second investi gat i on was carri ed out t o  

study the effect s  o f  tungsten on the growth of 
clover.  Considerable areas of Ot ago , 'i:Jestland and 
Nel son which are minerali sed wi th scheelite  have 
been devel oped into pasture , and the questi on ari ses 
to what extent growth is affec ted by the presence of 
tungsten ,  in vi ew of li tera_ti ve references  to the 
inhibi tory effect of tungsten on molybdenum 
dependent enz�nes ( Takahashi and Nason,  1 957 ) .  

I n  the final study , the effect of substrate 
composi t i on on the element al composi ti on of five 
native t ree speci es was investi gated for a wide range 

of maj or and trace elements . 

I n  reporting element al concentrati ons in 
pl ant s ,  it was decided to adopt the generally 
recogni sed conventi ons of using an ash wei ght basi s 
for the bi ogeochemical expl orati on ,  and a dry wei ght 
basi s for all other work . For expl orati on studies , 

reporting of the dat a on an ash wei ght basi s has the 
advant ages  that ( i )  i t  i s  intui tively more l ogic al , 
as one i s  comparing the uptake of  one or more met al s 
relative t o  the other met al s ,  whi ch make up most of 
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the ash content ; ( ii )  met al concentrati ons in the ash 

are general ly of the same order of magni tude as those in 
the s oi l , thu s  mill<ing compari son for explorati on purposes 
more direct , and ( iii ) it has the practical advantage 
when dealing wi th l arge numbers of samples that the 
time-consuming drying to cons t ant wei ght at 1 00 deg. c. 
i s  not neces s ary. For pot tri al s  however ,  data are 
report ed on a dry wei ght basi s ; thi s i s  absolutely 
neces sary when considering pl ant growth and physi oloqy. 
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INT'WDUCTION 

The geoche0i cal and bi ogeochemic al studies 
described in thi s thesi s were dependent on the 
devel opment of sui table analyti cal methods for the 
determinat i on of tungs ten in plant s ,  soi l s , rock s ,  
ores and concentrates , the determination o f  molybdenWi1 
in pl ant s , soi l s  and rocks and the deterYnination of a 
wide range of maj or and trace element s in pl ant s and 
geochemical samples . 

The analysi s of tungsten in pl ant s ,  soi l s  
and rock s necessi t ated the use of procedures that 
were more sensi tive than atomic abs orption spectrometry. 
Earl ier work by the wri ter ( Quin , 1 972)  included the 
development of a sensi tive and accurate method for the 
col orimetric deterrainati on of tun::rsten in pl ant s, 
soi l s  and rocks wi th t oluene -3, 4- di thi ol ( di thi ol ) . 
Thi s procedure was devel oped further to  improve the 
l imi t of detecti on in plants and productivi ty.  An 
al ternative method for determining smal l amounts  of 
tungsten, �· proton-induced X-ray fluorescence , was 
al so investigated , but was found to have no advant ages 
over the col orh1etri c method , at the present stage of 
devel opment of the method. 

For the analysi s of tungsten ores and 
c oncentrates , the poor sensi tivi ty of thi s element 
by atomic absorption spectrometry was not an 
important factor.  Despi te the sui tabi l i ty of the 
atomic absorpti on spect rophotdmeter for rapid analysi s ,  
there have been very few attempt s t o  apply thi s 
instrurnent 
or even in  
attri buted 

t o  the analysi s of 
tungsten s teel s .  
t o  the tendency of 

tungsten in  i t s  ores , 
Thi s can be l argely 
tungsten t o  form a wide 

range of polymeric and hetropolymeric ani ons in acid 
s olut i on .  The types of tungsten species formed 



are dependent on the types of reagents used for 
di s s olution of the s �nple ,  and on the presence or 
absence of other element s in the sample .  

As the vari ous ani ons produced i n  the 
di s s oluti on procedure di ffer markedly in the 
abi l i ty wi th which they c an be di ssoci ated int o 
free tungsten at oms , rel i able resul ts  are very 
difficul t t o  obtain .  To surjnount thi s problem,  
a method was devel oped which involved di ssoluti on 

1 0  

of the sillnple  wi th a mixture of nitric and 
hydrofluori c acids , fol l owed by evaporat i on t o  
drynes s .  The acid - free residue was then redi s solved 
in dilute alkali , in which tungsten exi s t s  solely 
as the di screte tungstat e  ani on , and the s oluti on 
could then be analysed rapidly and accurately by 
at omi c absorpti on .  

For the determination o f  molybdenum in 
geochemi cal and pl ant s am.pl es , the di thi ol col ori,:tetric 
method was considered to  be the best al l round 
techni que . Holybdenwn , although more sensitive than 

tungsten by at omic absorption spectrometry ,  could 
only be determined in most types of sample ,  i f  
solvent 12Xtl�action was used i n  conjunc t i on wi th 
at.omic absorpti on ,  thereby nullifying any speed 
advantage of atomic abs orpti on over c ol or:i;,Jetr,y. 
The di thi ol method was c onsidered to be superi or 
to that using thi ocyanate because the l atter was 
l e s s  sensi tive and more prone to interference . 
However a l i terative survey of publi shed procedures 
for the determinati on of molybdenum wi th dithi ol ,  
showed that li ttle  at tempt had been made t o  examine 
ful ly the par�neters involved in thi s import ant 
method . Bec ause of thi s ,  most procedures were very 
l imi t ed in thei r appli c ation ,  particul arly wi th 
re gard to  sample. types that could be analysed and 



to  the presence of interfering element s .  Because 
of the wide range of samples  analysed for molybdenum 
in thi s thesi s ,  i t  was fel t that a thorough 

investi gati on of the di thi ol procedure was warranted , 

and subsequently a procedure was developed whi ch , by 
changing only the preliminary s ample treatment , 

could be used for the determination of molybdenum 
in  all types of geochemical and bi ol ogi cal sample s  
and even i n  steel s .  

Of the other element s  determined i n  the 
investi gati ons described in thi s thesi s ,  aluminium, 
barium , bi smuth, copper , iron , lead ,  magnesium, 
manganese , nickel , strontium, tin,  titanium �1d zinc 
were determined by routine at omi c absorption 
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spectrometry and s odium and potasium by fl ame photometry , 
as described l ater in thi s section .  Phosphorus and 
ni trogen analysis were carried out by Grasslands 
Divi sion ,  DSIR ,  and a bri ef descri ption of the 
methods used i s  given for the s ill<e of completene s s .  



B .  TUNGSTEN 

1. Further devel o£ment of col oTimet�i�met hod 

(a) Int roduc t ion 

The procedure devel oped in earl i e r  work by t he 

author (Quin, 1972) had a l i mi t  of detec t i on of 1 ppm 

tungsten in pl ant ash and geochemi c al sillnpl es. 

Al though t he 1 _ppm detec t i on l i mi t  was adequate for 
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t he purposes of geochemi c al and bi ogeochemi c al 

prospec ting , i t  became necessary ·t o be abl e  t o  det ermine 

l ow c oncentrati ons of thi s  el ement in soi l s  and 

p art icul arly plants . The l i terature c ont ai ns very few 

re ferences to t he b ack ground c oncentrati ons of tungst en 

in vege t at i on ; BrOoks(1972) gives a fi gure of 0. 5 ppm 

f or pl ant ash, whi le Bowden (1960) found 0 . 02 to 0.15 ppm 

dry wei ght (approxi mately 0.4 t o  3 ppm ash wei ght ) i n  

t omat o seeds and t ops, and 0.07 t o  0.09 ppm dry wei ght 

( 0.7 to 0.9 ash wei ght ) i n  flax. However , because 

of t he fai lure of t he col ori;·!lctr:i;cmet hod t o  de tect 

tungst en in any ve ge t at i on samples from non-!.lineral ised 

are as, i t  was c onsidered that t he normal c oncentrati ons 

of tungsten were probably l ower t han 0.5 ppm,ash 

wei ght especi al ly in aci d  soi l s, where tungsten i s  

rather i mmobi le. An i nvest i gat i on was t herefore 

c arri ed out to det ermine to what ex tent t he 

sensi tivi ty of t he method could be i mproved. 

The other points t hat were c onsi dered to be 

worthwhi le investi gating were (i ) whe t her fusi on of 

soi ls wi t h  "?Ot�ssill-'- hydro gen sulphat e pri or t o  

leachi ng wi t h  c oncent rated hydrochl ori c aci d was 

necessary, and (i i ) whe t her pre-ashing of t he dried 

pl ant materi al was an e ssenti al st ep, or whet her t he 

tungsten c ould be l e ached di rectly from t he dry mat ter 

wi t h  hydrochl ori c aci d .  



( b )  Description of exi s tinq procedures .  
( i )  Equipment 
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Plill1t sampl es were ashed in  a muffle - furnace 
at 5 00de g . C ; geochemical s ample s  were fused at 5 5 0  deg . c. 
All sample wei ghings were carri ed out using a t o.p-wei ghing 

Hettler l'1odel P1 20 bal ance covering the range 0 - 1 20g.  
Borosilicate gl as sware was used throughout . A B ausch 
and Lomb Spect ronic 20 Spectro-photometer was used for 
absorbance measurement s .  

( i i )  S olut i ons 
Tin (ll) chloride soluti ons . Prepare 20% and 

1 0% ( "�1/V ) soluti ons of tin ( II )  chl oride in  1 0M 
tytrochl oric acid .  

Di thi ol solut i on .  Di ssolve the content s of a 
5 cm3 ampoule of toluene - 3 ,  4- di thi ol in i soamyl 
acetate and m�ce up to 5 00 cm3• Store in a 
refri gerat or . 

S t andard tungsten soluti ons . Di s solve 90  mg 
of sodium tungstate in 1 01-1 hydrochl oric acid and 
di lute t o  5 00 cm3 wi th thi s aci d  t o  give a soluti on 
cont aining 1 00  p-g tungs ten per cm3• From thi s 
solution prepare solut i ons c ont aining 1 0fg tungsten 
per cm3 and 1 rg tungsten per cm3 in 1 0M hydrochl oric 
acid .  
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( iii ) Determinati on of tunqsten i n  soi l s  and 
rocks 

I'Jei gh 0 . 2 g of sample ( minus 1 00 mesh ) into a 
test  tube , add 1 g of potasium hyd�ogen sul phate and 
mix .  Fuse over a bunsen fl ame until  a quiescent mel t  
i s  obt ained and continue heating for a further two 
minutes . Al ternatively , fuse in a muffl e fvrnace at 
5 5 0  deg . c. Leach in a hot water bath wi th 1 0  cm3 

of 1 01'-1 hydrochloric aci d  until  the mel t  c an be broken 

up wi th a gl ass rod . Al l ow to set tle , then transfer 
5 cm3 of the clear s olut i on into a test-tube ( 1 50 x 12 mm) , 
rimmed ) cont aining 5 cm3 of a 20% s oluti on tin ( II )  
chl oride in 1 011 HC1 and heat for 1 0  minutes  at 8 5  deg. c .  

Add 1 cm3 of di thi ol soluti on and continue 
heating for a minimum of six hours , or overni ght . 
Remove the test  tube from the water bath and add 5 cm3 

of i soamyl ace tate or petroleum spirit t o  di ssolve 
the gl obule cont aining  the tungsten - di thi ol complex . 
Heasure the absorbance of the organic l ayer at 6 30 nm. 

If the absorbance i s  greater than that of the highest  
standard , repeat using  a sui tably small er ali quot _ 

from the remaining 5 cm3 of sillnpl e solut i on ,  di luting 
thi s to 5 cm3 wi th 1 0!'-1 hydrochl oric aci d  and continuing 
from the addi tion of the tin (rr )  solution .  

S tandards . Hake a seri es of s t andards 
representing 0 to 8 00 ppm, tungsten by adding 0 to 80 . 0  
�g  of tungsten . Di lute t o  1 0  cm3 wi th 1 0% t in (II) 
chl oride soluti on .  Heat in a water bath for 1 0  minutes 
at 85  deg.  c, add 1 cm3 of the di th;_ol s olut i on ,  and 
c ontinue as above . 
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( iv )  Determination of tunqsten in pl ant samples . 
Dry the pl ant materi al to  const ant wei ght, wei gh 

( i f dry wei ght dat a i s  requi red ) ,  then char the s amples  
on hot pl ates in  a fume cupboard before ashing to  
completion in a muffle  furnace at  5 00 deg .  c. Cool, 
then wei gh 0 . 1 g of pl ant ash into a test tube ( 1 5 0  x 
1 2  mm, rimmed ) .  Add 1 0  cm3 of a 1 01, solution of tin  
(II ) chl oride ln  1 01'-1 HC1 , heat in a water bath for 20 

minutes at 85 deg.  c, and continue as above . 
S t andards . As fo:r soi l s .  
c .  Further devel opment s inves tiqated 

( ii )  Improvement of sensitivi ty 
Use of smal l er s ample volume 

Fi gure I . 1  shows a c alibrati on curvw for 
the determinat i on of tungsten .  The 2 ppm st andard 
gave an absorbance of 0 . 005 ± 0 . 001 ; at 1 ppm the 
reading was 0 . 003 + 0 . 001 and thi s was considered to  
be  the practical limi t of  det ec tion of  the ori ginal 
procedure . Thi s sensi tivity c ould be improved by 
adding 0 . 5 cm3 of i soamyl acet ate  instead of 5 cm3 

to di ssolve the minute gl obule (volume less  than 
0 . 0 2  cm3 ) cont aining the tungsten - di thi ol compl ex 
and using 0 . 2 cm3 capaci ty mi cro-cel l s .  As these  
cel l s  l ike  the l arge cel l s, al s o  have a 1 cm3 ·path 
length, the sensi tivi ty was increased ten-fold, that 
i s, to 0 . 1 ppm. However bec ause of the very smal l 
sample volume the techni que was very susceptible  t o  

turbldi ty, al though i s�amyl acetate gave l e s s  
trouble in  thi s respect than petrolema spiri t  ; hence 
i t s  use as described above . The turbidi ty, c aused 
by the presence of minute droplets  of water in the 
organic solvent, could be removed by ( i )  fi ltering 
through fil ter paper soaked i n  i soamyl acetate  or  
( i i ) transferring the acetate  to  a warm dry vi al 
immedi ately before transferring to the spectrophot ometer 
cel l . Thi s causes  the dropl ets  of water to adhere t o  
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the warm surface of the gl ass vi al and hence they are 
not transferred to the cel l .  

Because of the smal l volume , fi l terins; was 
difficul t t o  perform quanti t at ively . The high 
vol ati l i ty of the i s oamyl acetate made i t  extremely 
di ffi cul t to ensure that the paper did not dry off 
slightly before addi t i on of the sample .  Thi s woul d 
resul t in concentration of the sillnpl e soluti on ,  as 
the tunasten would now be cont ained in a smaller 
volume . 

1 6  

The second al ternative was therefore preferred , 
al thouah i t  was found in practice that 1 cm3 was the 
minimum practical volume requi red to ensure that 
suffi ci ent i soamyl ace tate could be wi thdrillvn , using 
a mi cro pi pette ,  wi thout ri sk of wi thdrawins:; s or:-te 
of the aci d  phase as well .  Usi.ng thi s procedure , 
the detection limi t was now 0 . 2 ppm ,  the absorbance 
readina for thi s standard bein� 0 . 003 + 0 . 001 . v � -

U se of a larger sampl e of pl ant ash 
Even wi th the improved detection l imi t ,  tungsten 

c ould still  not be determined in many pl ant samples  
from non-minerali sed areas , and hence it  was decided 
to investigate the pos sibi l i ty of using a larger 
sample size .  Increasing the sill-nple si ze five-fold 
from 0 . 1 g .  to 0 . 5  g .  proved to  be qui te  feasibl e ,  
thereby improving the sensi tivi ty t o  0 . 04 ppm for 
an absorbance reading of 0 . 003 ± 0 . 001 . The only 
other modi ficat i on to the procedure required was 
that it was now necessary to fi l ter the s ample 
s oluti on ; after di gesti on of  the sillnple wi th the 
1 0% soluti on of tin ( II ) chl oride in hydrochl oric 
acid ,  before addi t i on of the di thi ol solution .  
Fai lure t o  do  thi s often resul ted i n  severe turbidi ty 
which c ould not be overcome . 



Fi g. I .  2 shows the st andard ClAJJVe for the 
revi sed procedures for the determinati on of tungsten 
in soi l s  and pl ant ash . 

1 7  

1-Jhi l st investi 0ati on showed that the sensi tivi ty 
could be i inproved still  further by increasing the 
s ample again,  thi s had practical di sadvant as:e s .  Hos t  
pl ant samples analysed were wood , and 1 s of wood ash 
represents up to 5 00 g. of dry materi al . Be sides 
being di fficul t to  completely i gni te in a muffle furnace 
even wi th the pre-ashing s t�e , obt aining thi s illnount 
of s�nple caused considerable damage to shrubs and 
small tree s ,  and hence 0 . 5 g .  of pl ant ash was set 
as the practi cal limi t .  In any case , virtual ly al l 
pl ant samples analysed were found t o  contain more 
tungsten than the 0 . 04 ppm de tecti on limi t .  

( i i ) Im_Erovement of productivi ty 
S oi l s  

Tri al inve sti gati ons showed that in  the analysi s 
of soi l s ,  containing small to  moderate �nount s of 
tuns:sten ( less  than 200 ppat ) the preliminary fusi on 
wi th potassium hydrogen sul phate was not necessary , 
the leaching wi th concentrated hydrochl ori c acid  
being suffici ent to  remove all the tungsten . 

Hhen the fus i on st ep was omi tted however ,  i t  
was found t o  be neces s ary t o  i gni te soi l samples  at 
5 5 0  deg .  c before leaching in order t o  remove any 
organic mat ter present in the soi l .  Fai lure t o  d o  
thi s resul ted in art i fici ally hi gh spect rophotometer 
readings , presume ably due t o  the extrac t i on of minute 
particles  of organic mat ter int o the organic phase . 
The omi ssion of the fusi on step therefore only saved 
the wei ghing out of the pot assium hydrogen sul phate ,  
increasing the productivi ty from 1 50 t o  1 7 5 samples  
per man day .  The omi ssi on of  the fus i on step was 
therefore only considered t o  be worthwhi l e  i f  all 
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Tabl e I .  1 

Analysi s of soi l s  for tunsten 
using fusi on and i gni t i on techni ques  

Tungsten content ( ppm ) 

1 8  

S ampl e no . ( i ) Fused wi th KHS 04 pri or t o  l eaching 
( ii ) I gni ted at 5 5 0de g. c .  

pri or t o  leaching 

1 4 .  5 4 . 5  
2 1 2 1 2  
3 27 26 

4 7 5  7 9  
5 90 9 1  
6 202 1 98 
7 3 30 305 
8 5 9 0  5 00 
9 1 21 0 8 5 0  

1 0  1 5 5 0  8 30 
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s oi l s  were l<no\lm to  contain less  than 200 ppm. tungsten .  

Table I .  1 shows a compari son o f  resul t s  ( i ) using 
fusi on and ( i i ) i gni t i on only . 

Pl ant Sail:.E_les  
An investi gati on was carried out to  determine 

whether dry pl ant materi al could be leached di rectly 
wi th concentrated aci d ,  omi t ting the dry ashing stage . 
In  doina thi s ,  i t  \vas neces sary t o ,  firstly, di gest  
the pl ant materi al wi th concentrated hydrochloric 

acid containing no tin ( II ) chl oride , then transfer 
a 5 cm3 al i quot to another test-tube containing 
5 cm3 of a 20% s oluti on of tin ( I I ) chl oride in 
concentrated hydrochl ori c acid ,  as in the analysi s 
of soil s .  Fai lure t o  do thi s resul ted in the 
formati on of a dense red-bro\vn preci pi t ate , 

presumeably organic compounds of tin ,  which 
prevented extrac tion of the tungsten .  U sing the 
s oi l  procedure however actually reduced the 

productivi ty, and in any case , complete extraction 
of tungsten could not be achieved ( Table I . 2 ). 
I t  was therefore concluded that dry ashin0 was 
� essenti al s t ep for the determinat i on of tungsten 
in pl ant materi al . 

( d ) C onclusi ons 
I t  was c oncluded that the practical limi t 

of detection of the method had been improved to  
0 . 2 ppm for s oi l s ,  and 0 . 04 ppm. for pl m�t ash, 
from the previ ous l imi t s  of 1 ppm in both case s . 

Attempts to  improve the productivi ty were 
successful for the analysi s of s oi l s ,  where i t  was 
found that fusi on with pot assium hydrogen sul phate 
was not neces s ary for sainples  containing less than 
200 ppm.  However dry ashing was found to  be an 
essenti al in the analysi s of plant materi al . 
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Table I .  2 

Analysi s of tungsten in veget ati on with and wi thout pri or ashing 

Number of 
determinat i ons 

6 
6 
6 

6 

4 
4 
4 

4 

Tungsten 
added ( ppm ) 

0 
0 

5 0  
5 0  

0 
0 
5 
5 

Tungsten found 
Ashed Not ashed 

He an Coeff . varn .N ... ) Ne an C oeff . Varn.( 

23 . 6  ± 4 . 1 5 . 1  ± 1 2  
26 .'8 + 3 . 8 4 . 6  ± 25 

7 2 .  9 + 2 . 1  28 . 4  ± 20 

77 . 5 + 2 . 3 25 . 2  + 30 

0 . 25 ± 9 . 6  0 . 08 + 1 00 

1 3 .  2 + 4. 8 3 . 8  + 80  

5 . 2  + 2 . 8  2 . 8 ± 90 

1 8 . 4  + 5 . 5  5 . 5  ± 1 1 0  



2 .  Investigati on int o  the use of prot�n 
induced X-ray fluorescence for the 
det ermination of nanogram quantities 
of tungsten. 
( a ) Int roduct i on 

21 

During the s ame peri od that studi es were being  
carri ed out t o  improve the sensi tivi ty of  the cal orimetric  
method for the det erminati on of  tungsten , the opportuni ty 

arose for the author to investi gate the sui t abi l i ty of 
a new nucl ear methodj proton induced X-ray 

fluorescence ,  in thi s applicati on .  
Proton-induced X-ray fluorescence was first 

mooted by J oh ans son � � ( 1 97 0 )  and Gordon and Kramer 
( 1 97 1  ) . Other methods of exc i t � t i o � b r · o i d 9 s  p r o t ons 
are possible ,  for exillnpl e electrons , al pha particles , 
and X-rays . These have been c ommented on by 
Fl occ�1ini � � ( 1 97 2 )  and Perry and Brady ( 1 97 3 ) . 

The use of protons for exci t ati on has great er 
potenti al sensi tivi ty than electrons ( as used in the 
electron-probe ) because of the l ower back ground . sensi tivi ty 
i s  propo�onal to the mass of the exci ting particl e .  
Alpha particles , on the other hand , al though heavi er 
than protons , cannot be generat ed at a comparative 
rat e ,  and hence sensi tivi ty i s  very poor , the 
method being more sui t abl e for the determinat i on of 
maj or const i tuent s ( Franzgrote ,  1 97 2 ) . Cookson et  al 
( 1 97 2 ) used the method for the analysi s  of l ake water , 
whi le  Young et � ( 1 973)  used i t  to  analyse sediment s 
from aqutous  environment s .  

The measurement s of X-rays ( emi tted as a resul t 
of - exci t ati on of electrons in the target by the 
bombarding protons ) i s  more sensi tive for heavy e l ement s 
than i s  the measurement of J -rays ( emi tted as a result  

of hi ts  or near mi s ses  of the protons on the nucl ei in 
the t arget ) .  Thi s  i s  because the efficiency of � -ray 



exci tation decreases rapidly as the atomic number of 
the element increases . The exci t at i on of X-rays 
al so  become s less efficient as the mass of the 
element increases , but the effect i s  not nearly as 
marked as for 0-rays . X-ray measurement s therefore 
offered more potenti al for the determination of 
tungsten .  

2 2  



( b ) Equi pment 
Measurement s of X-ray fluorescence were c arri ed 

out at the Insti tute of Nuclear Sciences , Department 
of Scienti fic and Industri al Research , Lower Hut t .  

2 3  

The fol l owi ng descri pti on of  the equi pment used was 
kindly provided by Dr . N . E. \rJhi tehead of the Institute .  

The method employed protons generated by a 3 . 3 
M c V Van de Gra a f f  accel erat or , the actual energy 
used being 2 . 5 M e· v . The prot ons strike the sample 
cont aining tungsten in an evacuated target chamber 
whi ch can cont ain up to  20 s ample s .  

The targets  are set at an angle of 45 de g .  t o  
the beam ,  and the X-rays emi t ted from the sample  are 
detected by a Kevex Si ( Li ) X-ray detector .  
Scattered prot ons are prevented from reaching the 
detector by an absorber which i s  of suffi ci ent 

thi cknes s  t o  absorb prot ons but not t o  s i gni f i c i n t l y  

at tenuate X-rays . 
The pul ses of the X-ray detector a r e  f e d  i nt o  a 

p r eampl L fi e r  ar:d uai n mopli f i e r ,  then i n t o  a L�09 6  -
channel Pul se Hei ght Analyser.  The spectrum 
accumul ated i s  ei ther punched out on paper t ape ( i f  
a plot of the spectrum i s  requi red ) , or fed into a 
Di gi t al Equipment C orporati on PDP 1 1  computer and 

stored on magnetic t ape . The spectrum i s  then 
analysed by the computer using a programme whi ch , 
given the descripti on of two peak s ,  that i s ,  the 
channel posi t i on and the atomi c number of the 
element represented by the X-ray at the channel ,  
searches unti l  i t  finds peak s .  A t able of all X-rays 
and their  energies is  stored in the programme ,  and 
the computer checks t o  see wrether any of the peak s  
found correspond t o  any of the X-rays i n  the t abl e .  
A l i st o f  these i s  then printed out . The entire 
programme running t ake s  a maximum of five minutes per 
spectrum.  
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The actual integrati on of the area under each 
peill< i s  performed using a linear least-squares fi t ,  
unti l  each i s  fi t ted as well  as pos sible t o  the ori ginal 
spectrum. 

Fi t t ed simul taneously wi th the peak s  i s  a shape , 
known as the Bremstrahlung shape , which ari ses  from 
the slowing down of elect rons knocked out of orbi t 
by prot ons , and resul t s  in a broad spectrum of X-ray s .  
I f  the materi al has become charged , that i s  non
conducting ,  thi s spectrum i s  more intense . To 
avoid thi s ,  non-conducting samples are coated in c arbon 
by standing them bri efly in a carbon arc . The 
Bremstrahlung - shape l S  suffi ci ently well known to  
enabl e an C:h, pression t o  be  fed into the programme whi ch 

generates thi s shape , and i s  fi tted simul taneously wi th 
the pecJ< s . 

The peak areas can be considered as being count s 
generated by the previ ously rec orded number of prot ons 
hi tting the target . The areas can be compared wi th 
those in another spectrum by al lowing, in a proporti onal 
manner ,  for the di fferent proton dose , which i s  
recorded by measuring the current fl ow i t  produce s .  
Thi s current flow i s  di gi ti sed and the pul ses  are 
count ed . The electroni cs all ow the accumul ati on of 
the spectrum unti l  a pre-set fi gure , usually 8 0K ,  i s  
reached , thus making di rect compari son possibl e .  

Fi gs .  1 . 3  and 1 . 4  show schematic  di agrams of 
the X-ray spectrometer,  and the system used for 
computer-as si sted analysi s of the gum:JD. s pectra,  
respectively. 
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Table I .  3 

X-ray peill< s  of tungs ten 

Peill< Energy ( ,kev ) 

\VL �  8 . 396 ) 
l ) 

\:!10( 
l. 

8 . 3 3 3  ) 
ULp1 9 .  67 0 

UL P2.. 9 . 9 5 9  

\rJL '( 1 1 . 28 3  



( c )  Devel opment work 

( i )  Introduction 

The X-ray peillcs  of tungsten are given in Table 

I .  3 .  The two L� peillc s are too cl ose t o  be resolved , 

whi le the two Lp peak s  are just resolvabl e .  Fi g .  I . 5  

shows the spectra obt ained from a sample of scheeli t e  
( cawo�_) ; the i ron and copper peak s are due t o  

impuri ties in the s ampl e .  The sampl e was prepared 

by compressing finely ground scheel ite  into a 1 cm 

di ameter di sc wi th a hydraulic press  set at a pressure 

of 20 tons . 

At thi s point i t  wi ll be expl ained why o n ly . 

the determinat i on of tungsten by thi s method , and not 
molybdenum as wel l , was investi gat ed . 

26 

There are di fferent series  of X-rays emi t ted , the 
K ,  L ,  and H seri es , which corre spond to exci tation 

of electrons in the K ,  L and 1'1 electi on shel l s  
respectively . 
in the order 

The energi es of these X-rays increase 

tiJ · .. L << K 
For tungsten , the K X-rays are at 5 9  KeV . Thi s 

energy i s  hi�
�
enough such that the exci t ati on effi ciency 

i s  poor , an� the penetrating power of the X-rays into 

the Si ( Li )  det ector i s  qui te  good , tAe.� I S  
a l ow counting effi ciency . Hence ,  for tungsten , the 

L X-rays are used ,  these being in a sui t abl e range of 
8 - 1 1  KeV . 

For molybdenum however, the � X-ray i s  at a 

hi gh 1 7 . 44 KeV ,  and hence would have a poor sensi tivi ty. 
The L�. X-ray has an energy of only 2 . 29 KeV ,  which i s  

almost identical in energy to  the sul phur peak at 2 . 30  

KeV . These two peaks  are far t oo close t o  be  resolved 

and , in any sampl e ,  parti cul arly pl ant samples , the 

concentrat i on of sul phur i s  far hi gher than that of 
molybdenum. For these reasons , then , i t  was not 

considered worthwhi l e  to inve sti gate the determinati on 
of molybdenum by thi s method . 
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In  any case , the di thi ol col ormetric method for 

molybdenum devel oped l ater in thi s section is 

si gni fi cantly more sensi tive than that for tungsten , 

and furthermore , molybdenum, because it  i s  an 

es senti al el ement for pl ants , tends to  be present 

in greater amount s . 

( ii ) Analysi s of pl ant ash and soil  s amples 

To ex�nine the spectra obt ained from pl ant ash 

and soil sampl es , one sampl e of each was prepared 
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again using a hydraulic press to form a sel f-supporting 
di sc of 1 cm diameter . The s ampl es were from the 
area of tungst en mineral isati on at Glenorchy and had 

previ ously been analysed col orimetrically and found 

to cont ain 35 and 40 ppm tungsten respectively . 
However , as shown in  the spectra in Fi g .  I .  6 ,  the two 

strong� tungsten peaks  (UL()( f and v'7� 2 )  are compl etely 

masked by strong copper and zinc peaks , whi l st the 
weak 1t7L't peak i s  obscured under the shoulder of a 

strong bromine peak in the pl ant ash spectrum ( thi s 

i s  the reason for the asymmetry of the bromine peak ) 
and i s  not observed in the soil spectrum ( Fi g .  I .  6 

because of the far hi gher back ground. The two 

WLf3 peak s  are partly o baO<I,; rr.::rd' by another strong zinc 
peak . ( The t antalum peak s  were caused by scat tered 

protons striking the t ant alum target holder . Thi s 
was subsequently changed t o  aluminium, the peak s  

for which are of very l ow energy ( < 1 . 5 KeV ) , and 

hence do not interfere wi th tungsten ) . 

From the plot s i t  was evident that the two WL� 
peak s  offered the most potenti al for the determination 

of tungsten .  Computer analysi s of the spectra,  using 
the v7LJ3 1 peak as a reference assi gnment , det ec t ed the 

presence of tungsten in the pl ant ash sample , but not 

in the soil s ampl e ,  as the f ar hi gher background and 
l ower peak hei ght s of the l at t er made the fi t ting  of 
peak s  t oo indefini te . 
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I t  was evident then , that i f  the far l ower 

level s of tungsten present in s ampl es from non

minerali sed areas were t o  be detected , some form 

of concentration ,  and/or puri fi cation ( parti cul arly 

to remove zinc ) , was going t o  be necessary . 
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( i ii ) Puri fi cation and concentrati on of tunqsten 

usinq cni on-exchanqe chromat oqraphy 

Introducti on 

S trelow and Bothma ( 1 967 ) demonstrated that 

soluti ons of tungsten ( VI ) were strongly bound on· t o  
ani on exchange resin when the acidi ty is  between 

0 . 01 N  and 4 . 0N . At hi gher concentrations the tungsten 

'Jras less  strongly absorbed , probably due t o  the 

tendency for tungsten ( VI ) t o  form polynuclear 
species in acid  soluti on ; these polytungs t ate  ani ons 

could be t oo l arge to be bound strongly t o  the resin.  
Experiment al 

A preliminary tri al wi th Dowex 1 -x8 40- mesh 

ani on enchange resin in the chl ori de form confi rmed 
the findings of StreJ.m:,r and Bothma ( 1 967 ) , and the 
fol l owing procedure was adopted . 

The pl ant ash and soil samples ( 0 . 5 g )  were 

entracted wi th a small vo2.ume of 1 0M hydrochlori c 

aci d ( approx . 5cm3 ) . After centri fugati on ,  the 

supernat ant was di luted wi th di lute sodium hydroxide 

until  the pH of the soluti on was 2 . 0 . The solution 

was then di lut ed to  5 0  cm3 wi th dei oni sed di still ed 

water,  then pas sed through a micro ani on exchans.;e 
column , made up wi th 0 . 5 g  of Dowex 1 -x8 resin in 

chl ori de form, over a peri od of 1 0  minutes . The 

soluti on was recycled two more times , then the resin 

was mixed wi th hal f i t s  wei ght of cellul ose powder 
before being c ompressed into a sel f-supporting di sc , 

1 cm di illneter and about  3 mra thi ck , using  a hydraulic 

press  set at a pres sure of 1 0  tons . 
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S t andards containing 50  and 500 nJ tungsten 

( corresponding t o  0 . 1  ill1d 1 ppm for an ini t i al sample 

wei ght of 0 . 5 g)  were made up using the same procedure . 

Because of the non-conductive nature of the resin/ 

cel lul ose mixture , s ampl es and st andards were coated 

li ghtly �n th carbon by st anding them bri efly in a 

carbon arc . 

Resul t s  and di scussion 

Disappointingly, tungst en was not detected 

in ei ther of the samples or the two standard s .  As  
analysi s of  the  fi l trates for tungsten by col orimetry 
were ne gative , showing that all the tungsten present 

must have been absorbed onto  the resin ,  it was 

reali sed that the poor sensi tivi ty was due to a 

combination of ( i ) the l arge wei ght , and ( i i )  the 
large mesh si ze ,  of the resin used . Because of the 

very shall ow penetration of the proton beam ( 20 - 40 

n m , N . E .  \r!hi tehead ,  pers . corun. ) only a smal l 

fracti on ,  approximately 
( fraction of fracti on of 
( sample surface x sillnple depth x 
( st ruck by beam struck by b eam 

� 1 30 1 00 ) 0 . 3 3 X 30c5'5 X -1- ) = % 

1 00 ) 
--:;-- ) 

) 

of the tungsten present was being hi t . 

In  an at tempt t o  improve the sensi tivi ty , 
further tri al s  were carri ed out using only 0 . 1 g 

of Dowex 1 -x8 200-400 mesh resin .  After drying ,  

the resin was mixed wi th 0 . 05 g of  cellulose powder. 

However , at tempts  to produce sel f-supporting di scs  

from these mixtures failed . It  was found that 

2mm thick sel f-supporting di scs could be· formed by 

adding 0 . 2 g of potassium bromide t o  the resin
cel lulose mixture , but the dilution resul ting from 

the addi ti on of the pot asium bromide meant that 

little  improvement in the sensi tivi ty was obt ai ned , 

= 



a 5 000 mg standard being the l owest that could be 

detected . 
( 1 
( 3 

Using the 
30 X 2000 

above formul a , approximat ely 

1 00 ) --:;- ) = 0 . 5 % X 

of the 5 000 ng  of tungsten present was being 

hi t ,  and hence the theoretic al detection limi t  of 
the method was of the order of 

( 
( 5 000 X 0 . 5 

. 1 00 
) 
) = 25 ng. 

I t  was apparent then , that because of the 

depth of the sample di sc s ,  the ani on exchange 

procedure was not a suffici ently sensi tive method 

of puri fication .  
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( iv )  Puri fi cation and c oncentrati on of tunqsten 
by extract1 on 1nto a solut1 on of d1 thiol 
in isoamyl acet ate .  

Introduction 

To surmount the l ack of sensi tivi ty caused by 

the shal l ow penetrati on of the proton beam,  an 

investi gati on was carri ed out into the pos sibi l i ty 

of empl oying the extracti on of tungsten into a 

soluti on of di thiol in i soamyl acetate , as used in  
the cal orimetric method , and then evaporating thi s  

solution to drynes s  on t o  a fl at non-absorbent surface . 

A new thin pl astic mat eri al ( trade name 

"Kapton" ) ,  which was non absorbent , resi stant t o  most 

chemical s and to the prot on beam,  had recently 

become avai lable , and seemed ideal for the purpose .  

Experiment al 

In  the cal orimetri c  method , tungsten c an be 
extracted from ei ther hot dilute hydrochl ori c aci d ,  

o r  hot concentrated hydrochl oric acid cont aining 

1 0% tin ( II )  chloride ( Quin , 1 97 2 ) . The l at ter 

al ternative was used in  the calorimetric  procedure 
developed , as the presence of tin ( II )  chloride was 
necessary to prevent interference from molybdenum, 

which al so forms a green di thiol c omplex i f  not reduced . 
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In thi s nuclear appli cati on however , nwlybdenum does  

not interfere wi th tungsten , and hence hot di lute acid 
was used. The procedure adopted as fol l m.rs 

The pl ant ash or soi l  sampl e ( 0 . 5 g ) was 
di gested in a test tube , wi th 1 0  cm3 of 1 N  hydrochl ori c 

acid  for two hours at 80 de g .  c. 'l' O thi s was added 1 cm3 

of a 1 % s oluti on of di thi ol in  i s o�nyl-acetat e ,  and 
the tungsten was extracted into thi s over a peri od of five 
hours heating at 8 0  deg. C ,  during which time the 
i soamyl ace t ate  was reduced in volume to a small 
gl obule .  The test tube was then removed from the 
water bath , and 0 . 5 cm3 of i soamyl acetate was added 
t o  di ssolve the gl obul e .  A mi cro-pi pette  was used 
t o  remove 1 00 jD of the sc� vent whi ch was then 
appl i ed ,  drop by drop , to  a 1 cm di ameter di sc of 
::-:apton att ached to the sampl e holder . The sample 
holder was heated throughout the applicati on of the 
solvent , t o  ensure that the Kapton dried compl etely 
between the addi ti on of each drop.  

S t andards were prepared by extracting 200 ng 
of tungsten ( as sodium tungstat e ) into a soluti on of 
di thi ol in i soillnyl acetate  and di luting the 
subsequent gl obule formed to 2 cm3 wi th i soamyl 
acetat e .  1 0 , 5 0 ,  1 00 ,  2 5 0 , 5 00 , and 1 00 n g  s t andards 
were made by drying 1 0 , 5 0 ,  1 00 ,  2 5 0 ,  5 00 and 1 000 

fl respectively of the soluti on into Kapton .  
Resul t s  and di scussion 
Fi g .  I .  7 shows the spectrum obtained from a 

typic al sample , and i s  seen t o  be free from copper 
and zinc interference . The only remaining peak s  
are those for manganese and i ron , probably due t o  
the extracti on o f  t races o f  these  met al s into the 
i soamyl acet ate .  
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Compl ete eliminati on of interference had now 

been obtained , and bec ause the tungsten was now 

cont ained in a t�in film on K�pton ,  the fracti on of 

tungsten present hi t by protons was equal to the 

fraction of the sample di sc covered by the beilln .  
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Fi g. I . 8  shows the resul t s  obtained for a 

st andard curve covering the range :_; - 1 000 ng tungsten . 

The bars give a measure of the "noi se " at each reading .  

A s  es timated before , the l imi t  of  detect i on i s  

approximately 25 ng . 

The severe curvature of the line was 
presum c..ory- due to the fi lm of excess dri ed di thi ol 

preventing the proton beilln from reaching al l the 

tungsten present once a cert ain l imi ting quanti ty of 
the solution of di thi ol in isoillnyl acet ate  had been 

appl ied .  Thi s occurr� at the 50 ng st andard 

( Fi g .  I .  8 ) , and thi s corresponde� to 1 00 f l of 
soluti on .  To correct thi s ,  new standards were 

prepared separately , in each case di s solving the 

tungsten di thi ol complex in 1 cm3 of i soamyl acetat e  

and transferring 1 00 y l o f  thi s t o  the K apton.  The 

corrected graph , now linear , i s  al so shc Nn in Fi g .  I . 8 .  
Tabl e I . 4  shows a compari son of the resul t s  of 

analysi s of 3 sampl es of pl ant ash , from an area of 
tungsten mineral i s ation ,  by colorimetry and proton

induced X-ray fluorescence . Sati sfact ory agreement 

was obtained . 

��Asi tivi ty 
Using the procedure described , and accepting 

a detecti cu" limi t  of 25 ng tungsten , a o .  5 g sampl e 

permi tted a detecti on l imi t  of 0 . 25 p . p . m. 
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Fi g. I . 8 .  St andard curve s for tungsten by proton
induced x-ray fluorescence ,  showing 
effect of limited and unl imi ted sampl e 
depths . 



Conclusi ons 
The present detection limi t of 0 . 25 ppm. does 

not compare favourably wi th the 0 . 04 p . p . m .  limi t 
obt ainable by the c al orimetric  procedure , using a 
simi lar s ample wei ght and micro-cel l s .  Even 
reducing the final volume of i soamyl acet ate  to a 
bare ;ninimum of 0 . 2 cm3 instead of 0 . 5 cm3 would only 
improve thi s to 0 . 1 0  p . p . m . Thi s forced the 
conclusi on that proton-induced X-ray fluorescence did 
not at present offer any advant age over col orimetry 
for the determinati on of small quanti ti e s  of tungsten , 
and hence was not used for routine work . The method 
does however have enormous potenti al , and there l S  

no doubt that future development s , particul arly 
changes in beam energy and the use of l ow-back ground 
s ample film wil l  greatly incre ase sensi tivi ty. 

3 3  
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Table I . 4  

Compari son of analysi s of pl ant ash for tungsten by 
col orimetry and proton-induced X-ray fluorescence 

S ample 

1 

2 

3 

p. p. m. tungsten 
col orimetry proton-induced X-ray 

fluorescencE 

7 . 0  ± 0 . 3 
3 5  ± 2 . 2 

1 0 . 0  ± 0 . 6 

6 . 8  ± 1 . 0 

30 ± 5 

1 2  ± 2 



3 .  Devel opment of  an at omic absorpti on 
spectrophotometric method for the analysi s 
of tunqsten in it s  ores and concentrates . 

( a ) Introduct i on 
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The calorimetric method developed e arli er by the 

author ( Quin,  1 97 2 )  and further devel oped as described 
in S ecti on I . B . 1 of thi s thesi s , provided a rapid and 
sensi tive method for the accurat e analysi s of tungsten 
in soi l s ,  stream and sediment s ,  low grade ores and 
ve get ati on, and in the course of thi s work many 
hundreds of analyses were carri ed out .  

The analysi s of hi gher grade tungs t en ores by 
thi s techni que was , however,  less  sati s fact ory , as 
the analyses often had t o  be repeated s everal time s  
using progres sively smaller al i quots o f  the sampl e 
soluti on unti l the ab sorbance reading f ell  on the 
range of the standard curve . Besides  seri ously 
reducing productivi ty ,  the large percent age 
volumetric  error c aused by the neces si ty t o  take 
very smal l ali quot s ( e .  g .  1 0  p 1 )  decreased the 
reproducibi l i ty of the method . 

A further problem encountered in the analysi s 
of tungsten ores by the di thi ol calorimetric  
procedure was the tendency for tungst en t o  precnpi t ate 
out of the concentrated hydrochl o·ric  aci d  leach 
solution. 

As the study of scheelite  ore s ,  described in  
Sec t i on II of thi s thesi s ,  necess� at ed the  analysi s 
of many tungsten-rich samples , i t  was decided t o  
investigate the sui t abi l i ty o f  atomic absorpti on 

spectr�hot ometry for the analysi s of tungsten ores 
and concentrates .  
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( b ) Literature �urvey 
Despit e  the sui t abi l i ty of atomic absorpti on 

for rapid analysi s ,  there have been very few att empts 
to  apply thi s t echni que t o  the analysi s of tun�rsten .  
Although the poor sensi t ivi ty for tungsten ,  c aused by 
the formati on of the extremely stable tungsten tri oxide 
in the fl ame , precluded i t s  use for routine analysi s in 
geochemic al applications , thi s was not a seri ous  
handi cap for the analysi s of steels and ores . vlhat 
did pose a far more seri ous problem was the t endency 
for tungst en t o  form a wide range of polymeric and 
heteropolymeric ani onic s pecies  in acid s olution .  
These species c an differ markedly in  thei r s t abil i ty 
in the fl ame and hence in the ease wi th which they 
can be di ssoci u.t cd int o tungs ten at oms , and , 
because the proporti ons of the various species  formed 
i s  dependent on the types of compounds used for 
sampl e di s s olut i on and on the presence or absence 
of vari ous element s in the fl ame , sample s  c ontaining 
equal amount s of tungsten c ould give widely varying 
resul t s  depending on the sillnple composit i on .  

I n  hydrochl oric aci d ,  the polyme ric specie s  
5- 7 1 0- 6-H\r/6021  , \, 1 2o 41 and '"1 2o3 9  are formed , a l l  of 

which are ini ti al ly c onverted to  tungsten t ri oxide 
in the fl illne . In the presence of phosphorus however ,  
whether present i n  the s ample 9r added as phosphoric 
acid , an equilibrium between tungsten tri oxide and 
phos photungstic acid , H3 ( P ( I-J 3o1 0 ) 4 , i s  set up in the 
fl ame . Thi s acid decomposes more readi ly than vJ03 ,  
and hence enhance s  abs orpti on .  I n  the pres ence of 
fluorine , Scobbie ( 1 97 3 ) cl aimed that unreactive 
fluoro-complexes are formed which vol ati l i se sti l l  
more readily. However, a s  investi gat i ons showed 
that addi ti on of hydrofluoric  acid t o  soluti ons of 
tungstate in water does not increase sensi t ivi ty, i t  



would seem that even i f  fluoro-tungsten speci es are 

formed i n  hydrofluori c aci d ,  they are immedi ately 

converted to the oxi de in the flame , rather than 

being di rectly decomposed into at oms . The presence 

of l arge amount s  of i ron l eads to  the formati on of 
5-some i ron tungstate  speci es  such as Fe w

1 2o40 or 

Fe2 11/1 2o 42 
6- , whi ch in the fl ame , give a mixed oxide 

even more stable than wo3 . 
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For the analysi s of steel s and al l oys , the 
formati on of the vari ous polymeri c and heteropolymeri c 

speci e s  i s  not too seri ous  a problem.  Thi s l S  

bec ause ,  provided a simi l ar mixture of acids  i s  

used for the di gesti on of al l sampl es , the 
composi ti on of the sample soluti on wi ll be rel atively 

constant , provided the composi ti on of the sampl es 
themselves does not vary greatly . Hence Kni ght and 
Pyzyna ( 1 96 9 ) , using a mixture of sul phuri c ,  pho sphoric 

and perchl ori c acids , and \17elcher and Kri e ge ( 1 96 9 ) 
and Husl er ( 1 97 1 ) both using ni tri c-hydrofluoric 

mixtures , obtained good agreement wi th other 

methods for the analysi s of vari ous steel s and al l oys 

contai ning 1 .  5 to  8'/o tungsten. However Rooney and 

Pratt ( 1 97 2 ) , the fi rst  authors who at tempted to  

analyse a wide range of al l oys and steel s cont aining 

widely varying amount s  of tungsten ,  found that 

rel i able resul t s  could only be obtained by the 

method of standard addi ti ons , due to interference 

from met al s such as Ni , Mo , Fe and Cr. Furthermore , 

they did not recommend their  method to be used for 
sample s  cont aining greater than 1 0'/o tungsten .  

Thi s brings us  to  the reasons for the di fficul ties  

i n  analysing tungsten ores and concentrat e s .  Not 

only may the concentration of tungsten vary from 0 . 1 
t o  8 0'/o ,  the sampl e c omposi tion can vary enormously 

wi th respect to  other element s .  For example ,  sil icon 
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c an vary from a fracti on of  a percent to  < 7% if  the 

s ample i f  l argely quart z ;  i n  the presence of l arge 

amounts  of sili con in the sampl e s olution ,  the hi ghly 

stable silico-tungstic acid  H� ( si ( w3o1 0 ) 4 ) i s  

formed i n  the fl ame in preference t o  \vo 3 • Depending 

on the type of ore , the sample wi l l  be greatly 

enriched in ei ther c a lciwn o r  i ron �d nran s.:.ne s e .  I n  

addi ti on , the composi ti on o f  the country rock or 

gangue materi al wi ll  vary depending on the locati on 

of the deposi t , and on the actual percent age of ore 
in the s ample t o  be analysed . 

Because of the insolubi l i ty of tungsten ores 

in  most  acids , previ ous procedures for thei r analysi s 
i ncorporated the use of fusi on t o  di gest sampl es . 

Thomas et al ( 1 9 6 9 ) used a pot as sium hydroxi de 
fusi on for the determination of tungsten in  �Dlframi t e  
concentrates . Hydrogen peroxide and phosphori c aci d  

were added to  minimi se hydrolysi s and t o  di s s olve 

preci pit ated hydroxide s ,  but the method was prone 

to ani on interference and t o  the formati on of 

het E:r<polymeric c ompounds in the fl ame ( Scobbi e ,  1 97 3 ) . 
Keller and Parsons ( 1 97 0 )  empl oyed a li thium 

metaborate fus i on in the determination of tungsten 

in  sili cate ore s ,  fol l owed by a control led-pH 

di ssoluti on of the mel t wi th hydrochl ori c aci d  and 

ammoni a .  The se authors made vi rtually no  study of  

interference effect s and the sampl e soluti on was 
very unstabl e ,  due t o  the tendency for tungsten t o  

preci pi t ate  out o f  soluti on .  
I t  was evident then , that t o  be able t o  

reli ably analyse tungsten ore s ,  i t  would be e ssenti al 
to  ei ther ( i ) extract the tungsten from the sample  

soluti ons before atomi c absorpti on determinati on ,  

or ( i i ) prevent the format i on o f  polymeric and 



heteropolymeri c tungsten speci es . Of these 
al ternatives , the former seems on the surface t o  

be far simpler and more feasible . However thi s 

was not the case . Rao ( 1 97 0 )  t ri ed thi s techni que , 
extracting the tungsten , after fusi on wi th li thium 

metaborat e and di ssoluti on wi th phosphoric aci d , 
into a soluti on of methyl tricapryl arrrrtoniurp chl oride 
in di-i sobutyl ketone . However , the maximum 

extracti on he obt ained was 91 % , and the concent rati on 

of phosphori c acid  was absolutely critical for 

obtaining reproducible resul t s .  A s  menti oned 

before , the presence of phosphorus , whi ch i s  

extracted a s  phosphate al ong wi th the tungstat e , 

leads t o  the formation of phosphotungstic aci d .  
As the composi ti on o f  the sampl e wi ll affect the 

concentrati on of the phosphori c acid , the posi ti on 
of the uo3- phosphotungstic  aci d  equilibrium wi l l  

vary from s�nple  to sample , and l argely for thi s 

reason the method was sui table only for the analysi s 

of l ow grade ores , where the phosphate/tungstate 
rati o remained very hi gh . 

The second al ternative was therefore chosen 

for investi gati on and , as i t  turned out ,  the soluti on 
was rel atively simpl e .  
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( c )  Development 

( i )  Di qestion 
The tungsten ores , scheelite ( �awo4 ) , 

wol frami te  (c r� , t1.n )vJo4 ) and tungst ite (' vJ03 ) are 

not at t acked by most acids , and hence all exi sting 
procedure s  for the analysi s of tungsten ores 

incorporated fusi on for s ampl e decomposi tion . 
The se ore s however are al l soluble in hydrofluoric 

aci d ,  and , moreover , di ge stion wi th thi s aci d  resul ts  

in complete di ssoluti on of si lica  and decomposi t i on 
of si l i cate lat ti ce s ,  and hence no tungsten remains 

trapped in any re sidue . Furthermore , di ge s ti on can 

be carri ed out in  inexpensive poly�l� ene beakers 

over a boi ling water bath or hot pl ate . In the 

procedure adopted , a 0 . 2 g .  s ampl e was di ges ted wi th 

1 0cm3 of a 1 : 1 mixture of concentrat ed hydrof1uori c 
( 40% , A . R . ) and ni tric  ( s . g . 1 . 42 , A . R . ) acids . The 

soluti on was taken to  drynes s  over a peri od of 2 - 3 
hours , during whi ch time the sampl e was su spended 

over a boiling water bath . Taking the s oluti on t o  
drynes s  ensures that virtual ly al l the si l ic on present 
i s  vol ati l i sed as i t s  vol ati l e  fluoride , whi l e  the 

presence of ni tric  aci d  ensures the oxidat i on of 
met al s t o  their oxides . Hence tungsten i s  eventually 

rt:::pr�·cipi tated as yell ow hy drated tungsten oxi des ,  

wo3 . H2o er WOi2H26, irrespective of the ori ginal 
ore type , and no trace of acid  remains . 

The preci pi t ate of tungsten oxide formed i s  
readi ly s solubl e in pota ssium hydroxide on heating 
and , what is  vi tal ly important , tungsten exi s t s  
solely as the di screte tungst ate anion. ( Cot t on 

and \h lkinson ,  1 967 ) .  Thi s means that the compl ex 
equi l ibri a set up in aci d  s oluti on do not form ,  and , 

in  any c ase; any metal � that would form heteropoly 
h v  

species  with tungsten �aci d  s olution are either 
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vol at i l i sed during evaporati on ( si licon ) or are 

insolubl e in  alkali . I t  was found that 1 0  cm3 

of 0 . 5M alkali was suffi ci ent to  ensure compl ete 
di s soluti on.  Initi ally a peri od of  1 5  minutes 
heating was used , but it was found that thi s 

occ asionally gave vari abl e resul t s ,  especi ally 

in s�npl es cont aining l arge amount s  of calci t e .  

Analyses of somehi r;h-calci t e  samples showed that 

reproducifie resul t s  could be obt ained ei ther by 

( i ) carrying out a second extracti on wi th more 

alk ali , or ( i i ) heating the preci pi t ate wi th the 

alk ali  for 30 minutes instead of the ori ginal 
peri od of 1 5  minutes ( Table I . 5 ) . The use of more 

concentrated alkal i accelerated the di ssoluti on of 
the preci pi t ate , but led t o  rapid �l ogging of the 

burner . Conversely,  soluti ons as weak as 0 . 2 m 

could be used provided a l arger peri od of heating  
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was used , but a concentrati on of 0 . 5M was considered 

t o  offer the best compromi se between speed and economy . 

( i i ) Fl ame condi t i ons 
Both sensi tivi ty and more import ant ly , 

reproducibi l i ty ,  were found t o  be hi ghly dependent 
on a number of factors , including fl ame s toich;ometry ,  

the transverse posi ti on o f  the fl ame , the pre sence 

of ai r-draft s in the l aboratory ,  and the air 

vel oci ty in  the fume exhaust . 



Flame st i oc hi o m e t ry 

The vari ation of absorbance with the fuel t o  
ox:idant ( acetyl Ene to ni trous oxide ) rat i o  i s  given 

in  Table I . 6 .  The resul t s  show that the absorbance 

increases wi th increases in the rat i o .  For the 

l ow vel oci ty burner systems empl oyed in analytical 

atomic absorpti on , the reaction i s  wi dely accepted 
( Scobbie ,  1 97 3b ) as 

In a fuel ri ch fl ame ( Tabl e I . 6 )  the presence of 

reactive c arbonaceous  vapour species  aids  the 
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reducti on of the refract orytungsti c  oxi de to  tungsten 

atoms . However i f  the amount of exce s s  fuel i s  

increased beyond a cert ain point , solid c arbon particles  
form as an aggl omerati on of s oot , resul ting in rapid 

cl o gging of the burner sli t .  The presence of these 
solid particles i s  shown by the yel low inc ande scence 
of the fl ame ( Table  I . 6 ) . The acetylene / ni trous  oxi d e  
rat i o  chosen permi t ted the running of  up  t o  5 0  samples 

before the bui l d  up of soot si gni ficantly alt ered the 

geometry of the fl ame , thereby necessi t ating 

recal ibrat i on of the standard curve . 
Posi tion of the fl ame 
The hi gh temperature ( approximately 2900 deg. K . ) 

of the ni trous oxide - acetyl ene fl ame as used in 

atomic absorpti on analysi s is  undoubtedly another maj or 

factor in enabling i t  to di ssoci ate the tungsten oxide 

formed in  the fl ame envi ronment . In the ni trous oxi de-

acetylene fl ame , the temperature in the int er canal zone 
i s  rel atively const ant ( Scobbi e ,  1 97 3b ) . Hence the 

hei ght l ocat i on of the burner i s  not very cri ti c al ; 

an increase in  hei ght from 2 - 3 mm above the burner 
t op (where maximum absorbance occured ) t o  1 0  mm was 

found to resul t i n  a decrease in abs orbance of only 5% .  
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Table I . 5 

Effect of time on extracti on of tungsten from aci d  

decomposi tion residue wi th potassium hydroxide 

Extracti on time Sample 

1 5 minute s  A B c 

% \rlQ3 from first extracti on 5 6 . 4  23 . 2  1 .  96 

% v.JO 3 from second extracti on 7 . 40 4 . 30 0 . 1 3 

% uo in residue a 0 . 1 8  0 . 1 1  o .  01 3 

TOTAL % HO 3 64 . 0 27 . 6  2 . 1 0  

30 minutes A B c 

% \rJ0 3 from firs t extracti on 6 3 . 9  27 . 4  2 . 08 

% vm3 from second extraction 0 . 20 o. 1 1  o .  01 

% \:10 3 in  residuea < o .  001 < 0 . 001 < 0 . 001 

TOTAL % \1]03 64 . 1 27 . 5  2 . 08 

a Determined col orimetrically 
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Table I . 6  

Fl ow rate ( 1 min-1 ) N4o Absorbance Hei ght of Type of 
acetylene nitrous oxide ;c2H2 500 ppm \1 red cone fl ame 

7 . 0  1 4 . 0  2 .  0 1(· 

7 . 0  1 3 . 0 1 .  8 5  
7 . 0  1 2 . 1  1 . 7 
7 . 0  1 1  • 2 1 • 6 * *  

7 . 0  1 o . 5 1 • 5 
7 . 0  9 . 8 1 . 4 

0 . 02 
0 . 1 0  
0 . 1 6  
0 . 22 
0 . 24 
0 . 26 

. ( mm) 

2 
5-1 0 

1 5-20 
20-25 

25-30 
30-40 

lean 

) � analytical 

) range 

ri c}1 

ri c{l 
7 . 0  9 . 1  1 • 3 0 . 26 luminescent very . rich 

* S toichiometri c  rat i o  
* *  Fuel-ri ch rat i o  used for analyti cal work 
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Thi s transverse posi ti on of the fl ame i s  however 

cri ti cal in  obtaining maximum absorbance and more 

import antly in obt aining as linear a standard curve 

as possibl e , and hence the fl ame must be l ocated 

preci sely by mani pul ati on of both the transverse 

and rotati onal burner control s .  The reas on for 

the import ance of the transverse posi ti on of the 

fl �ne i s  exempli fi ed by the absorpti on profi les  for 
the absorbance from a 5 00 p . p . m .  tungsten st andard in  

fuel-rich and lean ni trous oxi de-acetyl ene fl ames 
( Fi g. I . 9 ) o The fuel-ri ch fl ame , al though giving much 

hi gher absorbance , shows 

absorb cnce wi th di stance 
than did the l ean fl ame . 

a much sharper decrease in  

from the centre of  the fl ame 
Chakrabarti � � ( 1 97 0 ) 

obt ained simi l ar differences in absorpti on profi l es 

between rich and lean fl ames for other elements , but 
di d not comment on thi s import ant aspect . 

Air drauqht s in the l aboratory 
The presence of ai r draught s i n  the l aborat ory 

si gnificantly reduced the reproducibi l i ty of the 

method , no doubt due t o  their buffeting acti on on 
the fl ame . As seen in  the previ ous section ,  

di spl acement o r  di storti on o f  the fl ame geometry 

would have a marked effect on absorbance .  

-Ai r vel oci ty in  the fume exhaust 

Calcul ati ons of the ai r vel oci ty in  the fume 

exhaust were made using a Dwyer Air Vel oci ty Calcul ator . 

I t  was found that the normal ai r vel oci ty was 

approximately 400 metres/minute , wi th normal 
minimum and maximum of 380 and 41 5 respectively . 

On very windy days  however the ai r vel oci ty c ould 
vary from 250 - 480 metres/minute over the space of 

a few minute s .  Under these condi tions , s t abi l i ty 
of the fl ame and hence of absorbance was very poor , 

and analyses could not be carried out under the se 
condi ti ons . 
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Fi g. 1 . 9 . Ab sorption profiles  for tungs t en 
( 0 . 1 % ) in rich and lean ni trous -
oxide acetylene fl ames . 



46 

( i ii ) Calibrat i on curve 

Fi g.  I . 1 0a shows the ini t i al c alibrat i on curve 

obtained wi th no scal e  expansi on for whi ch st andards 

cont aining up to 1 % tungsten in soluti on ( representing 

5 0/S \·l in the ori ginal sample )  were used . Because of 
the severe non-l ineari ty of the absorbance curve , 

hi gh-grade sampl es  could not be analysed wi th better 

than + 1 0% accuracy . The curvature of the line i s  

partly due to the f act that the absorbing line usen, 

at 255 . 1  nm ,  is sub j ect  to  spectral interference from 

another nearby tungsten line ( 25 5 . 0nm) . The 

closeness of thi s non-absorbing line makes  i t  

di fficul t t o  i sol at e the 255 . 1  run wave length, and 
hence the resul t ant tungsten absorbance i s  non-l inear .  

An addi ti onal cause o f  the non-lineari ty i s  

broadening of the l ine source .  I:.Jhen the l amp i s  

operated at l1i c;h current , as i s  necessary for 

tungsten ,  the width of the emi t ted line i s  greater. 

Ground s t a te at oms spv t t ered at hi gh current from 
the cathode �n l l  absorb l i ght at the central 

wavelength just as they would in the fl ame . 

The resul t i s  a considerable change in the l ine 
profi le ,  as i s  shmvn in Fi g.  I .  1 1 . Absorpti on 
behavi our i s  not uni form over thi s width ,  and the 

area of in te�ecti on between emi 3si on and absorpti on 
profi les does not increase uni formly wi th 

concentrati on , but wi l l  curve towards the concentrati on 

asymptot e .  
Superi or accuracy of hi gh grade samples  

C± o . 2% ) was achieved , wi th the aid of t scale 

expansi on , by using only standards covering the range 
0 - 1 000 ppm tungsten in  soluti on ,  and di luting the 

s illnple soluti ons as required . Although the 
curvature i s  not reduced , the expansi on of the readings 

makes it  less noticeable and permi t s  more accurate 
readings ( Fi g. I . 1 0b ) . 
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Experimental 

( i )  Equipment 

The di gesti ons were c arri ed out in 50 e r) 
polypropyl ene beill<ers suspended over a boi ling 
water bath . 

Atomic absorption measurement s were carri ed 

out wi th a Varian Techt ronAA5 A t omic Absorpti on 
Spectrophotometer under the condi ti ons li sted bel ow 

S ource : ASL hollow-cathode l amp at 20mA 
255 . 1  n m 

Sli t width 0 . 1 5  run 
Burner : Techhon AB50 
Gas mixture : ni trous  oxide , flow rat e 7 . 5  

. at 
scale uni t s  ( 20 p . s . l � t ank ) acetylene 
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fl ow rate 8 . 0  scal e uni t s  ( 1 0  p. s . i . at .  t ank ) , 

red cone 1 5 , n.m hi gh. 
Scal e  expdnsi on : approximately 40% .  

( i i )  S t andard tungsten solutions 
Di s solve 6 . 30 g of tungsten trioxide ( 99 . 9% )  

i n  hot 0 . 5 H pot assium hydroxide , and make up t o  
5 00 cm3 wi th the alkali . Thi s gives a soluti on 
cont aining 1 0 , 000 ppm tungsten in soluti on .  From 
thi s prepare solutions cont aining 1 00 ,  25 0 ,  5 00 , 
7 50 and 1 000 ppm by di luting wi th 0 . 5 M pot as sium 
hydroxide . 

( i i i )  Digest i on of the sillnple .  

Di ges t  0 . 200 g.  sampl es of  ore or concentrate 
wi th 1 0  cm3 of a 1 : 1 mixture ofhy chfluori c ( 40% , 
AR) and ni tric (c g .  1 • 4 2 .  AP-) acids in polypropylene 
beakers over a boi l ing water bath.  l·lhen samples 
have evaporated to  dryne ss  ( 2-3 hours ) ,  add 1 0cm3 

of 0 . 5M potassirun hydroxide and continue heating  for 
30 minutes at approx . 8 0  deg . c .  Transfer solut i on 
and any residue into a 1 0cm3 graduated centri fu ge 



tube , washing in wi th di stil l ed water. Hake up t o  
1 0cm3 wi th disti lled water , mix , and centri fuge for 
2 minutes at 5000 n p .  m . 
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( iv . ) At omic absorpt i on determination of tunqsten 
Set scale expansi on so that the 500 ppm. st andard 

gi Vc� an absorbance of o .  20-25 , using 0 .  5N pot as sium 

hydroxide as  bl ank ( thi s wi l l  read 0 . 01 above 
di stilled water ) . Check 5 00 ppm standard between 
each sample .  For s�npl es that are off the scal e ,  
di lute a s  nece ssary (up to  20  time s )  t o  get reading 
on curve . 

( e) Reproducibi l i ty and recovery test s 
( i )  Recovery of tungsten 
Table 1 . 7  shows the resul ts  of replic ate  

analyses of a l ow-grade ore , to  which known 
�nounts  of tungsten t rioxide had been added . 
Recovery was complete wi thin the preci si on of the 
method . 

( i i )  Reproducibi l i ty and accuracy 
Table I . 8  summari ses analytical dat a for 

tungsten in  synthetic sillnples  and in selected 
s ampl es of scheelite  and wol frami te ores . Table 
1 . 9  present s dat� for 20 separate analyses of the 
same s ampl e done on 20 di fferent days , and re-reading 
of the ori ginal sampl e soluti on on each of the 20 
day s .  Final ly , Table 1 . 1 0 shows a compari s on of 
resul t s  by thi s  method and by the cal orimetri c  
method. 

( £ )  Interference s 
The use of pot as sium hydroxide as a matrix 

has several advantages  : ( i )  The presence of a 
readily i oni sed element such as potassium enhances 
the tungsten absorpti on by acting as a ioni s at i on 
suppressant ( Thomas and Pickering, 1 97 1 ; S c obbi e ,  1 97 3 )  



Table I .  7 

Recovery of uo3 added to  l ow-crade ore s ampl e 

v103 added 

( mg ) 

0 

5 0  

1 00 
1 50 

a 1·10 3 recovered 

( mg )  

1 • 0 

50 . 9  
1 00 . 8  
1 5 0 . 2 

a Hean of 8 determinati ons 

Coeffici ent of 

vari ati on ( % )  

± 5 . 1  

± 1 • 9 
+ 0 . 7  

± 1 • 0 
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Table I .  8 

Analytical date for repl icate determinati ons of tungsten 
ln synthetic s t andards and ore sample s  

A ( 29 . 0% v7o3 ) 
B ( 1 0 .  O'(o \"0 3 ) 

c ( 4 . 8% \-103 ) 

D ( 0 . 48% v103 ) 

Scheelite  ore , Vlestl and 
Scheelite ore , Harl borough 

Hol frami te ore , \le stl and 

Heanb 

% \·103 

29 . 2  
1 o .  1 

4 . 8 5  
0 . 49 
9 . 6  

40 . 7  
27 . 6  

coeffici ent of 

vari ati on ( 'la )  

+ 1 • 1 

+ 2 . 5 

+ 2 . 3 

± 2 . 6  

± 2 . 7  
+ 2 . 2 

+ 1 • 2 

a Synthetic s t andards (A, B ,  c,  D )  by courtesy of 

Profes sor M. H .  Buc 1�nham , Ot ago Universi ty .  

b Mean o f  8 determinati ons 
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and, because i t  i s  present i n  far greater concentrations 

than any other readi ly ioni sed element s ,  there i s  no 

need for the cl ose 1natching of sample and standard 

solutions required in other method.. ( Rooney and 

Prat t ,  1 97 2 ) ; ( ii ) In alkal i  soluti on ,  tungsten exi s t s  

sol ely as the monanenc tungs t ate ani on ( Cotton and 

1ifi lkinson,  1 967 ) and hence the problems as soci ated 

with the formation of vari ous polyani ons of varying 

stabi l i ti es when an acid matrix i s  used are not 

encountered J ( iii ) the element s most likely t o  

interfere i f  present i n  l arge concentrati ons are 

preipi t ated. The di gesti on of the sample vn th 

hydrofluoric  and ni tric  acid ensures that the 

met all ic elements are converted to their oxides .  

Hence even the amphoteric  element s i ron and alwninium, 

many of whose sal t s  are soluble in alkal i , are present 

only in small amount s  in the sample soluti ons because 

of the insoluble mixture of their oxides . I ron and 

aluminium were analysed in over 1 30 s�nple soluti ons 

pri or t o  the determination of tungsten.  The hi ghes t  

concentrat i on o f  iron found was a mere 2 0  ppm ,  mos t  

values were less than 1 ppm. Thi s is  not surpri sing 

as FeO, Fe2 o3 and Fe ( OH ) 2 are al l insoluble in 0 . 5 M 
alkali ( Fe (OH ) 2 is soluble only in hot concent rated 

alkal i ) . The concentrati ons of aluminium found varied 

from less  than 5 ppm t o  37 5 ppm, wi th a mean of 1 00 

ppm, the hi gher concentrati ons of aluminium than i ron 

being due t o  the more amphoteri c�ature of A1 ( OH ) 3 • 

However investi gation showed that concentrati ons of 

up to 2000 ppm aluminium had no effect on the 

absorbance by tungsten . The method therefore appears 

to be compl etely free of interferences .  
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Table I .  9 

Analyti c al dat a for determinat i on of tungsten in  one 
sample on twenty consecutive days 

% v.J03 
Day Ori glnal sampl e 

S oluti on Reassay of 
same s ampl e  

1 23 . 4  24 . 3 
2 23 . 6  24 . 1  
3 23 . 6  24 . 0  
4 24 . 0  2 3 . 2 
5 23 . 8  23 . 5  
6 23 . 1  2 3 . 6 

7 23 . 0  22 . 9 
8 2 3 . 9 24 . 0  
9 2 3 . 5 23 . 4  

1 0  23 . 5  23 . 3  

% wo3 Day Orl glnal S ampl e  
Solution Reass ay of 

s ame sample 

1 1  23 . 6  23 . 7  
1 2 23 . 4  23 . 9  
1 3 23 . 0 2 3 . 8 
1 4  23 . 7  2 3 . 8  
1 5 23 . 5  2 3 . 6  
1 6 23 . 4  2 3 . 4 
1 7  23 . 9  24 . 4  
1 8 23 . 8  24 . 2 
1 9 2 3 . 8 2 3 . 6  

20 2 3 . 3 2 3 . 2 
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( g) Sensi tivi ty 

Al though the ori ginal requirement was only for 

a method capabl e of analysing samples  cont aining more 
than 1 'Ya vJO 3 , the sensi ti vi ty of the method i s  much 

bet ter than thi s and concentrati ons as low as 200 ppm 

in the ori ginal sample can be determined. 
( h) Productivi t:z 
The inherent simplici ty of the method l ends 

i t sel f to  a hi gh productivi ty , and a fi gure of 1 00 
samples  per 1 11an- day could be easily achieved . 

( i ) Conclusi on 
I t  i s  concluded that thi s investi gation had 

resul ted in  the devel opment of a rapid and accurate 

method for the determinati on of tungsten in ores and 
concentrat e s ,  and which, unlike previously publ i shed 

procedures ,  was not subj ect t o  complex soluti on 

equi libri a and condensed phase interference effec t s .  



Tabl e I . 1  0 

Compari son of at omi c absorpti on and cal orimetri c  
analysi s o f  tungsten ores 
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S ample Atomic Absorption Col orimetry 

1 1 • 25 1 • 1 3 

2 o . 07 5 0 . 07 

3 0 . 24 0 . 22 

4 1 . 80  1 • 56  

5 0 . 1 7  0 . 1 6  

6 0 . 1 9  0 . 1 8  

7 7 . 8 5 6 . 1 5 

8 1 . 1  9 1 .  09 

9 0 . 1  5 0 . 1 0  

1 0  0 . 22  0 . 1 9  

1 1 1 . 1 9 1 .  06 

1 2  3 .  7 0  3 .  01 

1 3 1 • 9 1  1 .  47 

1 4  0 . 8 8  0 . 92 

1 5  o .  21 0 . 22  



C .  HOLYBDENUM 
1 .  Li terature survey 
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As menti oned earli er, the di thiol colorimetric 
method was considered to  be the be st al l-round analytical 

techni que avai l abl e for the determination of 
molybdenum in geochemi cal and pl ant sample s . 

At omic absorpti on spec trometry , al though 
giving considerably better sensi t ivi ty for molybdenum 
than for tungsten ( 0 . 3 3  p . p . m . and 5 . 8  p . p . m . 
respectively for 1 %  absorpti on ) , i s  still insuffici ently 
sensi tive for the routine determination of moiybdenum 
in most  sampl e s ,  as the di lution necessary to bring 
solid sampl es into soluti on t akes  the real sensi tivi ty 
beyond the average abundance of molybdenum� 0 . 1 - 3 

ppm in pl ant s ,  soi l s  and rock s ( Brooks , 1 97 2 ) . 
Van Loon ( 1 97 2 ) found 3 p . p . m . molybdenum to  be a 
practi c al limi t of detecti on by conventi onal at omic 
absorpti on.  Horeover , Di lli  � � ( 1 974 )  demonstrated 

that the acids present in the sample soluti on give ri se 
to vari able  and unpredictable effect s  on the 
determinati on of molybdenum. 

Henning and Jack son ( 1 97 3 )  used a graphi t e  
furnace to  determine molybdenum in pl ant ti ssue by 
fl amele ss  atomic absorpti on ,  obt aining a detect i on 
limit of approximately 0 . 1 ppm. However the 
determinat i on of small amount s  of molybdenum has 
more commonly been used by c onventi onal at omic abs orpti on 
in combinat i on wi th solvent ext rac t i on. various 
combinati ons of c omplexing agents  and organic solvents  
have been u sed , including oxine and methyl n-amyl 
ketone ( Butl er and Mathews , 1 96 6 ) ; oxine and methyl 
i sobutyl ketone ( Chan and Lum-Shue-Cham, 1 969 ) ; 

thi ocyanate and butyl acetate  ( Gros z, 1 97 0 )  ; methyl 
tricapryl ammonium chl oride and methyl i sobutyl ketone 



( Rao , 1 97 1 ) ; benzoin -oxime and chl oroform 
( Hutchinson ,  1 97 2 ) , and thi ocyanate and methyl 
i sobutyl ketone ( Kim � �, 1 97 4 ) . Al though these 
procedures achi eved a sat i sfactory sensi tivi ty , 
and ci rcumvent the interference effects  of the acids 
present in the sample soluti on ,  the vari ous 
extraction steps n ullified the speed advantage 
of the atomic absorpti on techni que because they 
did not l end themselves to  simul t aneous treatment 
of l arge batches of sampl es . 

Emi s si on spectrography has been used 
extensively in geochemical and bi o geochemic al 
explorati on for molybdenum ( Brook s , 1 97 2 )  but i t s  
sensi t i  vi ty of 5 p .  p . m . (Ahrens and Tayl or , 1 96 1 ) 
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made i t  unsui tabl e for much of the work c arri ed out in 
thi s thesi s .  l'1oreover , the method has a very l ow 
productivi ty ( 30 sampl es per man day ,  Quin ,  1 97 2 )  and 
hence emi s si on spectrography was not considered further. 

Of the vari ous cal orimetric methods in use for 
the determinati on of molybdenum ( Elwell and vlood ( 1 97 1 ) 
l i s t  approximately 80  reagent s that have been used ) , 

only those empl oying thi o c. yanate and toluene-3 , 

4-di thi ol have found wide appl i cati on in the analysi s 
of geochemic al and pl ant sample s . Studies of the 
l i terature convinced the author that the di thi ol 
method was inherently more sensi tive , reli abl e ,  and 
reproducibl e .  The molybdenum thi ocyanate complex 
has been �ndely cri tici sed for i t s  lack of stabi l i ty 
and reproduci bi li ty ,  ( crouthamel and Johnson ,  1 95 4  ; 
Hobart and Hurley, 1 96 2 ; 'I:Jil son and McFarl and , 1 964  
Chan and Ri ley ,  1 966 ) and recent work by Greenl and and 
Li llie  ( 1 974 ) and others has shown that the react i on 
mechani sms involved are far more complex than ori ginally 
thought . Moreover , the l ower extincti on coefficient 



of the thi ocyanate method has meant that i t  does  not 
have comparable sensitivi ty to the di thi ol procedure 
the detecti on l imi t s  of even very recent procedure s 
( Lillie  and Greenl and , 1 974 ; S avani ar � ·al 1 97 4 )  
are no bet ter than 0 . 1  �g ( representing 0 . 5 p . p . m .  
for the widely used 0 . 2 g sampl e wei ght ) . 

2 .  Survey of exi stinq di thi ol procedures .  
Since the introducti on of the cal orimetri c  

method for the detecti on of molybdenum wi th to luene-
3 ,  4-di thi ol ( di thi ol ) by Hamence ( 1 940 ) and Mi ller  
( Mi l ler and Lowe , 1 940 ; Mil ler ,  1 941 ) the method 
has been appl i ed t o  the determinati on of molybdenum 
in a wide range of materi al s .  Basical ly the method 
c onsi s t s  of ( i )  sample decomp osi t i on ,  ( i i )  a:idi t i on 
of di thi ol soluti on t o  the acidi fied sample s olut i on ,  
and ( i i i )  extracti on of the green molybdenum -
di thiol complex into an organic solvent for 

calorimetri c det erminati on.  Methods for the analysi s 
of pl ant s include those of Pi per and Beckwi th ( 1 948 ) ,  
Bingl ey ( 1 95 9 ) , Gv pt a and 1'1ackay ( 1 96 5 ) and 
S sekaal o ( 1 97 1  ) .  All these methods except that of 

Gupt a nnd i'1ackay ( 1 96 5 ) uti l i sed mixtures of ni t ri c ,  

sul phuric and perchl oric aci d  t o  di gest  pl ant 
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materi al ; the l at ter authors used a mixture of 
sul phuric aci d  and hydrogen peroxide .  After di gestion 
of the s ample ,  Pi per and Beckwi th ( 1 948 ) extrac ted 
copper wi th di thi zone before extracting molybdenum 
wi th a s oluti on of cupferron in chloroform .  The 
cup £erron was then � e s t roy ed and the molybdenum
di thi ol complex preci pi t at ed before being ext ract ed 
into amyl acetate  for cal orimetri c  determinati on : 
Bingley ( 1 9 5 9 )  found that the addi tion of iron t o  the 
s ample di ges t  pri or to the extraction of the molybdenum 
di thi ol complex was neces sary t o  obtain ful l  c olour 
produc t i on .  
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1'-'lethods for the analysi s of bi olooi cal materi al s 
have been described by Bickford � � ( 1 948 ) ,  Al l en and 
Hami l t on ( 1 9 5 2 )  and Bingley ( 1 96 3 ) . Hickford g £ ( 1 948 ) 
used a sul phuric and ni tri c  acid di gest .  Ci tric acid 
was added to complex any tungsten present before 
extracti on of molybdenum. Allen and Hamil t on ( 1 9 5 2 )  
and Bingley ( 1 96 3 )  used mixtures o f  ni tric sul phuric 
and perchl oric acids for s ample d2composi t i on .  
Al l en a!lJ I I<.l;.d. l t on ( 1 9 5 2 )  then extracted copper wi th 
di thi zone , after the method o f  PipeJand Beckwi th ( 1 948 ) , 

then precipi t ated and extracted the cupferrate c omplex 
of molybdenum, final ly di ge s ting the cup?errates  
before predpit ating the di thi ol c omplex and extracting 
i t  into petroleum ether.  Bingley ( 1 96 3 )  used thioun� a 
to  control copper interference . There have been 
many procedures publi shed for the determinati on of 
molybdenum in geochemical s amples . Cl ark and Axley ( 1 9 5 5 ) 
used a sodium c artonate fusi on for the analysi s of s oi l s  
and rocks .  Interference by fe:rric iron was eliminated by 
reducti on wi th pot assium i odide and sodium thi osul phate .  
Jeffery ( 1 9 5 6 ) used a sodium hydroxid e fusion for the 
determinat i on of molybdenum in silicate rock s .  The 
metal was extracted from the sample soluti on into a 
soluti on of �-benzi onoxime in ethanol and chl oroform. 

After di stil ling off the organic solvent , sul phuric  acid  
was added to  destroy the organic mat ter pres ent before 
the addi t i on of the di thi ol s oluti on.  North ( 1 9 5 6 ) 
used a modi fied carbonate flux for the f i el d  determinati on 
of molybdenum in s oi l s .  vlatkinson ( 1 9 58 )  used ani on

exchange t o  separate molybdenum from tungsten in s oi l s  
after di gesti on o f  the s ample \n th hydrofl uori c and 
hydrochl ori c  acids . Bak er ( 1 96 5 )  found 5N  hydrochloric 

acid t o  be sufficient t o  l each molybdenum from geochemical 
sample s .  Pot as sium i odide and sodium sulphate were 



added to  ensure compl ete reduction of i ron ( I I I ) 
before addi ti on of the di thi ol soluti on and extraction 
int o chl oroform . S t anton and Hardwi ck ( 1 967 ) used a 

pot as sium hydrogen su l phate fusi on for the analysi s 
of soi l s ,  sediment s and rock s .  Interference from 
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i ron ( I II ) was prevent ed by reduction wi th axorbic 
aci d ,  while  pot assium i odide was added to reduce copper 
( I I ) .  Tungsten interference was suppressed by c areful 
control of the time all owed for complex f ormati on . 
Stubbs ( 1 96 8 ) used sodium hyp0Chl ori t e  t o  leach 
molybdenum from geochemical s ample s  in the fi eld ,  
pri or t o  i t s  quali t ative detec tion by the addit i on of 
solid zinc di thi ol . Final ly S t anton ( 1 97 0 )  modi fied 
hi s earli er procedure ( Stanton and Hardw±.ck , 1 967 ) by 
repl acing the acid fusi on wi th perchl ori c acid 

di ges ti on . 
More speci ali sed geochemi cal procedures i ncluded 

those of Jeffery ( 1 95 6 ) ,  who used a s odium hydroxide 
fusion for the analyses of molybdenum in tungsten ores . 
ci tric acid was u sed to  help  suppres s  formati on of the 
tungsten di thi ol complex , but ,  when the concentrati on of  
molybdenum was less  than 5 00 p . p . m . , correct i on for 
tungsten inteTference was neces sary by measurement of 
the optic al densi ty of the organic extract at two 
wavelengths . Skewes ( 1 9 5 9 ) , in hi s method for the 
determinati on of molybdenum in copper ores , firstly 

extracted the molybdenum as i t s  benzi onoxii'fi€' - -
complex int o  chl oroform,  then boi l ed off the chloroform 
before the addi t i on of sul phuric acid and di thi ol . 

Thi s l arge number of procedures has ari sen 

partly as a resul t of individual workers devel oping 
speci ali sed techni que s which best seemed to fulfi l their 
particul ar requi rement s ,  and partly as a result  of  

insufficient i nvesti gation int o  the  parameters involved , 
\� th the resul t that few i f  any of these procedures 



could be easily .,todi fi ed t o  pcr:.1i t the �-�.:.::.lysi s of 
other types of s ample .  Attempt s  at devel oping 
general - purpose procedures have been made by 
Marshal l ( 1 964)  and Chan and Ri ley ( 1 966 ) .  Harshal l 

( 1 964)  described procedures for the determinat i on of 
molybdenum in soi l s , stream sediment s , rocks and 
vegetati on . Geochemical samples  were leached wi th 
hydrochl ori c acid while  pl ant materi al was dry ashed 
before being di ssolved in acid .  I ron interference 
i s  suppres sed by reduction wi th ascorbi c acid ,  

and after the addi ti on of di thi ol , the molybdenum 

di thiol complex was extracted into chloroform.  
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However thi s method necessi t ated the use  of  l arge 
s ampl e si ze� was subj ect t o  interference from tungsten 
and copper, 

and pl ant s ampl es  parti cul arly were 
susceptible t o  turbidi ty due t o  the di spersi on of 
water drople t s  in the chl oroform .  The method of 
Chan and Riley ( 1 96 6 ) ,  for the analysi s of si l i c ate1s 
and bi ol ogical materi al s ,  al though being rel atively 
free of interferences , was not suitable for the 
routine analysi s of l arge numbers of sample s .  The 
method utili sed l arge s ampl e wei ghts  ( 0 . 5 -1 g of 
silicates  and 1 0g of bi ologi c al materi al s )  and 
extremely l arge sillnpl e soluti ons  ( 200 cm3 for silicates  
and 5 00 cm3 for bi ol ogi c al samples ) . Moreover ,  a 

l arge number of steps were involved in the procedure 
( 1 0 s olut i on addi t i ons and volume adjustment s ) . 

The vari ed investi gati ons carried out in  thi s 
thesi s necessi tated the devel opment of a rapid ,  

accurate and sensi tive method , which,  wi th minimal 
al terati on ,  could be used for the determinat i on of 
molybdenum in a wide range of geochemical and pl ant 
sample s .  The method had to  be sui t able for the 



analysi s of tungsten ore s ,  and hence tungsten 
interference had to  be compl etely eliminated .  For 
geochemi cal expl orati on purposes ,  the method had t o  
have a hi gh t olerance t o  copper,  due t o  the common 
as soci ati on of these two element s in ore deposi t s .  

For bi ogeochemic al expl orati on and e speci al ly pl ant 

study purposes , the method had t o  be extremely 
sensi tive , to permi t the use of small sample s .  
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Thi s secti on describes the devel opment of such a method . 
3 .  Development of the method 
In general terms , the three maj or point s 

requi ring investi gati on were ( i ) decomposi tion of 
sample s ,  ( i i ) formati on and extraction of the 
molybdenum-di thi ol complex , and ( i i i ) eliminati on 
of interferences . 

( a ) Preliminary treatment of samples  
( i ) Ashin0 of  bot anic al samples 

Dry ashing at 5 00 deg .  c .  gave simil ar resul t s  
t o  wet ashing with a mixture o f  ni tri c ,  sulphuric and 
perchl oric acids , as used by Pi per and Beckwi th ( 1 948 ) , 

All en and Hamil t on ( 1 95 2 ) , Bingley ( 1 95 9 ) , Bingl ey ( 1 96 3 ) , 
and S sek a al o  ( 1 97 1 ) ( Table I . 1 1  ) . As no chemic al s  or 
survei l l ance i s  required i n  dry ashing, thi s method 
was adopted . The ashing of 2 g of pl ant materi al 
in 1 50 x 1 6  mm test tubes ,  for example ,  takes a 
maximum of 20 hours at 5 00 de g.  c .  I f  required , 
faster ashing  could be achi eved by the use of l arger 

tubes or beill<ers . 
( i i ) Fusi on of geochemical s amples  

Fusi on wi th pot assium hydrogen sul phate at  
5 50 de g .  c .  may be  c arried out in  borosi li c at e  test  
tubes ,  which wil l  las t  for 1 5  - 20 fusions before 
becoming very bri t tl e .  During the fusion ,  molybdenum 
i s  converted int o soluble  molybdate . Any organic 
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mat ter i s  comple t ely decomposed . S tanton and Hardw ick 
( 1 967 ) had demonstrated that thi s fusi on gives much 
more reproduci ble  resul t s  than the l ow temperature 
sodium carbonat e - sodium chl oride - potassium 
ni trate fusi on of North ( 1 9 5 6 ) , and gi ve·s simil ar 
resul ts  to di gesti on wi th perchloric acid ( St anton ,  
1 97 0 ) . Table I .  1 2 shows a compari son of resul t s  by 
potassium hydrogen sulphate fusi on and di ge stion wi th  
a mixture of  ni tri c  and hydrofluoric acid . Good 
agreement was achi eved , and the fusi on techni que 
was chosen for i t s  simplicity and more sui table 
appli cati on to l arge batches of s ampl e s .  

( i i i ) Di ssoluti on o f  s t e€1 sillnple s  
Although not o f  direct application in  thi s 

work , i t  was of i nterest to  determine whether the 
method devel oped was sufficiently versati le  t o  permi t 
the det erminati on of molybdenum i n  steel s .  A 1 : 1  
mixture of hydrochl oric and ni t ri c  acids was used t o  
di s solve steel s ampl es in  polypropylene beakers over 
a boi l ing water bath . After evaporation t o  drynes s ,  
the residue was treated with a further 2 cm3 of ni tric 

acid t o  ensure that al l molybdenum present was 
oxidi sed to molybdenum ( VI ) . 
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Table 1 . 1 1 

C ompari son of dry and wet ashing of plant materi al 

a S ample Molybdenum (p. p. m .  dry wei qht ) 
Dry ashing Het ashing 

Rye grass 3 . 4  3 . 4  

Red clover 9 . 2 9 . 3 
Oleari a rani 3 3 . 0 3 2 . 5 
Nothofaqus fuse a 0 . 7 5  0 . 6 2  

a Average of five determinati ons 



Table 1 . 1  2 

C ompari son of KHS04 fusi on and HF/HN03 di gestion of 

geochemi cal s amples  

S ample  Molybdenum (p. p . m . )  

64 

KHS04 fusion HF/HN03 di ge stion 

S oi l  3 . 1 3 . 2 
Soi l  21 0 205 
Na2 uo4 . 2H 2o ,A . R . 41 41 
Rock 0 . 8 5  0 . 9 5  
Stream sediment 21 20 



( b) Parameters affectinq the formation and 
extraction of the complex 
( i )  The nature of the di thi ol solvent . 

The possibl e  methods of adding the di thi ol are 
( a ) as solid zinc di thi ol ( Stubbs ,  1 968 ) ; ( b )  as  
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a soluti on of di thi ol i n  i soamyl acet ate (Uell s and 
Pembert on , 1 941 ; North , 1 9 56 ) ,  so that format i on and 
extraction of the molybdenum - di thiol compl ex t ill<e 
pl ace simul taneously, and ( c )  as a sli ghtly basi c 
aqueous soluti on of di thi ol or i t s  zinc derivative 
( used in vi rtually al l other procedures ) .  In thi s 
c ase the complex i s  fi rst formed as a sli ghtly soluble 
suspensi on in the acid  soluti on , then extracted into 
an organi c solvent . 

Hethod ( a ) i s  unsui t able because di thi ol 
oxidi ses rapidly on exposure to ai r , and hence i s  
more conveni ently handl ed in soluti on .  

Bowden ( 1 964 )  has cri tici sed the use of the 
s olution of di thi ol in i soillnyl acet ate as in method 

( b ) , cl aiming that the reagent was unstable in thi s 
form ,  devel oping a hi gh yel l ow-green col our ( caused 
by formati on of oxidat i on product s  of di thi ol ) after 
only 3 days , even if kept in a refri gerator . 
H owever investi gat i on showed that the reagent prepared 
in thi s way was at least as stable as the aqueous 
solution used in  method ( c ) , the s olution being 
u sable even after a year if st ored in a refri gerator . 
Thi s indic ates  that the di thi ol used by Bowden must  

have been very impure . 
A further cri ticism of rnethod ( b )  was that 

extraction of molybdenum i s  very s l ow,  being incomplete 

even after 1 5  minutes shaking ( Pi per and Beckwi th , 1 948 ) .  
H owever investi gati on showed that complete extrac t i on 
of 1 0  J.A g  of molybdenum into a 1 %  soluti on of di thi ol 
in i s oillnyl acet at e  t ook only 4 minutes ( Fi g . I . 1 2 ) .  
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I n  method ( c ) , thi oglycol l ic acid i s  added t o  

the reagent soluti on t o  slow the oxidaLion of di thi ol , 
and the solution may be used for some months i f  
stored in a refri gerat or . The di thi ol , whi ch i s  

readi ly solubl e in aqueous  sodium hydroxide , 

precipi t ates  to form a whi t e  col loidal suspensi on 
when thi s s olution i s  added to  the acidic sampl e 
solut i on .  

In c ontrast t o  di thi ol , the molybdenum -
di thi 0¥compl ex i s  solubl e in many organi c solvent s ,  

and hence several , including petrol eum spiri t , butyl 

acetate , i soamyl acetat e ,  c arbon tetrachl ori de , and 
chl oroform have been used for the extracti on in  method 
( c ) . These solvent s were tested and al l were found 
to  compl etely extract the molybdenum , al though the 
time for compl ete extract i on vari ed considerably 
( Fi g .  I . 1 2 )  . 

I soamyl acet ate was chosen for the proposed 
procedure because of the rapi d ex traction obt ained 
and bec ause sampUYJ.g of the organic l ayer was 
cl eaner than wi th the denser-than water carbon 
tetrachl oride and chl oroform . The rate of reaction 
i s  even fast er at hi gher temperature ( Gi lbert , 1 95 6 ) ,  
but thi s al s o  favours the reaction of tungsten wi th 
di thi ol ( Bingley ,  1 95 9 ; S andel l ,  1 95 9 ) .  

( i i )  Acidi ty of the sampl e  soluti on .  
C ompl ete extracti on o f  molybdenum ( 1 0 rg) 

was obt ained from hydrochl oric acid over the range 
0 . 5H t o  8M . A final mol ari ty of 2M was chosen bec ause 

( i )  the compl exing of tungsten by ci tric acid i s  not 
complete  above 2 . 51'1 ( see l ater) , ( ii ) the abi l i ty of 
ascorbic aci d  to  reduce i ron ( I I I ) i s  impaired in 
soluti ons greater than 4 . 5M and ( iii ) concentrati ons 
l es s  than 2M had very l ow t olerance towards tin  
int erference ( see l ater ) . 



( c) Interferences from other el ement s 
The el ement s found t o  interfere were tungsten ,  

i ron , copper and tin.  
( i )  TUnqsten. 

Tungsten forms a blue-green di thi ol complex 
wi th an abs orpti on maximum at 6 30 run ( Bi ckford 
et al , 1 948 ) .  However interference from tungsten l S  

not a seri ous probl em t o  overcome , as ( i )  tungsten 

( as tungst ate ) i s  only sli ghtly soluble in aci d ,  
( i i )  i t  react s only very sl owly wi th di thi ol at room 
t emperature . Sodium tungs t ate analysed by the 
proposed geochemical procedure but wi thout ci t ric  

67  

aci d (using 0 . 2g ) , gave a absorbance equj valent t o  
only 8 ppm o f  molybdenum . However , i t  was consi dered 
desi rable t o  remove tungsten int erference al t o gether,  
so  that the procedure could be used to determine 
molybdenum in tungsten ores . Thi s was achi eved by 
the addi ti on of 20mg of c i t ric  acid which compl exes 
tungsten , thus preventing the formati on of tungsten 
di thi ol . As  sho•Jm in Table ! . 1 3 ,  i t  was e s senti al 
t o  keep the final acid  concentrati on at 2M , as  at 
hi gher acidi ties even greatly increased amount s  of 
ci tric aci d ,  as used by Marshall ( 1 964)  and S t anton 

( 1 97 0 ) , does not achi eve c omplete compl exin g  of al l 
the tungsten ,  and even 5 0  r g of tungsten interfered 
after 1 0  minutes standin g  ( St anton and Hardwick , 1 967 ) .  
Citri c  and the simi l ar t artari c acids have been u sed 
t o  compl ex tungsten at l ow acidi ties in several 

earlier procedures . 
S odium tungstate ( AR )  was used in te sting 

interference from tungst at e  as thi s gave hi gher 
s olubi l i ty of tungst en than , e . g . , calcium tungst at e  
( scheeli te )  or tungsten ( VI ) oxide .  However a s  thi s 
contained 41 ppm molybdenum ( Table  I . 1 4 ) ,  i t  was 



Table 1 . 1  3 

Effect of final acid  concentrat i on on compl exing of 
tungsten wi th ci t ric  acid 

S ampl e  

40 ppm molybdenum 
st andard 

S odium tungstate  (AR)  

Final acid  mol ari ty Ci tri c acid  
(H )  ( mg ) 

2 0 

2 20 

2 5 0  

3 0 

3 20 

3 5 0  

3 1 00 

2 . 5 0 

2 . 5 20 

2 . 5 5 0  

2 . 5 1 00 

2 0 

2 20 

2 5 0  

6 8  

A6 8 0/ 
A6 30 

A bJ .: .-p  r; . o  ... 
Re. t. � 

1 .  5 6  

1 • 5 6  

1 • 5 5  

o .  7 4  

0 . 8 0 

0 . 8 3  

0 . 8 6  

0 . 9 2 

1 .  30  

1 • 35  

1 • 35  

1 . 1  2 

1 .  5 6  

1 .  5 6  
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necessary t o  determine how much of the absorpti on was 
due to molybdenum . Thi s was done by measuring the 
A6 80/A6 30 rat i o  for pure molybdenum ( 1 . 56 )  and comparing 
thi s wi th the rat i o  achi eved wi th s odium tungstat e  

( Table I .  1 3 ) . 

Interference from tungsten i s  seen to  be 
completely el iminated wi th 20 mg of ci tric acid .  
" Specpure" tungst en (VI ) oxide was analysed and gave 

no measurable absorbance ( Table  1 . 1 4 ) .  
( i i )  � · Iron has been said  to interfere in  

a number of  ways : 
( a ) physically ,  the formati on of an i ron-di thi ol 
compl ex ( Cl ark , 1 9 5 8 ) ;  
( b )  col orimetri cal ly , by the interference of Fe 
( I I I ) extracted into the organi c solvent ( Cl ark 
and Axl ey ,  1 9 5 5 ; Baker , 1 96 5 ; Stant on and 
H ard wick , 1 967 ) ; 

( c )  by supres si on of the formati on of the 
molybdenum-di thi ol compl ex ( St anton and 
H ardwi ck , 1 967 ) ;  
( d )  by enhancement of the absorpti on of the 
molybdenum-di thi ol compl ex ( Allen and 
H ami l t on , 1 9 5 2 ) . 
( a ) Iron ( I l l ) forms a bl ack dithi ol complex 

sli ghtly solubl e in acid .  I t s  formati on i s  

compl etely su2 pressed ,  provided the final 
acid  concent ration i s  less  than 3M , by the 
presence of excess  ascorbic acid , which reduce s 
Fe ( I l l ) to  Fe ( I I ) , wi thout reducing Mo ( VI ) .  

Fe ( I I ) does not form a di thi ol complex . I ron 
( I l l ) i f  not reduced , may prevent complete 

format i on of the molybdenum di thi ol complex i f  
present i n  suffici ent concentration ,  by uti li sing 
all the avail able di thi ol .  The i ron-di thi ol 

c omplex i s  insolubl e in i soamyl acetate and hence 
does not interfere c ol orimetri cally . 
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Table I . 1 4  

Analytical dat a for repli cat e  determinati ons of niolybdenum 

S ample Number of Hean molybdenum Range Coeff . of 
determinations cone . ( ppm ) ( ppm ) varn . ( % )  

Fi sh liver 5 2 . 4  2 . 3- 2 . 6 ± 6 .  1 

Clover 1 0  9 . 2  8 . 9-9 . 3  + 1 • 5 

Rye grass 1 0  3 . 4  3 . 2-3 . 5 + 3 . 6  

Oleari a . a ranl 5 3 3 . 0  30 . 1 -36 . 2  + 7 . 3  

S oi l  1 0  0 . 9 5 0 . 9 1 . 0 . 97 + 2 .  1 

S oi l  a 
1 0  1 0 . 4  1 0 . 1 -1 0 . 7  + 1 • 7 

Scheelite  oreb 5 6 . 5  6 . 3-6 . 6  + 2 . 1  

Copper-lead orec 
5 7 . 5  6 . 9-8 . 2  ± 6 . 8 

A .  R .  grade S odium 5 41 39-4:5· + 3 . 9 
tungst ate  (<1 00ppm 
Ho ) 
B . s . c . No . 408 1 0  1 38 0  1 31 0-1 420 ± 3 .  1 
L ow All oy S t eel 
( 0 . 1 4% Mo ) 

a From area of molybdenum mineral i sati on ,  Nel son ,  
New Zeal and. 

b From area of scheeli t e  mineral i s ation ,  Ot ago , 
New Zeal and . 

c From area of copper-l ead minerali s ati on ,  Coromandel , 
New Zeal and . 
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( b ) I ron ( I I I ) will  extract i n  small illnount s  into 
organic s olvents including i soamyl acetate . Al though 
all Fe ( I I I ) i s  reduced by ascorbi c acid in the proposed 
procedure , s ome of the smal l amount s  of Fe ( II ) that may 
al so be extracted can be air-oxidi sed to Fe ( I I I ) . 
However the absorpti on of the yell ow Fe ( I I I ) speci es  
is  negli gi ble  at  680  run ; reportedly strong absorpti on 
i s  probably an arti fact resul ting from the use of 
spectrophot omet ers wi th poor di ffracti on gratings . 
The strong Fe ( I I I ) absorpti on peak at 37 5 nm wi l l  
show a peill< at doubl e thi s wavel ength,  vi z .  7 50 nm ,  

i f  a sui tabl e fil ter i s  not used ; thi s "peak "  wi l l  
resul t i n  si gni ficant absorpti on over the range 
6 30-8 5 0  nm . 

( c ) S t anton and Hardwick ( 1 967 ) reported that 
the presence of 2mg or more of i ron reduced the 
formati on of the molybdenum-di thi ol complex by 

approximately 1 0% ,  and recommended the addi tion of 
i ron to st andards and sampl es for the sake of 
reproducibi l i ty .  Investi gati ons of thi s procedure 
showed that thi s suppressi on was due to incomple t e  
reduct i on o f  F e  ( I I I ) due t o  the hi gh acid 
concentrat i on used . 

U sing the proposed procedure , compl ete recovery 

of an added 1 0  �g molybdenum was obtained from a 0 . 2 g  
sampl e of " S pecpure " Fe ( I I I ) oxide ; the oxide al one 
gave no interference .  

( d ) S everal earl ier procedures have stat ed that 
the presence of smal l amount s  of i ron i s  es senti al t o  
obt ain  complete formation of the molybdenum-di thi ol 
c omplex ( Al len and H amilton ,  1 95 2 ;  Bingley ,  1 95 9 ; 
Bingley ,  1 96 3 ) and/or that i t  increases the extinction 
coefficient of the complex ( Pi per and Beckwi th,  1 948 ; 
All en and Hruni l ton,  1 95 2 ) . However investi gati on 



showed that the presence of 2mg Fe ( I I ) did not 

si gni fi cantly increase the rate of extraction or 
formation of the molybdenum-di thiol compl ex at 
room temperature , whether the di thi ol was added as 
an aqueous soluti on or as a soluti on in i soamyl 
acetat e .  I t  seems probabl e ,  therefore , that any 
affect of i ron in earlier procedures was probably 
of a c atalytic nature , as has been proposed by 
Gi lbert ( 1 95 6 ) . 

As  stated earl ier,  then , the proposed procedure 
l S  c ompletely free from i ron interference of any 
type . 

( iii ) Copper 

7 2 

C opper ( I I ) interferes wi th the format i on of the 

molybdenum-di thi ol compl ex by rapidly forming a very 
s t able purpl i sh-bl ack di thi ol complex ( C l ark , 1 9 5 8 ) ,  
and c an therefore , i f  sufficient copper i s  present , 
uti l i se al l the di thi ol added . As wi th the i ron 
( I I I ) di thi ol compl ex , the copper complex i s  insoluble 

in  i soamyl acet ate and hence does not int erfere 
c olorimetrically .  Simply adding more Ji thi ol does 
not cure the problem however ,  as the suspensi on of 
c opper di thi ol at the acid-ester interface can prevent 
c omplete formati on and extracti on of the molybdenum
di thi ol . 

The addi tion of pot assium i odide suppresses copper 
i nt erference by reducing any cu ( I I ) not reduced by 
ascorbic acid  to  cu ( I ) , and preci pi tating i t  as 
c opper ( I ) i odide . Thi s method of reducing copper 
i nterference has been empl oyed by Stanton and Hardwick 
( 1 967 ) whi l s t  Cl ark and Axley ( 1 95 5 )  and Baker ( 1 9 6 5 ) 
h ave empl oyed i t  instead of ascorbic  aci d  t o  reduce 
i ron ( I I I ) . S t anton ' s  method has a t ol erat i on of 2mg 
c opper ; al though i t  i s  s tated that more c an be tolerated 
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by the addi t i on of more potassium i odide ( st ant on and 
Hardwi ck , 1 967 ) ,  investi gat i on of thi s procedure showed 
that thi s was not the case , due t o  ei ther the tendency 
of the ascorbic acid t o  reduce the i odine ) formed by 
reduct i on of copper ( I I ) ,  back t o  i odi l1e or the 
tendency for l arge a�ount s of i odi de to reduce molybdate 
to  the green Mooc1 5

2- species  ( MoV ) in st rong aci d  
( Jorgenson,  1 96 2 ) . The former c ase would permi t 
more copper-di thi ol to  form ; the l atter would suppres s  
the formation of molybdenum-di thi ol . 

The proposed procedure permi t s  the complete  

extrac t i on of  molybdenum in the presence of  �p  to  
5mg  copper ( representing 0 . 5% , 5% and 1 00% in 
biologi c al , geochemi c al and steel samples  respectively ) .  
For practical purposes then , the procedure may be 
as sumed t o  be free from copper interference as , i f  
i n  any o f  the former cases the l imi t i s  exceeded , as 
for example in copper ore s , i t  l S  only necessary t o  
reduce the sampl e si ze . Thi s i s  far more conveni ent 
than having t o  extract the copper first , using 
reagents  such as di thi zone ( Bi ckford et �, 1 948 ; 
Pi per and Beckwi th , 1 948 ) or ex tracting molybdenum 
as the benzoinoxime ( Jeffery , 1 95 6 ; Skewes ,  1 95 9 ) 
or cupferron ( Piper and Beckwi th , 1 948 ; Allen and 
Hami l t on ,  1 9 5 2 )  compl ex before c onverting i t  t o  

the di thi ol complex . 
The proposed procedure , then , has a greater t ol erance 

t o  copper than earli er procedures ,  permi t ting the 
determinati on of molybdenum in hi gh-copper samples  
wi thout pri or separat i on .  some i odine is  ext racted 
into the i soamyl acet at e ,  but i t s  absorpti on at 6 80 nm 

i s  negl i gi bl e .  The abs orpti on should be measured 
wi thin 2 hours of adding the i soamyl acet at e  however, 
as the di thi ol i s  gradually oxi datively decomposed as 
more i odine i s  extrac ted .  



( iv ) Tin .  
Like copper , � i n  interferes by forming a 

di thi ol compl ex , ( Cl ark , 1 9 5 8 ) ,  red in col our , which 
al though insoluble in i soamyl acetat e ,  can prevent 
the formation of the molybdenum complex by uti l i sing 
the di thi ol , or the extraction by settling at the 
acid-es t er interface . The proposed procedure wi l l  
permi t the compl ete extrac tion of molybdenum in the 

presence of up to 1 mg tin .  Although greater 
tolerance can be achieved by adding more di thi ol , 
( the tin  complex i s  far less  stable than that of 
copper ) , i t  is preferabl e to reanalyse hi gh-tin 
sampl es  by repl acing the 3 cm3 of potassium i odide 
soluti on in the procedure by an equal volume of 8H 
hydrochl oric  acid .  Hhen thi s i s  done , even tin 
compounds may be analysed for molybdenum, and added 
molybdenum i s  completely extracted ( Table 1 . 1 5 ) . 

Although the red tin-di thi ol compl ex forms after the 

addi t i on of the di thiol , i t  decomposes on shaking 
wi th i soamyl acet ate  as the di thi ol alone i s  
extract ed into the ester ; the di thi ol i s  then free 
to compl ex the molybdenwn. 
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Other element s that were tested for i nterference 
and found to have no effect were :: .. s , Sb and Se . 

Li- . � Experimental 
( a ) Equipment 
A Bausch and L omb S pectronic 20 spectrophotometer 

fit ted wi th a red fil ter and an accessory phototube was 
used . 

A muffle furnace was used for the fu si on of 
geochemic al samples and for the ashing of botanical 
and biol o gi cal samples . 
used throughout . 

Borosi licate gl as sware was 



( b )  Reagent s 
Analytical - reagent grade chemi cal s were used , 

except for di thi ol and i soamyl acet ate . 
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Reducing Soluti on. Prepare a s olution containing 
1 5% (w/V ) of ascorbi c acid and 2% ci t ric  acid in 
distilled water . 

Pot assium i odide soluti on. Prepare a 1 00% ( w/v ) 
s oluti on of pot as sium i odide in di sti lled water . 
Add 0 . 5%  ( w/v ) ascorbic acid .  

Dithiol soluti on .  Add 6 ml o f  ethanol to  1 g  of 
zinc dithi ol fol l owed by 1 0  cm3 of water , 4g  of s odium 
hydroxide , and 2 cm3 of thio glycol l i c  acid .  Mix wel l , 

and di lute to  300 cm3 wi th di sti ll ed wat er. S t ore 
in a refri gerator . 

I soamyl ace t ate . Boi ling range 1 25-1 42 deg .  c .  
Standard molybdenum solution .  Di ssolve 0 . 1 26 1 g 

of sodium molybdate dihydrat e in 4M hydrochlori c 
acid and dilute t o  5 00 cm3 wi th· thi s acid to  give a 
soluti on cont aining 1 00 �g of molybdenum per ml . 
From thi s soluti on prepare s oluti ons containing 1 0  ).lg 
and 1 � g  of molybdenum per cm3 in 4M hydrochl oric 
acid.  

5· Procedures .  
( a ) Determinat i on of molybdenum in botani cal and 

bi ologic al samples 
\>Tei gh 2g  of dried materi al into a test  tube 

( e . g. 1 5 0 x 1 6mm) and ash t o  completion at 5 5 0  deg .  c .  
Al l ow t o  cool , wei gh ( i f  ash percentage dat a  are 
required ) ,  add 1 0  cm3 of 4M hydrochloric acid  and heat 
in a water bath at 80 deg .  c .  for 1 5  min .  All ow t o  
c ool t o  room t emperature ( ( 30de g . C )  and settle , then 
transfer 5 cm3 of the clear soluti on to a test  tube 
( 1 5 0 x 1 6mm) . 



Add 1 cm3 of reducing solution ,  mix and al l ow 
to  stand for 5 min .  Add 3cm3 of pot as sium i odide 
solution and , mixing after each addi tion ,  1 cm3 of 
di thi ol soluti on and al l ow to stand for 1 min .  Add 

5 cm3 of i soamyl acet ate ,  shake vi gorously for 60  sec 
measur� the absorbance of the 
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on a vortex mixer , then 

organi c l ayer at 6 80 nm 

i s  great er that that of 
wi thin 2hr .  I f  the absorbance 
the hi ghest  standard , repeat 

using a sui tably smal l er al i quot from the remaining 
sample s olution ,  di luting thi s to  5 cm3 wi th  4H 
hydrochl oric acid and continuing from the addi tion 
of the ascorbi c aci d s oluti on. 

S t andards . Hake  a series  of standards 
representing 0 ,  0 . 2 ,  0 . 5 ,  1 . 0 ,  2 . 5 ,  5 . 0 ,  7 . 5 ,  1 0 . 0 , 

1 5 . 0  and 20 . 0  ppm Mo by adding respectively t o  
1 0  t est-tubes o ,  0 . 2 ,  0 . 5 ,  1 . 0 ,  2 . 5 ,  5 . 0 , 7 . 5 , 1 0 . 0 , 
1 5 . 0  and 20 . 0  p. g Ho . Di lute  to  5 cm3 wi th 41'-1 
hydrochl oric acid  and continue from the addi tion of 
the ascorbic acid soluti on .  

( b )  Determinati on o f  molybdenum in qeochemi cal 
samples  

Hei gh o .  2g of  sample ( -1 00 mesh) into  a test  
tube , add 1 g  of  pot as sium hydrogensul phate and mix .  
Fuse at 5 00 deg .  c . for 1 0  min . , or al ternatively 
fuse over a Bunsen fl ame unti l  a qui escent mel t  � s  
obt ained and continue heating for a further 2 min . 
Leach in  a water bath wi th 1 0  cm3 of 4M hydrochloric  

acid  at 8 0de g . c . unti l  the mel t cru� be  broken up wi th 

a gl as s rod . All ow to cool to room temperature 
( < 30de g . C )  and settle . Transfer 5cm3 of the cl ear 
solution to a test  tube ( 1 5 0  x 1 6  mm ) ,  and c ontinue 
as above from the addi t i on of the ascorbi c  aci d 
soluti on .  



S t andards e l1ake a seri e s  of standard 
representing o ,  2 ,  5 ,  1 0 , 2 5 , 5 0 ,  7 5 ,  � oo ,  1 5 0 and 
200 ppm Ho by adding respec civeiy to  1 0  test tubes 
0 , 0 • 2 , 0 • 5 , 1 • 0 , 2 • 5 , 5 . 0 p 7 • 5 , 1 0 • 0 , 1 5 0  o 0 and 
20 . 0  u g  l'lio .  Di lute to  5 cm3 wi th 4M hydrochl ori c 
acid  and continue from the addi t i on of the ascorbi c 
acid solution .  

( c ) Determination of molybdenum i n  steels 
Di s solv� o .  2 g of sample i n  5 cm3cl�-7� 

mixture of concentrated hydrochl ori c and ni tri c  
acids , till<ing t o  dryness  over a boi ling water bath . 
Add 2 cm3 of ni t ric  acid and again take t o  0 �yne s s .  
Heat the residue wi th 1 0  cm3 of 41'11 hydrochl ori c 
acid  for 1 0  min at 80cleg . c . ,  then cool , make up to  
1 0  cm3 wi th di stil led water1 and centri f1J.gat e .  
Transfer 0 . 2 5 cm3 o f  the clear soluti on t o  a test  
tube ( 1 5 0 x 1 6  mm ) , add 4 . 5 cm3 of 41'1 hydrochl ori c 

acid ,  and continue as above from the addi ti on of 
the ascorbi c aci d  soluti on .  

S t andards . 
Make a seri e s  of standards representing 0 ,  

40 , 1 00 ,  5 0 0 ,  1 n0o , 1 5 nn ; ? n nn 3 000 a�d 4000 ppm 

Mo by adding respectiv� ty to  1 0  test-tubes  0 ,  0 . 2 ,  
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0 . 5 , 1 • 0 , 2 • 5 , 5 • 0 , 7 • 5 , 1 0 • 0 !' 1 5 o o and 2 0 • 0 p. g l'1 o • 

Di lr.te to  5 cm3 with 4M hydrochl oric  c:.cid  a..'lc 1... ::mti nue 
from the addi ti on of the ascorbi c acid soluti on .  

6 .  Testinq o.f.!!!et�o_£ . 
( a ) Reproducjbi l i ty and re�£Yery_jes t� 
Tabl e 1 . 1 4  shows the result s  of repli cate 

analyses of vari ous sample s  by the proposed procedure . 
Recovery of molybdenum added to  al l types of 

samples  was compl ete wi thin the preci sion of the method 
( Table 1 . 1 5 ) .  

The u .  s .  Geolo gi ca.l survey standard sampl e G-1 
and vJ-1 were analysed by the }>roposed procedure wi th  



Tabl e I . 1  5 

1'1olybdenum recovered from vari ous samples 

S ample 1'1o present Mo added 

(�A g)  (JAg )  

Clover 9 . 2a 1 o .  0 
Rye grass 3 . 4a 1 o .  0 
Soil  0 . 09 a 1 0 . 0  
Grani te  0 . 1 3b 1 0 . 0  

S cheel i te ore o . 6 5b 1 o .  0 

" S pecpure" \rl03 o . oob 1 0 . 0  

A .  R .  grade t i n  ( I I ) 
o . oob chloride 1 o .  0 

B . c . s .  No.  408 Low 
69a al loy steel 1 o .  0 

a 1'1ean of 1 0  determinati ons 
b Mean of 5 determinati ons . 

Mo found 

(}lg)  

1 9 . 2  

1 1  3 .  3 

1 0 . 1  
1 o .  1 
1 o .  7 
1 o .  0 

9 . 9  

7 8 . 5  

7 8  

Coeff . of 
varn. ( % ) 

+ 0 . 8 

+ 1 • 0 

+ 2 . 0 

+ 1 • 5 

± 1 • 3 

± 0 . 5 

± 1 • 9 

+ 2 . 3 



mean values  of 6 . 2  and 1 . 3 ppm respectively being 

obtained . These values are in sat i sfactory agreement 
wi th the neutron activati on resul t s  of Hamaguchi � 
al . ( 1 96 2 ) , who reported 7 . 0  ppm for G-1 and 1 . 3 ppm 
for \·J-1 . 

( b )  Sensi tivi ty 
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The propo sed procedure al lows for the determinati on 
of 0 . 05 ,  0 . 5 and 1 0  ppm in bot anical , geochemic al and 
steel sample s  respectively. Sensi tivi ty may be 
increased 1 0-fold i f  requi red by using only 0 . 5 cm3 

of i so�nyl acetate in conjunct i on vn th micro-cel l s .  
Beer ' s  l aw i s  obeyed over the range used . A 
standard curve i s  shown in Fi g.  I . � 

( c )  Productivi ty J · t3 
I f  fusi ons are done in a furnace ,  up t o  1 50 

geochemical s�nples  c an be analysed per man day ,  
whi le ashed bi ol ogi cal and bot anic al samples  may 
al so be analysed at thi s rate . The procedure 
described for ashing and dri ed ve ge t ation involves 
a minimum of l abour and enabl es l ar ge numbers of 
samples  to be t reated simul t aneously.  

7. C onclusi ons 

It i s  concluded that , in terms of rapidi ty, 

recovery, and particularly versat i l i ty ,  the procedure 
developed repres ent s a si gni ficant improvement over 
exi sting calorimetri c  methods for the determinat i on 
of molybdenum. 

Tolerance t o  interference has al so  been 
markedly improved. 
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Fi g . I . 1 3 . S t andard curve for c al orime tri c determinat i on of 
m olybdenum . 



C .  OTHER ELEMENTS 
1 .  Introducti on 
Of the other el ement s analysed by the wri ter 

in the fol l owing investi gati ons , potassium and 
sodium were determined by fl ame photometry ,  using 
a Gal lenkamp Model FH 5 00 ,  whi l e  aluminium, barium , 
bi smuth , c alcium ,  chromium, copper , iron ,  l ead , 
manganese , magnesium, strontium, tin ,  titanium and 
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zinc were determined by at omic absorption spectrometry ,  
using a Vari an Techtron Nodel AA5 . 

Al though once the sampl e i s  in soluti on the 
determination of all these element s i s  l argely 
routine , the di ssoluti on of both geochemical and 
pl ant sample s  required some investi gation. 

2 .  Treatment of qeochemic al samples 
( a ) Preliminary treatment 

S ampl es  collected in the fi eld were stored in  
seal ed pl astic bags for transport ati on. S oi l s  were 
parti al ly ai r-dri ed in the l aborat ory , l i ghtly 
crushed t o  separate aggregated particles , then 
si eved through a 20 mesh nyl on si eve . The coarse 
fraction was di scarded , and the remainder dri ed 
compl etely . Total s oi l  analyses were performed on 

thi s fraction after compl ete grinding by hand to  
- 1 00 mesh , again using a nyl on si eve , whi l e  - 1 00 

mesh fraction analyses were performed after removal 
of thi s fraction .  

Rock samples  were hard ground to - 1 00 mesh 
for analysi s .  

( b ) Di ssoluti on procedure 
There has been much di scu s si on over recent 

years on the methods for di s solving soi l s  and rocks .  
Ahrens � � ( 1 96 3 )  de scribed a detai led procedure 
based on i on -exchange and emi ssion spectrographic 
t echni que s  for the analysi s  of sil icate rocks .  
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Thi s scheme used a hydrofluori c I aqua regi a I sul phuri c 
aci d at t ack and gave compl ete di s soluti on al though 
successive treatment was necessary for some sample s . 

suhr and Ingillnel l s  ( 1 966 ) described a s olid  
fusion techni que for the di ssoluti on of si li cate 
rock s using l i thium tetraborat e fol lowed by di lute 
ni tric acid . S olid  fusi on methods , however , are 
not readi ly applicable to the preparati on of s ampl es  
t9  be analysed for trace met al s by atomic absorpti on 
spectrophotometry due to the hi gh sal t  content ari sing 
from the fusion mixture . 

Probably the most effici ent method i s  a hi gh 
temperature at t ack using concentrated hydrofluoric  
acid in a Tefl on lined bomb ( L angmhyr and Paus , 1 96 8 ) .  
\vhi le thi s method gives complete di ssolut i on i t  i s  
impracti cal for l arge numbers of sampl es . On the 
other hand , the most  common aci d  mixture used by 
mining compani es for soi l s  and rock s i s  that of 
concentrated perchloric and ni tri c  acids . Thi s doe s  

not , i n  general , give compl ete di ssoluti on ,  but i f  
the extent o f  the at tack i s  the same for all sampl e s , 
the re sul t s  wi l l  be reasonably rel i abl e .  

In our l aboratory , a modi fication o f  the 
procedure described by Brook s ( 1 9 60 )  has been used 
for several years ( Cohen , 1 96 9 ;  Lyon , 1 96 9 ; 
1-.Jhi tehead , 1 97 0 ;  Timperl ey , 1 97 1 ; Quin, 1 97 2 ;  Severne , 
1 97 2 ) . Soi l  and rock sillnple s  are treated wi th 1 : 1 
concentrated hydrofluori c and ni tri c  acids in 
polypropy1ene beakers suspended in boiling  water. The 
fl ow chart for the compl ete analysi s by thi s techni que 
i s  shown in  Fi g .  1 . 1 4 . The procedure result s  in 
vi rtual ly c ompl ete di ssolution of soi l s ,  wi th the 
remaining metal s in the residue ( analysed by emi s si on 
spectrography ) being traces of  t i t anium and iron 
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( presum Dbly from magneti te  and/or titanomagneti t e ) , and 
chromium ( probably from chromi t e  whi ch i s  virtual ly 
insolubl e under these acid  condi tions ) . 

A far more seri ous probl em was posed by the 
peri odi c presence of c alcium and magnesium in the 
residue . The was not due to incompl ete di s solut i on 
of the sampl e but rather t o  prec i pi t ati on of the 

met al s as their very insolubl e fluorides as the 
l ast of the acid was evaporat ed . Investi gati on 
showed that thi s probl em could be circumvented 
by the addi ti on of a small amount ( 0 . 25 cm3 ) of the 
hi gh boil ing point perchlori c acid  to  the di gest i on 

mixture . Thi s had the effect of preventing the 
residue from coming compl etely to dryness , and hence 

all the fluoride was evaporated. The smal l volume 
of perchl oric aci d used di d not c ause any interference 
during at omi c absorption determinat ions . 

3 .  Treatment of pl ant samples 
( a ) Prel iminary treatment 

On arrival at the l aboratory, pl ant sampl e s  
were removed from thei r pl astic  bag cont ainers and 
dri ed for 24 hours at 9 5  deg.  c. 

Although soil contaminat i on i s  a pos sible 
s ource of error in pl ant analysi s (Mitchel l ,  1 96 0 )  
thi s was as sumed t o  be o f  very minor import ance i n  
the areas surveyed since there was little  exposed 
s oi l , except at Gl enorchy . For thi s reason ,  pl ant s 
were not washed before drying except where 
circumst ances made thi s necessary . 

( b ) Ashing t echniques 
There are two main methods for the di s solut i on 

of pl ant materi al : 

( i ) dry ashin g  at 450  - 600 de g.  c. in a muffl e  
furnace fol l owed by di s s oluti on o f  the ash in  di lute  
hydrochlori c  or  ni tri c  aci ds , and 



( i i ) wet ashing wi th mixtures of ni tri c  and 
perchl ori c acids at approximately 1 00 deg. c .  

If vol at i l e  metal s such as arsenic , selenium 
or mercury are to be determined , i t  i s  necessary t o  
use the wet method since these metal s are al l 
vapori sed to  varying extents even at 450 deg .  c. 
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Other less  vol ati le metal s  such as l ead , zinc and 
cad:-:1ium can al so be l ost  during dry ashing ( 1'1i tchel l ,  

1 9 64) , but thi s i s  very dependent on the sample ( i'1 arutl\. 
e f o l  t 'l7o). For example ,  the presence of large amount s  -- -) 
of chl oride increases the l osses  of many met al s by 
the formati on of vol ati l e  chl oride s ,  whi le  the 
presence of phosphat e reduces  losse s .  However 
Gi ron ( 1 97 3 )  found that dry ashing at 5 5 0  de g . C .  
gave more reproduc:Lble resul t s  than wet ashing for 
cal cium , copper , iron , manganese , magnesium , 
potassium , sodium and zinc in  pl ant s . 

I f  l ow l evel s of met al s in  pl ant s are to  be 
determined , then wet ashing has the di sadvant age 
that the c oncentrated aci ds must be of excepti onal 
puri ty to avoid exces sive c ont aminati on of the 
s ampl e . Acid bl ank s can only be used t o  
successfully correct for thi s cont aminati on i f  the 
s ampl e c ontains appreci ably more of the element than 
the bl ank . 

Furthermore , the l arge amounts  of perchl oric 
or ni tri c  acids remaining in  the s oluti on after wet 
ashing may cause interference during the atomic 

absorpti on determinati ons ,  ( Govindaraju , 1 97 0 ;  
Mar u t a  � �' 1 97 0 ) . v.Ji th dry ashing however, the 
ash i s  u sually di ssolved in dilute hydrochl ori c  aci d  
whi ch resul t s  in negli gible contaminati on of the 
sampl e .  
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For these reasons , dry ashing at 5 00 deg .  c .  
was used in preference to  wet ashing . A fl ow sheet 
for the pl ant analysi s procedure as shown in Fi g .  I . 1 4 . 

Thi s method resul ted in approximately 98% di s soluti on 
( as suming al l carbonaceous mat eri al had been removed 
by ashing) , and the remaining 2% was shown t o  be 

composed almost  enti rely o f  silic 8 ( emission 

spectrographi c analysi s ) . 

4· Interferences 
( a ) Chemical interferences  

Few seri ous chemical interferences were found 
the chi ef probl ems arose in the measurement of 
c al cium , magnesium, potassium and sodium 
( Ramakri shna , £! �. 1 96 6 ; Govindaraju ,  1 97 0 ) . In 
pl ant samples  most of the interference wi th the 
determinati on of these elements  i s  caused by 
phosphat e ,  whi le  in soi l  solutions the interference 
ari ses mainly from aluminium, i ron and phosphate .  
Organic compl exing reagent s have been used to  
counteract thi s probl em ( Hal l ac e ,  1 96 3 ;  Govindaraju , 
1 97 0 )  but most of the interference can be reduced to 
an acceptable level by adding excess stiDntium ni trate 
t o  the s oluti on ( El'well and Gidley ,  1 967 ) .  I n  the 
present work , a soluti on of 0 . 8%  strontium ni t rate 
( 0 . 33% S r )  was used . Al kali metal s can al s o  
cause i nterferences in the determinati on o f  calcium 
and magnesium due t o  i oni sati on effect s ( Davi d ,  1 95 9 )  
but these were l argely overcome by using mixed 

standards of the met al s .  
( b )  scat tering and non-atomic absorption 

The reflect i on by solid particles in the flame 
of incident radi ati on from the l amp away from the sli t ,  
thus  c ausing an apparerent absorpt i on ,  i s  cal l ed 
" scat t ering" . Thi s and non-atomic absorpti on ,  the 
absorpti on of incident radi ati on by molecule s  in the 



fl ame , were both corrected for by rerunning samples 
with  the hydrogen l amp , and subtracting thi s from 
the t ot al absorpti on .  As thi s problem i s  greatest 
at short wavelengths ,  only elements wi th absorpti on 
lines  bel ow 27 00 A needed t o  be redone thi s way . 

s. Condi tions used in at omic absorpti on 
determinat i ons 

Tabl e 1 . 1 6 l i st s  the condi ti ons employed for 
the element s determined by atomic absorpti on 
spectrophot ometry . 
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6. Accuracy and reproducibi l i ty of the di ssoluti on 
and analytical methods 

To evaluate the accuracy and reproducibi l i ty of 
the methods used , five s t andards of the st andard di abase 
\-7-1  were interpl aced at random in a batch of 30 rock 
s ample s .  Thi s procedure l ed to  a Crv� estimate of 
the preci si on actually obt ained during a normal 
di s soluti on and analyti cal sequence . 
shown in  Tabl e 1 . 1 7 .  

The resul t s  are 

For al l el ement s ,  accuracy and reproduci bi l i ty 
was good and adequate for thi s proj ect .  Simi l ar 
reproducibi l i ty was obt ai ned for pl ant s ample s .  

7 .  D . S . 1 . R . analyses 
Tot al ni trogen and ni trate - ni trogen analyses 

of pl ant materi al were carried out by Gras sl ands 
Divi s i on ,  D . S . 1 . R . , Palmerston North. Ni tro gen was 
determined col orimetric al ly with phenol , after K j eldahl 
di gesti on ,  on a Technic on Aut o-Analyser.  Ni t rate 
ni trogen was determined colorimetrically by reaction 
wi th sul phanil amide and naphthyl - ethylene di amine 
after hydrazine reduct i on .  



\0 CO 

El ement 

r1 luminium 
barium 
bi smuth 

calcium 
chromium 

copper 

iron 
lead 
manganese 
magnesium 
strontium 

tin 

t i t anium 

zinc 

Tabl e 1 . 1 6  
Det ai l s  of condi tions for atomi c abs orpti on spectrometry 

\1avelength 

nm 

309 . 3 
5 5 3 . 5 
223 . 1 

422 . 7  

357 . 9  

324 . 7 

248 . 3 

2 1 7 . 0  
27 9 . 5  
28 5 . 2  
460 . 7  

235 . 5 
364 . 3 
21 3 .  9 

Flame 

N2o-C2H2 
ai r-c2H2 
air-c2H2 
air-c2H2 
air-C2H2 
air-C 2H2 
ai r-c2H2 
ai r-C2H2 
ai r-c2H2 
ai r-C2H2 
ai r-c2H2 
ai r-H2 
N2o-C2H 2 
ai r-c2H2 

StrOhtium 
present 

no 
no 

no 
yes 

no 

no 

no 
no 
no 
yes 
no 
no 

no 

no 

Hydrogen lamp 
correction used 

no 
no 

yes 
no 

no 
no 

yes 
yes 
no 
no 
no 
yes 

no 

yes 

Notes  

atomic emi ssi on 
determinat i on 

fuel-rich 
fl ame used 
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Element 

aluminium 
barium 
bi smuth 
cal cium 

chromium 

copper 

iron 
l e ad 

magnesium 
manganese 
pot assium 
sodium 
strontium 

tin 
ti t anium 

zinc 

a 

Tabl e I . 1 7  

Analysi s  of standard di abase \rJ-1 

Average ( p . p . m . ) Coeff . varn . ( % )  Accepted value ( p . p . m. ) a 

84 , 800 + 4 . 5 7 8 , 600 

1 90 ± 5 . 1  1 80 
< 1 0  - 0 . 2 

7 6  5 00 ± 2 .  7 7 5 , 000 

1 28 + 3 . 0  1 20 

1 1  5 ± 1 . 6 1 1 0  

80 , 1 00 + 2 . 1 7 9 ' 1 00 

8 . 7  + 6 . 0  8 

39 ' 1 00 + 3 . 1  38 , 8 00 

1 45 0  + 3 . 9 1 320 

5 1 5 0  ± 1 0 9 5 230 

1 5 '  8 00 + 1 .  2 1 5 , 400 

1 80  + 4 . 2 1 80 

3 . 5 + 6 . 7  3 

7 200 ± 5 . 5 6400 

9 3  + 1 . 9 8 2 

From Fl ei scher ( 1 97 0 )  
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A .  I NTl(.ODUCTI ON 
The three most import ant areas for scheel i t e  

product i on i n  New Zeal and have been at Glenorchy and 
Hacrae ' s Fl at in  Ot ago ,  and the area t o  the north of 
the '1:1airau Val ley in Harlborough .  In the Otago area, 
scheeli te i s  found in quart z l odes ass oci ated wi th  
minor amount s  of  sul phide , c alci te , and a li ttle  
gol d .  The mineral ogy of  the Harlborough veins i s  
simil ar t o  that of the Ot ago veins and in both areas 
the country rock i s  a l ow grade regi onally 
metamorphosed schi st  of the chl ori te grade . A 
sumnary of the data on the chemi stry ,  mineral ogy 
and genes i s  of these scheel i te occurrences was given 
by Ui l l i ams ( 1 96 5 ) .  Thi s surrunary reveal s the 

almost compl ete lack of chemic al dat a on the 
scheeli t e .  Barracl ough and Reay ( 1 97 0 )  analys ed 
scheeli t es from these areas for strontium magnes ium 
and i ron by at omic absorpti on spectrometry .  
Attempt s  to  det ect cobal t ,  chromirun , lead ,  manganese , 
molybdenum, nickel and tellurium were unsuccess ful 
due to the i nsensi t ive procedures used . 

There are even less  dat a avai l able on the 
scheeli t e  from the small er deyosi t s  at Canaan in 
Nel son and at BarrytO\Im on the Uest  coas t . At  

Canaan , the scheeli t e  occurs at  a grani te-marbl e  
c ont act , whi le  at Barrytown, grani te  and greY\vacke 
form the country rock . 

Thi s study was undert aken to  hel p remedy thi s 
l ack of  i nformati on ,  vn th the main aim of det ecting 
the presence of any undesi rable concentrati on s  of 
impuri ties . Returns for ore are proporti onally 
greater for the richer and purer the concentrat e s . 
Buyers of ore generally spec i fy the level s of 
impuri ties  at which they impose penal ties , and the 



level s at whi ch they rej ec t  the ore . A typic al 
J apanese specifi cati on i s  shovm in Table I I . 1 . 

The second air11 of thi s study was to determine 
whether chemical analysi s would be of use in the 
c orrel ati on of scheel i t e  l odes in the complex 
Glenorchy area. 

B .  ANALYS I S  OF SCHEELITE 
1 .  Analysi s  of scheelite 

( a) Puri fi c at i on 
Scheelite was separated from quart z gangue 

by hand pi cking under ul tra-vi olet l i ght , fol l owed 
by grinding to  -1 00 mesh and centri fuging in pure 
bromoform . The quart z was then decanted off wi th 
the bromoform, and the scheeli te residue t a.l<en to  
drynes s .  

( b )  Chemi c al analysi s 
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To test the puri ty of the concentrat e s , tungs ten 
was determined on all s amples  by atomic abs orpti on 
spectrometry using the method described in  Secti on 
I . A1 . S amples  were concentrated t o  80% Fo3 • 
Holybdenum was determined col orimetrical ly using the 
method described in Secti on I . B .  a £  the other 
metal s ,  p otas sium and s odium were determined by 
flame phot ometry , and all others by at omi c absorpti on 
spectrometry ,  using the condi tions described in 
secti on I . e . 

C .  RESULTS AND DIS CUSS ION 
1 .  Leve l s  of impuri ties in  schee l i tes 

The scheelites  varied in  colour from l i ght cream 
t o  pale brmvn . H owever the fluorescence c olour of 
all s amples  was a blue whi t e ,  probably due to the l ow 
manganese and molybdenum contents  ( Greenwood , 1 943 ) . 

Table I I . 2  shows the l evel s of penal i sabl e ,  
and other , met al impuri t i es i n  the scheeli tes . The 
extremely hi gh puri ty of the ores i s  immedi ately 
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Bi 

Cu 

Fe 
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Sn 

Table I I . 1  

Typi cal Japanese tungsten ore specifi cati on 

Level s of some individual 

consti tuent s at which 
penal ti es begin ( � ) 

o .  1 

0 . 04 
1 . 0 

0 . 7  

0 . 02 

1 • 5 

Level s which resul t in  

rej ection of  ore ( % )  

0 . 5 
0 . 2 

3 . 0  

0 . 07 

1 • 6 
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Table II . 2  

Average concentrati ons of penal i sable and other met al lic  impuri ties in  scheeli tes ( p . p . m. ) 

Locat i on Number of Penal i s able imEurities  Other imEuri ti es 

sampl es Bi  cu Fe Mn Mo sn A1 er Pb Mg Ti Zn 
-

Glenorchy 1 6  "- 1 0 45 280  6 5  7 . 2  21  390 -c. 1  1 3 80  5 3 5  

Bendi go 3 < 1 0 30 3 3 5 . 2  1 2  41 0  < 1  7 1 7  6 1 5  

Hacrae ' s Flat 4 "- 1 0  3 5  1 1  5 0  30 4 . 5 1 2  490 <. 1  26 660  80  9 5  

Uai rau Val l ey 3 <- 1 0 "· 5 1 1 6 . 0  5 5  8 0  < 1 1 0  1 5 < 5 23  

BarrY t own 4 "- 1 0 3 5  50  20  5 . 2  1 2  4 ''- 1  30 1 6  < 5 1 0  

can a an 4 � 1 0 35 400 5 6 . 4  1 1 1 20 ,_ 1 1 35 7 50 1 1 1 0  



apparent . An early paper by Finl ayson ( 1 9 0B ) had a 
detriment al effect on scheelite  expl orati on because 
he reported the presence of "di stinct traces of 
molybdenum in varying quanti ties up to  one per 
cent " .  The presence of molybdenum causes 
di ffi cul ties  in the refi ning of the tungsten and 
hence reduces the price of the concentrate . 
However Barraclough and Reay ( 1 97 0 )  could not 
detect molybdenum in  scheeli tes from Glenorchy , 
Hacrae ' s  Flat , and Marlb orough ( detection l imi t  
1 00 ppm ) and the dat a i n  Table I I . 2 show that all 
New Zeal and scheeli tes are vi rtual ly free of  
molybdenum . There i s  therefore no basi s 
what soever for Finl ayson ' s st atement . 

As wi th molybdenum, the concentrati ons of 
bi smuth,  copper, i ron , manganese and tin are wel l 
bel ow the penali sabl e l evel s in all sampl e s .  
Furthermore , most of the small amount of i ron l S  

probably present as i ron sul phide , rather than as a 
c onsti tuent of the scheel i te lattice .  

2 .  Correl ati ons between l odes 

( a ) Introducti on 
The hi gh strontium content of some New 

Zeal and scheeli tes has been noted by Barracl ough 

and Reay ( 1 97 0 ) , who di scovered the pos si bi l i ty of 
dividing them int o  groups on the basi s of their 
strontium content . These groupings coincided 
�n th the geographic �roupings of the scheeli te areas 
and reflected the met �norphic zones in whi ch the 

scheel i te occurs . H owever they found the strontium 
c ontent to be t oo vari abl e  to di stingui sh between 
l odes wi thin the Glenorchy field.  However in  the 
c ourse of thi s i nvesti gat i on i t  was found that the 
scheel i t es al so contained considerabl e amount s  of 
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of b�rium , and that the Sr/Ba ratio  could be more 

reli ably used to di stingui sh l odes . 
C alcium and strontium di adochy in natural 

scheel i t es , al though uncommon , doe s occur elsewhere . 
Vermaas ( 1 9 5 2 )  reported the presence of 0 . 38%  Sr  in 
a South African scheel i t e , and the l arger radius of 
the S r  2+ ( 1 • 1 3� compared to 0 .  99A for ea 2.

+
) was 

presumed by Barraclough and Reay ( 1 97 0 )  t o  be 
responsible for the increased latt .i ce parameter.  
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However the resul t s  of the investi gati on 
have demonstrated that B a  c� al so substitute for e a  

in scheel i te � equivalent concentrations to that of 
Sr ,  and hence the much l arger Ba 2+ ion ( radius 1 . 35A ) 
Would have considerably more effect on the l attice 
parameters than would Sr  2+ · That thi s i s  so  for 
art i fi ci al compounds has been demonstrated for in an 
early paper by Sul len and Nyl ander ( 1 943 ) . 

( b) Resul t s  and di scus si on 
S trontium and b arium contents  of some New 

Zeal and scheelites  are shovm in Table I I . 3 . A 
number of features of the analyses are worthy of 
comment . The grani te  areas of Barrytm1m and 
C anaan are notable for their low strontium content . 
The Uairau Val l ey ( Harlborough ) scheeli t e ,  al though 
occuring in l ow grade regi onally metamorphosed 
schi s t  simi l ar to that at Glenorchy and Hacrae ' s  
Fl at , i s  mark edly l ower in both strontium and 
barium. 

Of more direct interest  are the S r/B a  ratios  
for two of  the main Glenorchy l ode s ,  namely the 

state and Sunshine l odes . The former i s  sli ghtly 
l ower in f)t1-ontium and hi gher in barium, al thouah the 
di fferences are barely si gni fic ant . The sr/B a  ratios  



however , are si gni fi cant , and i t  i s  concluded that , 
wi th more intensive sampling  thi s ratio  could be 
used to determine what mine loc alities  belong t o  
what l odes , a question which, because o f  the 
structural compl exi ty and l ack of marker hori zons ,  

has never been sati sfact orily answered . 
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Tabl e I I  . 3  

strontium and barium content s of New Zeal and scheeli te s  

Local i ty No .  of sample s  Sr( % )  B a  ( % ) 

Gl enorchy 
s·tate  lode 6 o .  1 1  + . 02 0 . 1 6  ± . 03 

Sunshine l ode 6 0 . 1 3  ± . 02 0 . 1 3  ± . 02 
Overal l 1 6  0 . 1 2 + • 05  0 . 1 5  ± . 06 

Bendi go 3 0 . 1 7  0 . 1 5  

l'1acrae ' s Fl at 4 0 . 1 7  0 . 1 5  

,,,7ai rau Val l ey 3 o .  01 0 . 02 

Barryt own 4 0 . 005 0 . 1 6  
Canaan 4 0 . 029 0 . 09 

Sr/Ba 

0 . 6 9  ± 0 . 1 0  

1 . oo ± o .  07 
0 . 8C ± 0 . 25  
1 . 1  3 

1 • 1 3 

0 . 5 0  
0 . 03 
0 . 22  
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GEOCHEHICAL AND BI OGEOCHEHICAL 

EXPLORATI ON FOR 

TUNGSTEN AND l'10LYBDENUM 

97 

• 



A .  INTRODUCTION 
1 • TUnqsten 

There i s  l i t tl e  publi shed work in  exi stence 

dealing wi th geochemical , and part i cul arly 
bi ogeochemical , expl oration for tungsten .  Most 
p apers on expl orat i on have deal t solely wi th the use 
of soil and strc;ain sediment sampl ing t o  l oc ate 
general areas of minerali sation ( e . g . Hosking , 1 97 0 ;  
varl amoff , 1 97 0 ) ; there have been few attempts  to  
actually loc ate  deposi t s  using soi l and/or pl ant 
analysi s .  The fi rst recorded bi ogeochemic al 
expl orati on was carri ed out in the l ate 1 9 30 ' s  by 
Palmqui st and Br undin .  They di scovered that trees 
and shrubs growing on hi gh tungsten soi l s  in  Cornwal l ,  
Engl and cont ained anomal ous amounts  of thi s element . 
Little  of thei r work was publ i shed , apart from a 

procedu�e de�ng the sampling and analytical 
t echni que used ( Brundin,  1 9 39 ) . In  l ater years , 
several Russian work s referred t o  the pos si bility of  
u sing  bi ogeochemi c al expl orati on for tungsten 
( Vinogradov , 1 9 54 ; Malyuga , 1 964 ; Kubi ashvil i , 1 964 ) , 
but to  the authors knowl edge i t  was not unti l  1 966 
that an investi gati on was carri ed out ( Kovalevsky , 
1 96 6 ) to determine i f  pl ant analysi s could be used 
t o  l ocate individual deposi t s. Kovalevsky found 
that , al though V.7 concentrati ons i n  the pl ant s did 
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not correl ate wel l  wi th those i n  the s oi l  ( he assumed 
thi s t o  be c aused by the irregul ar di s s olution of 

tungsten in  the s oi l  prof ile) , the hi ghest  concentrati ons 
of tungsten i n  the woody part s of Pinus sibiri c a . 
were found i n  trees growing over tungsten - bearing 

veins and vei nlet s .  He concluded that branches and 
trunks rather than leaves should be sampled , and that 
sampl ing points should be no more than 5-1 0m apart t o  
avoid mi ssing indivi dual veins . Unfortunately , he 



di d not give any indi cation of the rel ative succes s  
o f  soil sampling for l ocating veins . 

The resul ts  of Koval evsky ' s \l.'ork indicated the 
potenti al of using vegetati on analyses as a means of 
prospecting for tungsten , and earlier work by the 
wri t er confi rmed thi s .  Pot tri al s wi th si lver beech 
( Quin , 1 97 2 ;  Quin , Brooks and Reay , 1 97 2 ) showed that 
the concentration of tungsten in the pl ant organs 
does give a reasonable predicti on of that in the s oi l , 
provided that soil  properties  ( eg  pH ) are constant 
and that the tungsten i s  evenly di stri buted throughout 

the soi l . In  fi eld work at Barryt own , ( Quin ,  1 97 2 ;  
Quin and Brook s , 1 97 2 ) i t  was found that , whi l st 
the concentration of tungsten in tree fern leaves 
c orrel ated cl osely wi th the concentrati ons in  the 
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soi l , thi s was not the c ase wi th tree s . Investi gati on 
showed that thi s was c au sed l argely by the uneven 
di stributi on of tungst en in the soi l .  Tree ferns 
because of their shal l ow and re stricted root system, 
would derive mineral s from a smal l area and from 

depths approximating those of soi l sampling.  The 
root systems of tree s ,  however ,  encomp a� ses a l arge 
volume of soi l ; a single soil sampl e taken from the 
vicinity of the tree i s  therefore not always 
representative of the s oi l  " sampled" by the tree 
root s .  Finally , the feasibi l i ty of using t runk 
s�npling t o  l ocate  tungsten bearing veins under soil 
cover was bri efly investi gated , wi th promi sing resul t s  
( Quin,  1 97 2 ) • .  

I n  thi s work , further investi gati ons were 

carried out firstly , to compare the relat ive 
efficacy of soi l  and pl ant sampling for l ocating 
tungsten deposi t s  in areas wi th di ffering geologi cal , 
veget ati onal, climat i c  and t opographic al envi ronment s ,  
and secondly ,  t o  investi gate the feasibi l i ty of 
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of using trend surface analysi s of tungsten 
concentrati ons in  tree trunk s t o  l oc ate extensi ons 
of known scheeli te - bearing reefs .  The resul t s  
o f  these investi gati ons are described in  thi s 
section .  

2 .  Holybdenum 

1 00 

In contrast to  tungsten the l i t erative cont ai ns 

a great number of papers dealing wi th geochemi c al and 
bi ogeochemi cal expl oration for molybdenum. 
Geochemic al expl orati on has al so  been extensively 
di scussed in several book s ( Hawkes , 1 957  ;.'..J(}inzburg ,  

1 957 ; Vinogradov , 1 95 9 ;  Hawkes and Hebb , 1 96 2 ;  
Brook s ,  1 97 2 )  and revi ews ( Bloom, 1 966 ; Davy , 1 97 3 ) , 
while  bi ogeochemi stry has al so been di scussed in 
revi ew papers/books ( Carl i sle and Clevel and , 1 95 8 ; 

cannon , 1 96 0 ;  Malyuga , 1 964 ; Chiki shev , 1 96 5 ; 
Fort escue , 1 97 0 ;  cannon , 1 97 1 ; Davy , 1 97 3  ) and 
book s ( Gin zburg , 1 960 ; Hawkes and v7ebb , 1 96 2 ;  
Brooks , 1 97 2 ) . 

The fol l owing  points appear to  have been 
widely accepted .  St ream sediment or soi l sampling 

are the most appl icable methods where molybdenum 
ore i s  exposed or near the surface . Bi ogeochemi cal 
prospecting wi ll  be most  appropri ate when molybdenum 
ore i s  shal l owly based . Oxi di sing and alk aline 
condi t i ons al s o  favor the use of  bi ogeochemical 
expl oration ,  as molybdenum i s  then present as 
solubl e molybdate ,  whi ch i s  readi ly taken up by 
pl ant s .  

In  New Zeal and , soi l  and pl ant sampling were 

shown to  delineate simi l ar anomal ous areas at an 
area of molybdenum minerali sat i on at Takak a ,  Nel s on 
( Brooks and Lyon , 1 96 6 ; Lyon and Brook s ,  1 969 ) . 
However no New Zeal and work h as been publi shed dealing 
wi th the sui t ability of using biogeochemical prospecting 



where deep soil  cover and other factors such as 

le aching preclude the use of soi l  sampling. 
Because of thi s , a brief investi gati on was carri ed 
out at an are a of molybdenum mineral i s ati on at 
Canaan , Nel son .  The resul t s  of the work are 
described in  thi s section .  

1 01 



B .  TUNGSTEN 
1 .  The detection of scheeli te-bearinq ore

bodi es by the analysi s of plant s and 
soi l s  
( a ) Introducti on 

Previ ous work by the wri ter ( Quin , 1 97 2 ) had 
been confined to  a singl e  area of tungsten 
mineral i sation at Barrytown , on the west coast of 
the S outh I sl and . However , tungsten , as scheel i t e ,  
i s  spread widely throughout the south I sl and in 
areas di ffering widely in their geological , 
ve get ati onal , cl imatic  and t opographical envi ronment s .  
The south I sland therefore offered an ideal 
opportuni ty to test the sui tabi l i ty of pl ant and soil 
sampl ing for l ocating tungsten deposi ts  under a 
wide range of condi tions . 

( b )  Descri ption of test areas 
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Investi gat i ons were c arri ed out at the following 
areas : Glenorchy ( Hest  Otago ) , Paradi se (vJe st Otago ) , 
l'1acrae ' s Flat ( East Ot ago ) , Top Valley ( Harl borough ) , 
Barrytown ( 'I:.Jestland ) and Canaan ( Nel son) . The test 

areas can be divided into two broad groups on the 
bas i s  of their l i thol ogy. Fi g.  0 . 1 shows the general 
l oc ati on of the test areas while  Fi g.  I I I  . 1  shows 
each of them in some det ai l . 

( i )  Glenorchy ,  Paradi se, Hacrae ' s Flat 
and Top Val l ey 

The areas of thi s group are all underl ain by the 
mi ca-schi sts  of the New Zeal and geo syncline ( Fi g . 0 . 1 ) 
whi ch probably had i t s  be ginnings i n  the c arboniferous 

or early Permi an .  The soi l s  have been formed l argely 
in situ from thi s schi st  and bel ong chiefly to the 
11brown-grey" classi fic at i on .  The veget ati on at the 
Macrae ' s  Flat area i s  mainly native indi genous  tus sock 
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Fi g .  I I I . 1  Detailed maps of test areas 

b 

c 

d 

e 

f 

Glenorchy ( after Uil l i ams , 1 96 5 )  

Paradi se ( provided by A . R .  Hutch)  

Macrae ' s Fl at ( after vli l l i amson , 
1 939 ) 

Uairau Val l ey ( provided by 
R . G .  \lhi tehead ) 

Barryt own 

canaan ( after \h lliams , 1 95 9 )  



a 
G L E N O R C H Y  

\ MCAii sters 

\
Lode 

Mt. J u dah 
1400 m 

( 

M A C  R A E ' S F L A T  

e 
B A R R Y T O W N  

0 
k i  l o m e t e r s  

- . - ·  
.... geolog i ca l  boundary 

/ road 
--- - foot track 

.,��"' d i rection of stream J r i v e r  

,, scheel ite- bearing lode 

2 

f l ow 

A discontinuous s c heelite- b e a r i n g  

e site of t ransects 

10. 20 . 30, t r a n sects a c r o s s  

b 
P A R A D I S E 

Dart River \ 
\ 

0 

quartz 

reefs 

/ 

' ,.. �':.. 
:

acks \ 
/_, - I .... :::..:::. \ 

/ Paradis 1 d I Lode roa 

\ 

T O P  

d 
V A L L E Y 

reef 

1 , 2, 3 

' 

' Jubilee 
' Lode 

' schist 

' 
'

� 
Top Va lley 

Stream 

f 
C A N A A N 

k i l o m  e t e r s  

K E Y  

N 

� � 
--

respectively 

0u. 0 1 ,  upper and lower trans&ets r e s pec t i vely 

2 



1 04 

gras s speci es  ( chi efly Fes tuc a novae - zel andi ae 
and Chi onochl oa rubra ) . These and several introduced 
grass specie s  were present at Glenorchy , as wel l  as 
some manuka ( Leptospernum scoparium ) . Bracken 
( Pteridium aqui linum ) i s  dominant at the Top Valley 
and Paradi se test  areas , al though mixed grass species  
and manuka are al so  common at  the l at t er area . 

Al though pl ant growth i s  � ow in  the above areas , 
due to  l ow rainfal l ( Table I I I . 1 ) ,  there i s  al so  l i t t l e  

loss  of nutri ent s from the soil s ,  which are generally 
qui te fertile , and have an average pH of 6 ( Table 
I II . 1 ) .  The top 1 5  cm has a charact eri stic brown
grey col our and cont ains an abundance of organi c 
Jnat ter.  The topography of these areas i s  rel atively 
gentle at Macrae ' s Fl at and Paradi se ,  whereas the 
terrain at Glenorchy , Top Valley i s  SJinGwhat more· 
hi l ly .  

Descripti rn of mineral i sati on • 

The scheeli t e  minerali sat i on in these areas 
general ly occurs sporadical ly in l odes of least  
several hundred met res  length , wi th minor associ ated 

mineral i sat i on such as gold ,  sul phi des and calcite  
being present . 

Al l four areas have been mined sporadi c al ly 
during the past century ,  general ly on a smal l scal e .  

The Gl enorchy lode was di scovered i n  the 1 8 8 0 s  
by the tracing of alluvi al scheel i te in the Buckl er 
Burn t o  i t s  source ( Fi g .  I I I  . 1  a ) . Mining at Glenorchy 
has persi s ted l onger than anywhere el se in New Zeal and . 
The scheeli t e  workings are mainly in  rock s of the 
chlori te-3 subzone as described by Hutton ( 1 940 ) . 

'fhe materi al wi thin the l odes compri ses l ode schi st  
containing ubi qui t ous pyri t e  and arsenopyri te  cryst al s ,  
and quart z lenses wi th fl at tened scheeli te ore shoot s .  
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Tabl e III . 1  
Rainfal l and soil  pH dat a for the test areas 

Local i ty Average annual S oi l  pH 

rainfal l ( cm )  average range 

Glenorchy 1 1  0 6 . 0  5 .  1 - 6 . 7  
Paradi se 1 1 0  5 . 9  5 . 3 - 6 . 6  
Macrae ' s  Flat 60  6 . 1  5 . 8  - 6 . 4  
Top Val ley 1 00 5 . 0  4 .  8 - 5 . 4  
Barrytown 27 0 4 . 6 4 . 3 - 4 . 9 
Can a an 1 90 5 . 0  4 . 1 - 5 . 5 



In many pl aces  the quart z  i s  l acking and the 
scheelite then occurs peppered throughout bands of 
crushed schi s t  ( Hutch , 1 969 ) . 
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The Paradi se lode was di scovered in 1 91 5 , a�d 
represent s a very strong structure containing two 
reefs which merge at depth ( vli l l i ams , 1 965 ) , Fi g .  
I I I . 1 b . The l ode cha..vmel is  fi l l ed wi th mas ses 
of broken and crushed schi st containing lenses and 
veins of quart z ,  which carry scheelite , cal ci te  
and sul phides ( Henderson, 1 9 37 ) . 

Mining at Macrae ' s Fl at ( Fi g .  I II . 1 c ) probably 
commenced pri or t o  1 87 5  (Hi l l i ams , 1 965 ) . The 

quart z averages o .  6 m in wi dth and mul l ock makes up 
perhaps 60 per cent of the fi l l ing . There i s  some 
c alcite gangue , pyri te  and arsenopyri te are comnon 
and chalcopyri t e  occurs sparingly . some gold i s  
associ at ed wi th the sul phides and wi th the brecci ated 
schi st wi thin the lode wal l s ,  and some i s  free in 

the quart z .  Scheel ite  occurs as veinlets running 
through the quart z ( Ui lli ams , 1 96 5 ) . 

The Jubi l ee gold-scheel i te l ode in the Top 
Valley of the \"lai rau Valley ( Fi g .  I I I  . 1  d ) was 
di scovered in 1 8 8 9  (Wi lli�ns , 1 96 5 ) . Downey ( 1 9 28 ) 
recorded six separate lode s in  the basin of Top 
Valley stream.  After an interval of fi fty years , 
work has recently recommenced in the area .  

( i i ) Barrytown and Canaan 
These areas of thi s group are both underl ain 

by predominantly grani tic  ( possibly Precambi an ) 
materi al . The soi l s  derived from thi s sl ow-weatherin g  
substrat e  have a l ow pH ( Table I I I . 1 ) and are 
relatively infertile , parti cul arly near the ridges and 
spurs at Barryto\vn , presumably as a result  of the 

leaching of nut ri ents by the hi gh rain fal l ( Table I I I . 1 ) 



The topography of these areas 1 s  rugged , 
parti cul arly at Barrytown , where the al titude 
increase s from approximately 30 m t o  5 00 m over a 
di stance of 2 km ( Fi g.  I I I . 1 e ) . 

The vegetation of these hi gh-rainfal l areas i s  
predominant ly New Zeal and beech ( Nothofagus spp) . 
Kamahi ( Heimanni a racemosa ) i s  al so very common at 
Barrytovm . Chief understory species are Quintini a  
acuti fol i a  and l'-1yrsine salicina at Barrytown , and 
Gri selini a  littoral i s , Macropiper excel sum and 
Cordyline australis  at C anaan ( Fi g .  I I I . 1  f ) . In 
both areas , the forest fl oor is  covered in a rich 

growth of ferns such as the ubi qui t ous crown fern 
( Bl echnum di scol or) . 

De scripti on of  mineral i sation 
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The mineral i s at i on at the se areas occurs in and 
associ ated \� th di scontinuous quartz reefs . The 
tungsten minerali sati on at Barrytown was di scovered 
in 1 97 0 ,  and consi s t s  mainly of scheel i te wi th a l i t tle 
wol frami te  exi sting in  a seri es of quart z veins 
containing di screte crystal s ,  and as scheelite 
di s seminated in grei sen veins and veinlet s .  The 

quart z veins appear t o  have a .strike length of 30  
- 7 0  m ,  wi th a maximum width of  0 . 7 m ,  and tend t o  
occur in swarms contai ning 1 0-40 veins over a width 

of 2-3 m ( Quin,  1 97 2 ) . Associ ated minerali sati on i s  
confined mainly t o  arsenopyri tes . 

The scheeli te-bearing reefs at Canaan were 
di scovered in  1 95 6  by Mr. E . J .  Sixtus ,  and represent 
the first di scovery of thi s mineral at or near the 
grani te-marble  contac t s  in  Nel s on .  The mineral occurs 
mainly in di scontinuous quart z  reefs in both grani te 
and di ori te ( vli l l i ams , 1 95 9 ) . Hi thin the quartz ,  



scheel i t e  normal ly forms i rre gul ar nodules and 
s treaks , and occ asi onally cryst al s  encl ose c al ci t e .  
I t  i s  commonly accompanied by abundant fine-grained 
whi te mi ca . 

( c )  Field work 

Fi eld work was all carri ed out in the l ate 
summers ( February/March ) of 1 97 2  and 1 97 3  in order 
to avoid seasonal vari ati ons in pl ant composi ti on .  
I n  any case , seasonal vari ati on was not expected t o  
be si gni ficant i n  the low rainfall areas o f  the 
fi rst group , and the nutrient c omposi tion of the 
beech species , which in  New Zeal and are evergreen , 
has been sho�m t o  be fai rly const ant particul arly 

1 08 

in the l ate summer ,  autumn , and winter (Mi l ler,  1 96 3 ;  
Timperl ey, 1 97 1  ) . 

At each area , the posi t i ons of the chosen 
reefs were l ocated from outcrops and a soi l and 
pl ant-sampl ing t ransect was c arri ed out across  each 
reef at some di stance ( .'· 20 m) from the nearest  
outcrop . The assumed posi t i on of the reef was 
desi gnated with a zero coordinate ;  sampling was 
continued , at 5 -1 0 m interval s ,  5 0  m on ei ther side 
of the reef  in  a di rect i on perpendi cul ar t o  the 
s trike . 

The t ransect at Gl enorchy was carri ed out down 
a sl ope of approximately 20de g .  and be gan above the 
Kelly l ode and continued acros s  the State l ode s ome 
1 00 me tre s  bel ow i t .  At Paradi se , two transec t s  
were made acros s  the western l ode , both were on 
gently undul ating ground. The transect acros s  the 
Deepdell  l ode at Macrae ' s  Fl at sl oped at a gentl e  

5de g, whi l s t  that at Top Val l ey was at 2 5  deg .  
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The Barrytown and c anaan areas provided 

addi ti onal problems in that the presence of tree 
speci e s  meant that ( i ) it needed to be decided whether 

i t  would be best to sampl e trunk wood , leaves or twi gs , 
and ( i i ) whether the many speci es present could be 
grouped together for expl orati on purposes .  

To s olve these problems , samples of trunk wood , 
leaves and twi gs were collected from the commonest 
species  present at randomly sel ected sites . The 

resul t s  ( Tabl e I I I . 2 ) show that fi rst ly, trunk wood 
almost invari ably contained the hi ghest  concentrati ons 
of tungsten , especi ally at Barrytown, thereby making 
it the mos t  useful organ fdr sampling.  secondly , the 
Bi ol o gi cal Absorpti on Coeffi cient , or BAC ( Brook s ,  
1 97 3) , defined as the c oncentrati on o f  an el ement in 
the pl ant ash divided by that in the soil  was 
remark ably const ant for di fferent speci es ; di fferent 
species  at one area showed less  vari ati on in the BAG 

for tungs ten than di d the same species  at di fferent 
areas . Hence i t  was c oncluded that , for the purposes 
of bi ogeochemical expl orati on , the di fferent tree 
species  present at a particul ar area could be grouped 
t ogether.  Thi s finding i s  of considerable 

import ance ,  as much previ ous bi ogeochemic al expl orati on 
has been severely restri cted because of an ( unneces sary ) 

insi stence on sampling only a small number of specie s ,  
which i n  many cases would not be present a t  the area 
to be i nvesti gat ed. 

Fol l owing thi s preliminary investi gati on ,  two 
t ransect s  were c arri ed out at Barrytown acros s  the 
suspect ed posi t i on of a minerali sed reef ,  both 
t ransect s  being c arried out acros s a hi l l side .  TUngsten 
s ample s  were coll ected wi thout re gard t o  species  type . 
Uood was taken from the outer trunk after removal of the 
b ark . 
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� 
� Table I I I . 2  

Tungst en BAC values for trees from Barrytown and canaan 

L ocation S pecies  

Barrytown Nothofaqus menzi esii 
N.  truncata 
N .  fusca 
Ueinmanni a racemosa  

Quintini a acu ti fol i a  

i"Iyrsine sal icina 

C anaan Nothofa� menzi esi i 

N . truncat a 
. . 

N .  fusca 
l:leinmanni a racemosa  

Number of 

sampl es 

27 
5 3 
1 5 
5 3 
30 

42 
1 5 

20 
8 

28 
Pseudowintera col orata 1 5 

Coprosma ruqos a  1 5 

Dracophyl luJn tmmsonii 1 2 

trunk 

0 . 1 6  
0 . 1  3 

0 . 1 2 

0 . 1  2 
0 . 1 4  

0 . 1 5  

0 . 25 

o .  31 
0 . 28 

0 . 25 
0 . 1 8  
0 . 26 

0 . 32 

BAC value 
leaves 

0 . 03  
0 . 03 

0 . 0 3 

0 . 0 3  
0 . 02 

0 . 04 
0 . 20 

0 . 20 
0 . 1 9  

0 . 24 
0 . 20 
0 . 26 
0 . 26 

twi gs 

0 . 03 
0 . 02 
0 . 02 

0 . 03 
0 . 03 
0 . 02 
0 . 22  

0 . 24 
0 . 24 

o .  28 
o. 27 
o .  27 
0 . 25  
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Three separate reefs were worked on at Canaan , 
the transect s across  the se were at 20de g ,  l evel and 

·45de g  respectively . Trunk wood samples  are 

col l ected , again wi thout regard to speci es  type , 
as  wel l  as leave s from the fern Blechnum ni qrum. 
At al l areas , soil  sampl es  ( 5 00g ) were taken from 
the upper B hori zon at each pl ant sampl ing si te . 

( d ) Chemi cal analysi s  
TUngsten in soi l s  and pl ant ash was determined 

col orimetri cal ly wi th dithi ol ( Quin ,  1 97 2 ) . 
( e ) Re sul t s  

( i ) Glenorchy 
Because of probl ems of identi ficat i on of the 

many species  of native and introduced grass  present , 
a composit e sample of all species  growing at each 
site  was collected . As seen in Fi g .  I I I . 2a ,  the 
tungsten l evel s in both the soi l  and composi te  
gras s sampl es accurately indi cated the presence of 
the Glenorchy State l ode and the smal ler Kel ly l ode . 

At  the former l ode , the anomaly as indi cated by the 
gras s  was considerably greater· than the anomaly in 
the soi l .  

( i i ) Paradi se 
At Paradi se , the grass  ( again composi te  samples ) 

and soi l s  both l oc at ed the l ode wi th some preci si on 
in both transects  ( Fi g .  I I I . 2b ) . TUngsten level s 
in bracken and mm1uka however were ei ther t oo l ow or 
too vari able  to  be of much use . 

( i i i ) Macrae ' s  Fl at 
The ve ge t ati on here was much less  diverse being 

made up almost  enti rely of two specie s  of native 
tussock gras s  ( Festuca novae-zelandi ae ��d Chi onochl oa 
rubra ) . A sampl e of each was therefore t aken at e ach 
site  and analysed separately . Al though the species  
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di ffered in thei r abil i ty t o  t ake  up tungsten , I· 
novae-zel andi ae having a hi gher pl ant/soi l rati o 
for thi s el ement ( Table  I I I . 3 )  than £· rubra, i t  
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was found that the plant anomaly which mos t  accurately 
l oc ated the lode was obtained by averaging the dat a 
for the two species , thi s giving a peak at +5 m 
( Fi g. I I I • 2c ) • 

rhe s oi l  data was l es s  effective in locatinc 
the posi t i on of the l ode because three simil ar 
anomal ous peak s  ( -1 0 , o ,  and +1 0 m )  were obt ained 
( Fi g . I I I . 2c ) . In addi t i on ,  the soil anomaly showed 
a spread of at least 7 0  m compared t o  40 m for the 

ve getation .  
( iv )  Top Val l ey 

At Top Valley ,  the bracken was found t o  be 
rather unsuccessful for l oc ating the Jubi lee l ode , 
the concentrati ons of tungsten in thi s pl ant being 

very l ow ( Table  III . 2 ) .  The tungsten l evel in the 
soi l , however , loc ated the l ode more successfully 

al though , as at Macrae ' s  Fl at , a rather wide spread 
( 60 m )  was obt ained ( Fi g . I I I . 2d ) . 

( v )  Barryt own 
In the upper transect ( Fi g . I I I . 3a )  be.sides 

accurately pinpointing the ven the tree trunk 
analyses have indi cated the presence of an offshoot 
of the main vein at +1 5m,  thereby providing more 
informati on than soi l  sampling alone . In order to  
be  cert ain of locating the reefs and thei r extensi ons , 

however , many trees have t o  be sampled at each si te· 
because of the possibi l i ty of the root s of smal ler 
trees not penetrating the vein .  Hence each point 
in the di agram represent s the average of three tree s .  

An interesting rel ati onshi p di scussed earlier ( Quin, 
1 97 2 ) , and confirmed after more detail ed s ampling 
was that the tungsten concentrati oru were hi ghes t  in 
the side of the tree neares t  the vein.  
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( vi )  Canaan 
Al though trunk analysi s accurately l ocated 

the reefs in each c ase ( Fi g . I I I . 3b ) , in no instance 
was pl ant sampl ing superi or to  soi l  s ampling,  as in 
every case the soi l  al so  accurately l oc ated the 
reefs . Thi s finding i s  in marked contrast to that 
of Hi lliams ( 1 95 9 )  who concluded that soil  sampl ing 
was sui table for revealing scheel i te-bearing areas 
at Canaan but not individual reefs . Thi s erroneous  

conclusi on was no  doubt l argely due t o  the wide 
s ampl ing pat tern used ( 1 00 m) and part ly because of 
the inadequacies of the analytical fi eld test used 
( L a1< in et al , 1 9 5 2 ) • 

In thi s study , i t  was found that soi l  sampling 
could even be used successfully down a 45 deg .  slope 
( reef 3 , Fi g .  I I I . 3b ) . A pronounced " t ai l "  was 
apparent in the downslope posi t i on .  The resul t s  
for the soi l s  and tree trurucs from reefs 2 and 3 

indicate  the presence of offshoot s of the main reefs 
at +1  0 m ( reef '). )  and +20 m ( reef g) . 

( f ) Di scu s si on 
( i )  Gl enorchy , Paradi se, l'1acrae ' s Fl at 

and Top Val l ey 
The se test  areas are simi l ar in that they have a 

common li thol o gy ,  rel atively gentle topography , simil ar 
climates  and a predominantly, but not enti rely , shall o-y 
rooted ve get ati on .  The s oi l s may be considered to  
reflect the composi tion of the bedrock . The ve getat i on 

may therefore al so be expected to  reflect the soi l 
composi t i on and i t  i s  therefore unl ikely that pl ant 

sampling in these areas wi ll  give any addi ti onal 
informati on not provided by soi l  s ampling.  However 
in every cas e ,  wi th the possibl e excepti on of Top 
Valley ,  the vegetati on was successful in l oc ating the 
l ode s ,  and moreover had the di stinct  advantage of 
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Table  I I I . 3  

Swrunary of data for concent rati ons of tungsten in soi l s  

and pl ant ash from transect s  acros s  mineral i sed reefs 

Local i ty 

Glenorchy 

Paradi se  

Tungsten Average pl ant 

Sample s  concentrations ash/soi l 

Soi l  .. 

Grass ( composi te ) 
S oi l  
Grass ( cornposi t e )  

( ppm) 

4-8 2 
1 -1 80 
3-35 
1 -40 

Pteridium aquilinum < 1 -20 
Leptospermum scoparium 

-1 1 

tungsten rat i o  
for anomalous 
values (8Ac) 

1 . 2 

1 • 1 

o .  5 

0 . 4  

Macrae ' s  Flat S oi l  2-5 3 

Top Val ley 

Festuca novae-zelandi ae 1 -7 8  
Chi onochl o a  rubra .:. 1 -44 
S oi l  1 -1 30 
Pteridium aqui linum � 1 -1 2  

1 • 1 
0 . 7  

0 . 1 



being much faster than soil sampling.  
A striking feature of the resul t s  for Top 

Valley ,  i s  the anomal ously l ow value for the pl ant/ 
soil tungsten ratio  ( Tabl e II I . 3 ) .  A likely 
re ason for thi s l ow uptake of tungsten is the l ow 
pH of the soil ( Tabl e II I . 1 ) .  Romney and Rhoads 

( 1 966 ) have shown that the solubi l i ty and therefore 
avai l abi l i ty of tungsten , as the vl04-i on, decreases 
wi th decrease in  pH . 

( i i )  Barryt own and Canaan 
These areas are simi l ar in that both are 

underl ain by predominantly grani tic materi al , have 
rugged topography ( particul arly at Barrytmvn ) hi gh 
rainfall ( again more so at Barryt own ) and have a 
vegetati on compri sing a t all fores t  tree canopy , 
a shrub understory and a dense covering of ferns 
over the forest  floor .  As in the previ ous areas , 
the concentrati ons of tungsten in the leaves  of the 
shall ow-rooting species ( for example , ferns ) wi ll  
reflect the concentrati ons of tungsten in the 
soi l s . However the level s of thi s element in 
the soil s are l i abl e to  be control led to  s ome extent 

by leaching and s oi l  creep as well as by tungsten 
concentrat i ons in  the bedrock . The level s of 
tungsten in the tree speci es  however, because of 

the pos sibi l i ty that thei r root systems may 
penetrate the bedrock , may indi cate the presence 
of deep-seated reefs not mani fested by tungsten 
anomali e s  in the soil  ( see upper transect acros s  
reef a t  Barrytown, Fi g .  I II . 3a ) . 
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At Canaan , the abi l i ty of soi l s  t o  indicate  
succes sfully the l ocati on of al l the reefs and thei r 
offshoot s i s  possibly partly due to a shall ower s oi l  
cover and partly due t o  hi gher l evel s of l eached 
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tungsten in the soi l . The Barrytown soi l s  have 

even l ower pH values than the canaan so1l s ( 'rable 

I II . 1 ) and thi s probably expl ains why the BAC values 
for Barryt own trees are considerably l ower than 
those at Canaan , ( Table I I I . 2 ) .  Top Valley ,  where 
the soil  pH is  al s o  about 5 has simi l ar BAC values 
( Table I I I . 3 ) .  Another s t riking di fference 
between the resul ts  for Barrytown and Canaan however 
i s  the di fferent di stributi on of tungsten between 
the organs of trees from the two areas ( Table 
I I I . 2 ) .  At  Canaan ,  tungst en in the trunks ,  leaves 
and twi gs are simi l ar. The dat a for the Barrytown 
however, show that the concentrati on of tungs t en in 
the tree t runk s i s  far hi gher than that in the 
leaves or twi gs . 
i s  that there i s  
in  the Barryt own 

A pos sible expl anation for thi s 
insuffici ent s oluble Na- and K-i on 
s oi l s  ( bec �use of leaching ) , t o  

ensure transporti on of the negative wo4-i on u p  the 
xyl em to the leaves and twi gs . Tungsten may 

therefore be deposi ted in the root s and trunk , 
perhaps as the rather insolubl e calcium tungstat e .  

Thi s possibility was inve sti gated i n  pot 

tri al s  the resul t s  of which are described in  the 
next section .  

( g) C onclusi ons 
The main conclusi ons of thi s investi gati on 

may be summari sed as fol l ows : 
S oi l  s�npl ing i s  under most condi t i ons  a very 

effect ive t o� for l oc ating scheelite minerali s ati on ,  
provided sampling di s t ances are sufficiently close 
( 5-1 0 m ) and that accurate methods of analyses  are 
used . 

Shal l ow rooting ve getati on such as tus sock 

grass (u sing composte samples ) and ferns c an al so  be 
u sed to  l oc ate scheel i t e  in areas of l ower rai nfall 



and gentl e topography , but the anomal ies  are in some 

cases  less  pronounced than those provided by soi l s .  
However the faster nat ure of pl ant sampl in g , and the 
fact that sharper anomalies  are usually obt ained , 
tend t o  more than bal ance thi s di sadvant age . 
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In  are as of hi gh rainfall and rugged topography , 
soi l  s ampl ing may not always reveal the presence of 
reefs or extensi ons of knovm reefs .  In these cases , 
trunk sampling of deep rooted tree speci es  often 
provi des addi ti onal informati on. 

Finally,  the bi olo gicru absorpti on c oeffi cient 
( BAC ) for tungsten i s  remark ably constant for the 
common tree species pre sent at a particul ar area 
in fact there was less vari ation in BAC values 
between di fferent species  at one area than between 
the sillne species at di fferent areas . Thi s 
import ant finding means that , for the purposes of 
bi ogeochemical expl orat i on ,  the di fferent tree 
species  present at a particul ar area may be 

grouped together . 
2 .  Trend-surface analysi s of tungst en 

concentrati ons in tree trunks at Barrytown . 
( a ) Introduct i on 

Following the resul t s  of the previ ous 
investi gation ,  in parti cular wi th regard t o  the 
use of tree trunk analysi s t o  l ocat e  scheel i te -
bearing veins,  i t  was decided t o  carry out a further 
investi gati on at Barryto\lm to determine just how much 
i nformation could be obtained by thi s method compared 
t o  s oi l  sampling in areas subjec t  t o  l andsliding 
and l e aching . The need for thi s further study was 
prompted by the particul ar di fficulty in tracing 
scheelite-bearing veins between outcrops in these 
c ondi ti ons . 



I t  was decided therefore t o  c arry out 
c oncentrated sampling over a smal l area of suspect ed 
minerali sat i on , and apply trend-surface analysi s t o  
the dat a .  

( b ) Trend-surface analysi s 
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The purpose of thi s techni que i s  to separate 
observed map dat a int o vari ous c omponent s , each of 
which may be more easi ly interpret ed than the raw 
dat a.  I t  involves the fi tting of surfaces - of 
best - fi t by re gressi on analysi s procedures t o  the 
observed dat a .  The se surfaces are given by a 
regressi on equat i on from whi ch an est imate of the 
value of the vari able  measured ( c al l ed the "dependent " 
vari able ) may be made for each point on the area 
sampled . These estimated value s l i e  on the surface 

of - best - fi t .  The regression equati on has the 
form 

T = K + 1(1 1 1 + o o . .  + Kn 1n + 
where T i s  the e stimated value of the vari able  at 
point ( X ,  Y )  on the sampl ing area , K i s  the regres si on 
c onstant , K1 t o  Kn are re gression coefficient s and 11 
t o  L n  are terms in the coordinates  X and Y.  These 
terms are the " i ndependent " vari able s  and may be 
polynomi al or non-polynomi al . 

To obt ain  the components of the data set , the 
behavi our ( t rend ) of the environment al or regi onal 
processes whi ch act over the area are assumed t o  be 
given by the surface - of - best - fi t ,  and the 

deviations of the observed data from thi s surface cont ai n  
the error component o f  the dat e .  Thus ,  i n  theory ,  
the method enabl es the behavi ous  of the regi onal 
proces ses t o  be examined free of experiment al error. 
I n  practice the surface can be influenced by other 
effect s which wi ll  be expl ained bel ow wi th reference 
t o  geochemical data .  



The applicat i on of trend analysi s to geologi c al 
and geochemi cal map dat a has been di scussed and 
i l lustrated by a number of workers over the l ast two 
decade s ( Krumbein ,  1 9 5 6 ; 1 95 9 ; Connor and Hiesch , 
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1 96 4 ;  Agterberg ,  1 964 ; Krumbein , 1 96 6 ; Cillneron , 1 96 8 ; 
l1ei sch and C onnor,  1 96 8 ; Nichol et g 1 969 ) .  In the 
case  of geochemi c al dat a,  the result s  may be considered 
as having three main component s : 

( a ) Re gi onal trends due to  l arge-scale geol ogical 
proces ses  such as changes in the nature of the bedrock 
whi ch affect the maj or part of the sampling area ; 

( b )  Local devi ati ons from the re gi onal trend 
these extend over more than one s ample si te  and 
generally ari se from smal l-scale  geol ogical anomal i e s  
such a s  minerali sati on ; 

( c )  Random vari ati on over the sampl ing area , 
usually called 11 noi se"  which i s  c aused by s arr.pling 
and analyti cal error . 

To obt ain these three component s from a trend 
analysi s proced� ·r·e , the surface - of - bes t  - fi t i s  
considered t o  be the regi onal component . The l oc al 
and noi se component s are cont ained in the deviati ons  of 
the observeddat a from the regi onal trend . These 

deviat i ons are usually cal l ed "residual s "  and the 
l at t er two component s may be separated by ob serving 
the si gn of adj acent residual s .  In  thi s case 
posi tive residual s reflect regi ons of anomalous 
l oc al influence . If the dependent vari able is a 
met al concentrati on in  the soi l , then the se  anomal ous 

features may be minerali sed zone s .  Residual s of 
ne gative si gn contain the noi se  component of the 

dat a .  
Although in most prospecting applicati on s ,  i t  

i s  the posi tive residual s which are o f  mos t  interest , 



the actual trend surface may al so be useful to  
indi c ate  the regul ar behavi our of the dat a over 
the area concerned . 

The method of trend analysi s used was 
developed for the wri ter by Dr. c. R .  Boswell ,  
Computer Department , Has sey Univers i ty , from the 
method of Mie sch and Connor ( 1 968 ) , and used 
polynomi al s t o  the fourth degree .  

( c )  Field work 
The loc at i on of the study area i s  shovm in 

Fi g .  0 . 1  and in more det ai l  in Fi g.  I I I . 4 .  Two 
bel t-transect s (A  and B )  measuring 1 0  x 24 m were 
measured out acros s a s teep hi l l side ( slope 40 deg. ) 
at posi ti ons believed t o  be underl ain by a vein 
cont aining scheel i te mineral i s at i on .  Al l l arge 
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trees ( trunk di ameter ; 1 5  cm) wi thin the transect s ,  
i rre spective of species , were s ampled and l abel l ed 
according to  thei r X and Y coordinat es . Approximately 
40 trees were included in each transect . 

( d ) Resul t s  
Fi g.  I I I . 5  shows the resul t s  for the two 

transect s ,  the dat a showing the tungsten concentrati on 
in  the trunk of the tree at those coordinate s .  
Fi g .  I I I . 6  shows the re sul t s  after computer analy si s ,  
and includes i soconcentration contours ( Fi g . I I I . 6 a )  
trend surfaces ( Fi g. I I I . 6b ) , and "residual s "  
( Fi g . I I I o 6c ) . 

In the upper transect , Transect A ,  the 
"re sidual s"  show a hi gh posi tive anomaly at Y = 6m 
( al so shown in the i soconcentrat i on c ontours ) ,  
indi cating the presence of a scheeli t e  - bearing vein ,  
whil e  the X-coordinate indicat e s  thi s vein has a rich 
pocket at X = 4 m .  The smal ler anomaly at Y = 1 4  m 
possibly indi c ates  the presence of an offshoot of the 
main vein.  As wel l  as deline ating these rich pockets , 
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the t rend analysi s was very useful in demonstrating 

that the anomal ous area at Y = 22  m in the i soconcentrati on 

contour was not due t o  minerali sation ; after subtracting 

the t rend surface pl ot , the residual s ( F'i g. I I I . 6c ) 
show no trace of an anomaly here , indic ating that the 

hi gh values were probably caused by transported 
tungs ten in the soil . 

In  the lower transect , Transect B ,  " the residual s " 

show posi tive anomalies  at Y = 1 1  m and Y = 1 2  m .  Only 

the l at ter i s  indi cated on the i soconcentrati on contours 

of the ori ginal date ( Fi g .  I I I . 6c ) . Moreover , the 
" residual s " pl ot has indi cated the richest pockets  -
t o  be l ocated t X = 2 m and X = 8 m. 

To det ermine whether these anomalies corresponded 

wi th the position of the bedrock mineralisat i on ,  

trenches were dug across  the centre o f  both t ransects 

and s ample s  were t aken from the hi ghly weathered 
upper bedrock . B-hori zon soil sampl es  were t aken 

at corresponding point s .  The position of the trenches 

are sho\vn by the line CD in Transect A and by EF in 

Transect B ( Fi g.  I I I . 6c ) . The rock and s oi l  dat a 

are plot ted in Fi g.  I I I . 6d .  In  both line transect s ,  

the posi ti on of the hi ghes t  value for the rock 
sample s  coi ncided exactly wi th the Y - coordinate of 

the pl ant anomalies in the "residual s " plots . The 

soil values ,  however , pinpointed the hi ghest bedrock 
values in t ransect B only . 

The hi gh concentrat i on of tungsten in  the soil 

rel ative to that in the rock suggests  that the 
scheelite  may be fairly readi ly leached from the 

weathering bedrock and precipit ated in  the s oi l  
downsl ope . 



Fi g .  I I I . 6  Trend surface analysi s of data for 

Transects  A and B .  
( a ) i soconcentrati on contours ; 

( b )  trend surfaces ; 

( c )  "residual s" } 

1 22 

( d ) . C l t\ ... J r ... v;- d a n  tv.,. / , .., c  � ... J�:. .l"l C !)  c; ... d c:,; . 



T R A N S E C T  A T R A N S E C T  B 

·: � a.---�\ ( ) � a 6 
4 
2 

E 0 
._ 1 0  
X 8 � b 

6 
11.1 
u 4 
z 
< 2 1- C::::::::::lO ... 
"' 18 -0 

8 

4 1t r /1 1 o�• :_ u -10 
D 2 1- r ' -___J \ 

1 /� 
\ I ��u L-; �� -� 

o l � � �-:�0 
I . I I I 

- - - soils � � 
o wl d -- bedrock d , ,  

� ,.. 
0 I \ 0. 1 5 I \ z I 
11.1 � \ 
... \.. , '  0. 10 ,_ -"' \ C) z ;:, o.os

. \ ,.....,__V_ .A- - I ... ' 
0 0 2 4 6 8 10 1 2  14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 24 

D I S T A N C E  V ( m )  



1 23 

( e ) Di scussi on and conclusion 

The pl ant data ,  in addi ti on t o  enabling the 
Y-coordinat e of the minerali sation to be pinpointed 

more accurately than the soi l  dat a ,  have al so 

i ndicated the posi tions of the richest  mineral i sati ons 
i n  the veins . The 40 - odd trunk samples col lec ted 

in each transect were collected in a simi l ar time 

( 2  men, 2 hours ) requi red to  collect the dozen or 
so  soil s amples , due to the thick l ayer of humus 

and tree roots whose presence impedes the rate of 

soil  s�npling .  Hence the two methods as used are 

directly comparable in terms of information obt ained 

for comparable effort ; thi s appl ies  to s�npl e 

analysi s as wel l , as , al though there are more pl ant 

s amples ,  they require only dry ashing before 

extracti on of the tungsten ,  whereas soi l s  have to· 

be dri ed , si eved , fused and leached before extraction .  

In conclusi on, i t  i s  considered that the use 

of trend surface analysi s of dat e  from bel t  - transect 

s ampling of tree trunks ,  al though hardly appli c able 

t o  widespread re gi onal reconnai s ance because of the 

hi gh s�npling densi ty involved , shows considerable  

potenti al for delineating extensi ons of  known 
mineral i sation ,  and l ocating rich pockets in known 

veins . 
C .  NOLYBDENUM 

1 .  Bi oqeochemical expl orati on for molybdenum 

at canaan, Nel son .  

( a ) Introduc ti on 
Molybdenum mineral i s at i on ,  in  the form of 

molybdenit e ,  was di scovered at Canaan , Nel son in 1 95 6  

by Mr. E .  J .  Sixtu s .  Thi s deposi t has not previously 
been menti oned in the li terature ; a rather exhaustive 

study of mineral s i n  the regi on (\'li l l i ams , 1 95 9 )  did 



not refer t o  i t s  presence . The l ocation of the 

deposi t is shown in Fi g. 0 . 1 and in more det ai l  in 

Fi g.  I I I . 7 .  The molybde:ni te  occurs in a l eanly 

minerali sed quart z ree f ,  approximately 5 meters in 

width and striking roughly north-south, whi ch 
outcrops about 0 . 5 kilometers north-west of the old 

homestead ( Fi g .  I I I . 7 ) .  1'1inor lead ,  copper and i ron 

sul phide mineral isation are al so present , scat t ered 

throughout the vein,  whereas the molybdeni te occurs 

only in the outer porti ons of the vein.  A yel l ow 

secondary mineral was present as a stain on the 

quart z ,  thi s may be wul feni t e .  
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Al thou gh the vein i s  far t oo leanly mineral i sed 

wi th molybdenum to be of economic si gni fi cance , i t  

was ideal for the purposes o f  prospecting as , apart 

from thi s one outcrop , there was very little  vi sual 
si gn of the reef whi ch i s  sai d  t o  be possi bly as l ong 

as 1 0  kilometers , ( E .  J .  Sixtu s ,  pers . comm. ) .  
I t  �1as therefore of considerable  interest to  determine 
whether the vein could be l oc ated by soil and / or 

pl ant sampling.  

( b )  Field work 
The area surrounding the outcrop had been burnt 

off recently , and the only ve getation avai l able  for 

s ampling were dead tree trunks .  The strike o f  the 

vein was fol l owed north for 40m, B - hori zon soi l 

s amples and dead trees being sampled every 1 0m .  At 

thi s point a small stream crossed the strike of the 

vein ,  which does not however outcrop in the stream.  

Dense vege t at i on was present north of the s tre�n ( 5 0m 

from outcrop ) and trunk wood , leaves and twi gs were 

collected from each tree species  present . 
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( c )  Chemi cal analysi s 

l'1olybdenum in stream sediment s ,  soi l s  and 

veget ati s:m  was determined by the cal orimetric 

procedure devel oped and described in secti on I . b 

of thi s thesi s .  

( d )  Re sul t s  and di scussi on 

Tabl e I I I . 4  gives the resul t s  for the soil , 

stream sediment and dead wood sampling al ong the 

strike of the vein . The rapid drop in soil 

molybdenum down to back ground level s ( 3ppm) in 

only 40 m indicates that there i s  li t tle leaching 
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of  molybdeni te from the vein.  The p H of  the soil 

was found to average a l ow 5 . 1 , and it is well knm1m 

( Davy , 1 97 3 )  that the mobi l i ty of  molybdenum i s  very 
l ow under these said condi tions , due to  the formati on 

of molybdi c acid . In very acidic condi t i ons ( pH<:A ) , 
the mobi lity start s to increase again due to  the 

formati on of solubl e polymeric  molybdate ani ons ; 
mobil i ty i s  at a minimum in the pH range4 . 5 - 6 .  

The resul t s  for the l ive trees sillnpled north 

of the vein ( Table  III . 5 )  show that molybdenum i s  

taken up i n  l arge amount s despi te  the very l ow 

molybdenum content of the soil . Background 
concentrati ons would be only 0 . 5-1 ppm. Thi s 

indic ates  that the tree roots  are penetrating the 

vein throu gh the soil  cover , a s ,  in the immedi ate 

vicini ty of  the vein,  the pH i s  considerably hi gher 

( e . g . 6 . 7  at the outcrop ) and hence molybdenum i s  
avai l able for uptake .  Ui thin a few cm of the vein 
however, the pH drops t o  around 5 .  Thi s expl ains  
both ( i ) why the molybdenum c ontent of  the B-hori zon 

soi l  i s  very l ow ,  and ( ii )  why a hi gh concentrati on 

of molybdenum in the tree s must  mean that their 
root s are in cl ose proximi ty t o  a vein, as hi gh 
concentrati ons of transported molybdenum in a l ow pH 

s oi l  do not resul t i n  such hi gh concentrati ons . That 
thi s i s  so was checked by • • •  



Table III . 4  

Molybdenum concentrati ons i n  soi l s  and dead wood 

Di s t ance from vein 

( m ) 

0 

1 0  
20 

30 

40 

J:.1olybdenum (ppm) 
soi l  dead wood 

37 1 6  

21 20 

7 22  

3 .  6 1 2  

5 . 5  28 

1 26 



sampling at an area 3 km south of the vein,  where 

molybdenum leached from molybdeni t e  - bearing quart z 

stringers in a hi gh pH envi ronment have resul ted in 

soil values as hi gh as 300 ppm ( 11 .  Zuc}:ermann , pers . 

comm. ) . The resul ts  for thi s are a are shown in  

Table I I I . 6 . The di stri bution of  molybdenum in 

trees ( Table I I I . 5 )  shows an interesting contrast 

wi th that of tungsten.  \1i th the notable excepti on 

of Myrsine divari cata and the Nothofagus specie s ,  

the concentraticn of molybdenum i s  hi gher in the 

leaves than twi gs or sapwood ; tungsten is almost 
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invari ably hi ghe st in the trunk wood ( Tabl e I I I . 2 ) .  

Thi s finding i s  probably rel ated t o  the fact that , 
unlike tungsten ,  molybdenum i s  an es senti al element 

for pl ant s ,  and hence i s  more likely to  be 

transported into the aeri al organs . 
( e ) Conclusi ons 

Thi s bri ef investi gation has yielded some very 

valuable informati on concerning prospecting for 

molybdenum i s  New Zeal and . Fi rstly, the resul t s  

have demonstrated that bi ogeochemi cal prospecting 
can be used to l ocate molybdenum - bearing reefs i n  

acid condi ti on s ,  a s  the hi gher pH i n  the immedi at e 

vi cini ty of the reefs resul t s  in  the formation of 
soluble  molybdate which i s  readi ly absorbed by t ree 

root s .  

Secondly,  the resul t s  have demonstrated the 

superi ori ty of tree s�npling over soil sampling i n  

these condit i ons where the l ow pH o f  the soi l  does 

not permi t molybdenum to be t ransported through the 
soi l profil e .  



CX) C\J 
.-- Table I I I . 5  

Molybdenum concentrati ons in tree samples collected above inferred posi tion of reef 5 0m 

from outcrop 

Species  No .  of  samples  
* 

Ave . molybdenum ( ppm ash wei ght ) 
Leaves 'I\vi gs Outer wood 

Gri selina lucida 2 1 40 1 6  1 20 
dyrsine divaricat a  3 1 6  40 6 5  
Libocedrus bid\vi llii  1 1 3  1 2  1 0  

CyathOi�a fasci cul ata 2 1 4  8 1 2  
Phyll ocladus alpinus 2 24 1 3  1 4  
Podocar� totara 5 24 1 1 1 1 

Coprosma ruqosa 4 43 30 1 1 

Nothofaqus fus ea 4 6 1 3 22 

N.  menzi esii 3 8 1 0  1 5  

Pseudowintera col o rat a 6 1 8  7 1 3 

Dracophyllwn to\vnsoni i 3 20 1 6  1 5  

-X-
Ave . soil concentrati on 4 . 6  ppm. 
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Table I I I . 6  

f1olybdenum concentrations in trees and soi l s  i n  an area of transported molybdenum 

Site  

1 

2 

S ample 

soil 

Molybdenum in soil  ( ppm) l'liolybdenum in tree organs 
(ppm ash wt) 

Leaves twi gs out er wood 

( pH 4 . 7 )  1 40 

Nothofaqus sol andri 4 . 3 2 . 1 2 . 6 

N .  truncat a 3 . 7  2 . 3 2 . 4  

S oil ( pH 5 . 4)  7 0  

N .  t run cat a 6 . 3  3 . 1  3 . 9  



Thi rdly , hi gh concentrati ons of molybdenum 

preci pi t at ed in a low pH soi l  after transportat i on 

from a hi gh pH envi ronment wi ll  not resul t in  hi gh 

concentrati ons of molybdenum 1n trees , and hence 
the resul t s  of tree analysi s should be capable of 

di stingui shing between the presence of minerali sed 
reefs and merely transported molybdenum. 

Fourthly, where a molybdenum - bearing reef 

1 s  overl ain by a hi ghj�oi l , soil and tree sampling 

should be  equally successful i n  del ineating 

anomali e s o  

Final ly, the resul t s  have indicated that , 

as wi th tungs ten ,  vi rtually al l tree species should 

be sui t abl e for bi ogeochemical prospecting.  However,  

al though t oo few samples of  each species were 

col lec ted to  reli ably determine their average BAC 

values , the grP.J.t vari ance in  molybdenum 

concentrat i ons in general , and in  particul ar the 

manner of di stributi on between the organs , 

indicates that bi ogeochemical prospecting for 

molybdenum would requi re rather more el aborate 

orientati on surveys than doe s  tungsten . 
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SECTI ON IV 

BIOGEOCHEHICAL 

STUDIES  

1 3 1  



A .  INTRODUCTION 

Thi s Secti on describes three investi gati ons  

carri ed out t o  at tempt to  answer questi ons rai sed 

by the resul t s  of the bi ogeochemical explorati on 

survey . 

The first investi gati on was prompted by the 

di fferences found in the uptake  and di stributi on 

of tungsten by tree - species from the Barrytmvn 

and Canaan areas . An investi gati on was c arried out 

to  determine whether differences in the level s of  

solubl e sodium and pot assium in  the soil  at  the two 

areas could be responsible f or these findings . 

The second investi gati on was carri ed out t o  

study the effects of soi l  tungst ate on the growth of 
clover . C onsiderable areas of scheelite 

minerali sat i on in Otago , Ue stland and Nelson have by 

now been devel oped into pasture , and the questi on 
ari ses t o  what extent growth i s  affected by the 

presence of tungsten. There are several references 

in  the l i terature concerning  the inhibitory effect 
of tungstate on pl ant enzymes which require 

molybdenum ; other workers have suggested that 
tungsten can substi tute for molybdenum in these 

enzymes and actually increase growth .  

The final investi gati on was carri ed out t o  
determine the effect o f  substrate composi ti on on 
the c omposi tion of native trees for a wide range of 

maj or and trace element s .  The author was fortunate 
to  be able t o  carry out investi gati ons at two 
areas which , while bein g  t otally di fferent 

geol ogically,  had vi rtually identical vegetat i on 
cover . Thi s provided an uni que opportuni ty t o  

study the vari ations which could occur in  the 

composi ti on of some of New Zeal and ' s  commonest  

native tree speci es , and the implications of thi s 

for l arge scale prospecting.  

1 3 2 
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B .  THE EFFECT OF SODIUl'1 AND POTASSIUM I N  THE SOIL  

ON THE UPTAKE OF  TUNGSTEN BY NOTHOFAGUS FU S CA .  
1 .  I ntroduction 

The resul t s  of the bi ogeochemical expl oration for 

tungs ten described in  S ecti on I I I  showed the exi stence 

of some i�1tere sting di fferences between the Barryt o\lm 

and Canaan areas . Firstly , the t otal uptake of tun gsten 

was l ower at B arrytown , and secondly,  the di stributi on of 

tungsten between the organs of tree species was di fferent 
at Barrytown tungsten was invari ably hi gher in the t runk 

wood than in the leaves or twi gs , whi l e  at Canaan tungsten 
was evenly di stributed on a concentrati on basi s .  Table 

IV . 1 shows the di stributi on of tungsten \ri thin the organs 

of two tree species common to both areas . 

The fi rst di fference ,  the l ower total uptak e  of 

tungsten ( see BAC values in Table I I I . 2 ) is probably 

largely due to the lower average soil  pH at Barryt o�m 
( Table II I . 1 ) ; the uptake of tungsten has been 

demonstrated to decrease wi th decrease in pH ( Romney 
and ffi1oads , 1 966 ) .  Once the tungsten is  taken up 

however ,  other factors must  determine how it i s  

di stributed within the tree . Investi gati on showed 
that the l evel s of ammonium-acet ate-soluble sodium 
and potassium in  the soil , and the concentrati ons 

of these elements  in tree organs , were l ower at 

Barryt mvn than at Canaan . A s  t he presence of a 

mobile  cation would be es senti al for the transport ati on 
of the tungstate ani on up the xyl em to  the l eaves of 

a pl ant , it was decided to  carry out pot tri al s t o  
determine the effect of added s odium and pot assium 

on the uptruce  and di stributi on of  tungsten. 
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r Table IV . 1  

Average concentrati ons of tungsten in organs of two trees species common to  Barrytown and 

C anaan 

Species 

Nothofaqus  menziesii 

vleinmanni a racemosa 

Organ 

trunk 

leaves 

twi gs 

trunk 

l eaves 

twi gs 

Barryt ovm 

30 . 4  

9 . 3 

8 . 1  

21 . 6  

1 o .  5 

6 . 8  

(ppm ash weight) 
Canaan 

8 . 8  

1 o .  7 

1 3 .  7 

34. 2 

30 . 1  
2 2 . 5 



2 .  Preliminary fi eld work 

I ni t i al measurements  of soluble sodium and 

pot as sium in the soi l  were made using the water -
s oluble content of the -1 00 mesh fracti on, as thi s 

fracti on was used for explorat i on work . These 

gave average values of 37 5 and 350  ppm sodium , and 
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45 and 5 5  ppm potassium, for Barrytovm and Canaan 
respectively . However i t  was l ater considered that 

more reli able estimat es of the avai l able sodium and 

potas sium would be obtained by measuring the ammonium -

acet ate - soluble level s in  the t ot al soi l s ,  as used 

in  agricul tural tests  for soi l  ferti l i ty .  Thi s 
method gave average values of 1 30 and 220 ppm s odium, 

and 5 0  and 90 ppm pot assium, for Barryt o\lm and C anaan 

respectively ; that i s ,  the Barrytown soi l s  had 

considerably lower l evel s of both element s .  Leave s ,  

twi gs and trunk wood were t aken from two speci es  of 
trees c ommon to both areas ( Nothofaqus menzi esi i and 

"�Jeinmanni a racemosa )  and analysed for sodium and 

potas sium.  The resul t s  ( Tabl e  IV. 2 )  show that the 

Barryto\lffi trees contained l ower concentrati ons of 

both el ement s .  

3 .  S et ting-up of pot tri al 

Approximately 20 soi l  sampl es ( 500 g )  were 

collected at randomly selected sites from e ach area .  

After air-drying, the soi l s  were l ightly ground t o  
separate aggregated particles , and the +20 mesh 

fraction was removed by sieving and di scarded . The 

-20 mesh fracti ons were then mixed t o  produce a 
represent ative soil  s ampl e from the two areas . 

I t  was hoped t o  use  seedlings of Nothofagus 

menzie si i  ( silver beech) for the pot tri al ,  as thi s 
was the most  abundant species common to both areas , 

and had been used in  a earlier pot t rial , ( Quin , 1 97 2 ) . 



\0 ('() 
'""""" Table IV . 2 

Average concentrati ons of sodium and pot assium ( %  ash wt ) in two tree speci es from 

Barryt o\lm and canaan 

Species Organ Barrytown Can a an 

Na K Na K 

Nothofaqu.s menzi esii trunk o .  37 2 . 9 0 . 5 2  3 . 8  

l eaves 0 . 68 4 . 9 o .  7 5  6 . 1  

twi gs 0 . 40 3 . 1  0 . 5 6  4 . 0 

Ueinmanni a racemosa trunk 0 . 25 1 • 9 0 . 39 2 . 7  

leaves 0 . 40 2 . 7  0 . 56  4 . 1 
twi gs 0 . 26 2 . 3 0 . 39 3 . 0  
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However l ack of avai l abil i ty forced the use of N .  fu sca 

( red beech ) . Thi s species  was al so  present at both 

are as , but was less  coi£lmon tha.J.1. N. rnenzi esii , 

particuJ arly at Barryt m•m . 

The seedlinc:s , whi ch "'J.rere one - year - old 

specimens groYm from seed in pottins:r mix , were 

transpl anted t o  the Barrytown and Canaan soi l s , after 

the root s had been carefully washed , at a densi ty of 

three seedling·s per pot . The pot s , whichwere pl as tic 

and held approxii.1ately 300 0 of soi l  ( dry wei ght ) , 

were pl aced in pl astic di shes s o that any drainage 

could be reabsorbed by the contents of the pot . 
After 20 days , addit i on of the treatment 

s olutions was conunenced. The two soi l s  were each 
spli t into four cat8gories ( a ) control , ( b )  tungsten 

added , ( c )  tung-sten and sodium added , ( d )  tungsten 

and potassiur,1 added . sufficient tungsten ( as 
Na2 1:104 • 2H2 o) , s odium and pot as siWil ( as thei r 
chl orides ) were added t o  give addi tional 

concentrati ons of 200 , 1 000 and 1 000 ppm respectively • 

• 
The treatment soluti ons were made up t o  5 00 cm3 and 

added at a rate of 35 cm3 per day for 1 4  days . 

At Day 1 5  or 1 day after the ces sat i on of the 

addi ti on of the t reatment soluti ons ,  soi l  samples  

were tal<en from the pot s and analysed for total 

tungsten and ammonium acetate - s oluble s odiwn and 

potassium. The resul t s  are given i n  Table IV. 3 .  

Note the hi gher c oncentration of s odium i n  the 

soi l s  t o  which tungsten had been added as sodiwn 

tuna-st at e .  

A t  the same time , leaf samples were collected 

and analysed for tun gsten, sodium a_nd potassiwn. 

Further l eaf analyses were carried out at Day 8 5 , and 
at Day 300 the plants were harves ted . S oil  was 
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Table IV . 3 

S oil  dat a for pot tri al 

Total tungsten 

control pot s 

tungsten pot s 

S olubl e sodium 

control pot s 

+ tungsten pot s 

+ tungsten , sodium pot s 

Soluble pot assium 

Control pot s 

+ tungsten ,potassium pot s 

Concentrati ons ( ppm ) 
BarrytO\'m Canaan 

26 1 2  

220 230  

1 30 220 

200 290 

1 1 5 0 1 200 

5 0  9 0  

800 8 5 0  



shal<en from the roots whi ch were then thorou ghly 

washed in running water. The seedl ings were 

divided into roots , stems and leaves for analysi s .  

4 .  Analyti cal methods 

TUngsten in soi l s  and pl ant ash was 

determined col orimetrical ly ( Quin,  1 97 2 )  using 

improvements descri bed in  section I of thi s thesi s .  

Sodium and potassium were determined by fl ame 

photometry .  

5 .  Resul ts  and di scussi on 

The Day 1 5  dat a ( Table IV. 4 )  shc:>w that , 

al though the ori ginal c oncentrati on of tungsten in 
the Barryto\'m soi l  was more than twi ce that in  the 

C anaan soi l ,  the upt ake of tungsten was only sli ghtly 
greater , probably as a resul t of the l ower pH of 

the Barrytm1m soil ( 4. 6 compared to 5 .  0 ) . After 
the completi on of the addi t i on of the tre atment 

soluti ons ( Day 1 5  dat a ) the concentration of tungsten 

in  the leaves had i ncreased dramatically .  The 

influence of soil s odium and pot as sium on the uptake 

of tungsten was sho�m conclusively by the resul ts  for 
the sodium and pot assium pot s ,  as in  both c ases the 

tungsten concentrati on was great ly increased . The 

resul t s  for the C anaan salnples were invari ably 

hi gher than those for Barrytovm. 
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The Day 8 5  dat a showed an interesting revers al .  

The tungsten concentrati ons had decreased i n  al l 

t reatment s ,  but most markedly for t he sodium and 
pot assium pot s ,  where the concentrations had decreased 

t o  wel l  below those for the tungsten - only and control 
pot s .  A pos sible expl anation for thi s i s  as fol l ows . 

The huge ini t i al uptake of tungsten i s  associ ated 

wi th an increased uptake of potassium and particul arly 

sodium ( Table IV . 4 ) . The presence of the excess 

sodium and pot assium in  the pl ants  could qui te easily 
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Day 

1 5 

0 

1 5 

8 5  

300 

Soi l  

Barrytovm 
Can a an 

Barryt own 

Can a an 

Barrytown 

Can a an 

Barrytovm 

Can a an 

Barryt m.1m 

can a an 

- -

Tabl e IV. 4 

Pl ant dat a for pot tri al 

Concentrati ons {PEm d£l weight2 

Control pot s +tungsten pot s +tungsten +tungsten ,  
sodium pot s  potassium 

pots 

Na K Na K Na K Na  K 

6 20 4000 1 600 4000 6 500 3800 600 57 00 

67 0 5 500 1 900 5400 6600 5 200 67 0 87 00 

,..., ,,, \·1 w 
2 . 3  2 . 2 2 . 0 2 . 4  

1 • 9 1 . 8  1 • 8 2 . 0  

2 . 5 1 3 .  0 37 31 

1 • 8 20 . 0  1 40 7 3  

2 . 5  3 . 0  0 . 9 0 . 01 

2 . 0 4 . 9 1 . 7 0 . 3 

2 . 6  4 .  5 1 o .  5 7 . 5  

1 • 9 6 . 2 1 6 . 0  9 . 5  



prevent the tungsten from being immobili sed , for 

example by precipi tati on as C auo4 or incorporated 

in macromolecul e s ,  and the data indicate that thi s 

mobi l e  tungstate can be readily removed from the 

pl ant . In the absence of the addi tional sodium 

and pot as sium, the maj ori ty of the tungsten t aken 

up i s  probably i�nobil i sed , as l S  indicat ed by the 

stable tungsten concentrat i ons in  the control pot s . 
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By Day 300 , the tungsten levels  had bui l t  up 
again for the sodium and pot assium treatment s , and 

stayed relatively const ant for the tungs t en - only 

treatment . These results  suggest that , al though 

the presence of excess sodium and pot assium prevent s 
rapid i mmobi l i sation of the tungsten in the pl ant , 

as time goes on the tungsten i s  slowly immobil i sed , 

thereby permi tting more to  be taken up . 

Distributi on of tunqsten in pl ant s,  Day 300 
In the final st age of thi s experiment , the 

pl ant s were harvested and spl i t  into root s ,  stems 

and l e aves to investi gate the pattern of di stributi on 

of tungs ten in the pl ant s from the two areas . The 

result s  ( Table  IV. 5 )  show that the proporti on of 
tungsten in the leaves and stems i s  far hi gher for 

the pot assium and parti cul arly sodium treatment s .  

For al l treatment s ,  the leaves I roots and stems I 
root s ratios are hi gher for C anaan than for Barrytown . 

As  had been found in  an earlier pot t ri al 

( Quin ,  1 97 2 ; Quin ,  Brooks  and Reay ,  1 97 3 ) , the 

di stri buti on of tungsten in  the control pot s i s  much 

more uni fonn, the concentrat i on of tungsten in the 

root s being roughly the same as that i n  the l eaves . 

I n  the presence of applied tungsten, the hi gh rel ative 

c oncentrati on of tungsten in the root s ,  parti cul arly 

i n  the tungsten only treabnent , indicates that the 
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Local i ty 

Barryto'Jm 

Canaan 

---

Tabl e IV. 5 

Di stribution of tungsten in  seedlings , Day 300 

Treatment Tunqsten concentrati ons (PEm} 
l eaves stems roots 

Control 23 1 4  28 
+ u 25 1 2 280  
+ irl ,  Na 1 0 5 5 0  3 1 0 

+ ·1:1,  K 5 5  3 5  290 

Control 1 9 1 2  22  

+ lv 5 2  27 3 1 0 

+ H ,  Na 1 60 7 0  300 

+ \·l , K 95  50 3 30 

Rati os 
leaves/roots  stems/roots 

0 . 8 2  0 . 50 

0 . 09 0 . 04 

0 . 3 3  0 . 1 6  

0 . 1 9  0 . 1 2  

0 . 86 0 . 5 5 

0 . 1 7  0 . 09 

0 . 5 3  0 . 23  

0 . 29 0 . 1 5  
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pl ant s can somehow suppress the transport of tungsten 

into the aeri al part s of the pl ant . Thi s effect was 

al so found to exi st for cl over , as shown in the next 

investi gation .  

6 .  Conclusi ons 
The resul t s  of thi s  investi gation have 

demonstrated the effects  of soi l  sodium and pot as siuJn 
on the upt ake and di stri buti on of tungsten by beech 

seedlings .  The addi tion of sodium and / or 

pot as sium sl i ghtly increases the overall upt illce 

of tungsten ; concentrati ons of tungs ten in the 

root s are unaffected , but more i s  transported to  
the leaves and twi gs . 
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C .  THE EFFECTS OF TUNGSTATE AND NI TROGEN SOURCE 

ON THE DRY '\IEIGHT AND NIT'ROGEN YIELDS,  AND 

MOLYBDENU1'1 AND TUNGSTEN CONTENT, OF \'7HI TE 

CLOVER (TRIFOLIUM REPENS ) . 
1 .  Introduction 

Holybdenum i s  lcnmm to be an es senti al element 

£or pl ant s ,  and Nichol as and Nason ( 1 9 5 5 ) identified 

i t  as being the met al consti tuent of the enz:yme ni trat e  
reductase , which reduces ni trate t o  ni tri te ,  the fi rst 

step necessary in the c onversi on of absorbed ni trate 

into amino acids . Holybdenum i s  al so an essenti al 
consti tuent of the enzyme ni trogenase (Kryl ova, 1 96 3 ) , 
whi ch i s  responsibl e for the reducti on of molecul ar 
ni t rogen t o  arrunonium by legume Rhi zobi a nodul es . 

Tungsten , added as tungstate , has been sho�m 

to  function as a competi tive inhibi t or of molybdat e 

upt ake and uti l i s ation in Azotobacter vinel andi i ,  

( Keeler and Varner , 1 957 ) ,  and reduces the growth of 

these bacteri a both when ni trogen is the sole ni trogen 

source , and when nitrogen as added as ni trate ( Keeler 

and Varner,  1 957 ; Talcahashi and Nas on ,  1 9 57 ) .  

TUngst ate has al so been found to  act as a competi tive 

inhibitor of molybdate util i s ation in  the fungus 

Asperqillus ni qer , when ni trate i s  the sol e ni trogen 
source,  ( Hi ggins � �' 1 956 ) .  I n  all these 
examples , hi gh tungsten to molybdenum ratios 

( approximately 1 00 : 1 ) were necessary to  produce 
i nhibition of growth or molybdenum util i sation ,  and 

i t  was found that decreasing the ratio  t o  approximately 

uni ty by the addi tion of more molybdenum invari ably 

reversed the tun gsten inhibi ti on .  TUngsten has al so 

been found t o  suppres s  the uti l i s ati on of molybdenum 
in ni trogen fixati on in  several other bac teri a strains 

( Krylova,  1 96 3 ;  Hwang and Doi , 1 96 5 )  apparently in the 
s ame fashi on i s  in ni t rate reduct i on .  



More recently , Heimer et al ( 1 960)  studi ed the 

effect of tungstate  on ni trat e assimi lati on in hi gher 

pl ant s .  TUngst ate was found to prevent the 

devel opment of ni trate reduct ase activi ty in  barl ey 

shoots and cel l cul t ures  of tobacco , and hi gher 

tungstate concentrati ons had the addi ti onal effect s 

of preventing root and shoot devel opment in  barl ey . 
Again ,  decreasing the tungstate to  molybdate ratio  

to  uni ty was found t o  reverse tungst ate i nhibi ti on . 

I t  was concluded that tungstate probably acts  by 
inhibi ting the incorporation of molybdenum into 
ni t rat e reduct ase , rather than by inhibi ting the 

formation of the apoenzyme . Furthermore , they 
demonstrated that tungs t ate does not inhibi t ni trate 
upt ill<e by tobacco cel l s  or barl ey seedl ings , in 

contrast to the bacteri al work of Keeler and Varner 

( 1 9 57 ) .  
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In apparent contrast to the resul t s  of these 
physi ological experiments , the resul t s  of field test s 

carri ed out by Davi es and Stockdi ll  ( 1 95 6 ) showed 

that , in the presence of added molybdate , the addi ti on 

of tungstate  did not adversely affect the growth of 

the l egume whi t e  cl over, and , in the absence of 

addi t i onal molybdat e actually resul ted in  an increase 

in  growth, al though thi s increase was l e s s  than that 
produced by an equival ent amount of molybdat e .  They 

concluded that tungsten was probably acting as a 

substi tute for molybdenum in i t s  role i n  ni trogen 

fixation ( that i s ,  in the enzyme ni trogenase ) , 
al though less  effectively . 

As there are widespread areas of tungsten 

( predominantly scheelite ) minerali sati on in the Otago 

and s outhl and areas of New Zeal and ( vJi l l i ams , 1 96 5 )  
part s of which support pasture and native tussock , 
i t  was decided t o  investi gate the effect of anomalous 



concentrati ons of tungsten in  the soi l on pasture 

growth . Bi ogeochemical expl orati on in these areas 

had demonstrated the exi st ence of tungs ten 

concentrat i ons as hi gh as 8 0ppm in soi l s  and 20ppm 

dry wei ght in tussock and pasture ( see Section I I I  
o f  thi s  thesi s )  compared t o  normal level s of 0 . 05 -
2ppm in soi l s  and 0 . 02 - 0 . 6ppm in pasture . 
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I t  was decided that the greatest amount of 
informati on would be obtained by carrying out pot 

tri al s t o  study the effect of ni trogen source ,  and 

tungst at e  l evel , on the growth , of whi te clover 
( Tri folium repens ) one of New Zeal and ' s  mos t c ommonly 

used pasture speci es . 

2 .  Methods 

Pl ant s were grown from seed , the seeds being 

pl anted after germinati on ,  at a densi ty of 1 6  per 

pot in greY\vacke s and in a gl asshouse.  The pot s 

were pl astic  and measured 1 5  x 1 5  x 1 5cm and , when 

filled wi th sand , had a water holding capaci ty of 

approximately 1 000cm3 • The pot s were covered for 4 

days wi th wet paper t o  reduce evaporati on aft er which 

the paper was removed .and the addi t i on of nutri ent 

soluti ons was co�nenced. Det ai l s  of the basal 

nutrients soluti on are given in Tabl e IV . 6 .  
Treatment soluti ons consi sted of three di fferent 

ni trogen sources ( fixat i on ,  ni trate and ammonium ) , 

and three di fferent tungsten concentrati ons ( o ,  5 
and 5 0ppm ) . TUngsten was added as the soluble 
sodium tungstat e ;  the control soluti on t o  whi ch 

no tungsten had been added , the 5 ppm soluti on t o  

simul ate l ikely level s of thi s element i n  soi l s  
containing tungsten transported from scheelite  -

bearing ore - bodies , and the 5 0ppm soluti on t o  
simul ate l ikely concentrati ons near � si tu 

minerali s at i on .  These c oncentrati ons were desi gnated 

V.70 , W1  and V.72 respectively ( Table IV . 6 ) . 



The first nutri ent application was made using 

quarter - strength solutions , the second using h al f  -
strength , the third three - quarter strength , and the 

fourth and subsequent appli c ati on wi th full � strength 

soluti ons . 
The soluti ons V'8re appli ed at a rate of 200cm3 

three times a week , thi s being suffici ent to  induce 

drainage and hence prevent accumul ati on of i ons . 

Four replicates  of each treatment were used . 
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The pl ant s were harvested after 1 0 week s growth , 

then washed thoroughly in water before they were 
subdivided into roots  and shoot s .  The samples  
were oven-dried at  1 00 de g. c for 24 hours . 

The total ni trogen content of the dried pl ant 

materi al was determined wi th a Technicon Auto-Analyser,  
after K j eldahl di gestion .  Ni trate was determined 

col orimetri c ally by reaction wi th sul phani l amide 

and napthyl - ethylenedi amine after hydrazine 

reducti on .  Molybdenum and tungsten were determined 

c ol orimetri cally by the methods described in Secti on 

I of thi s thesi s .  Nitrogenase activi ty in pl ant s 
receiving c ombined ni trogen was determined by 

acetylene reduction assay .  
3 .  Resul ts  

( a) Dry wei qht and ni trogen yi elds 
There was a si gni fi cant ( P� 0 . 05 ) effect of 

tungstate l evel on both dry wei ght and ni trogen 
yi elds , and an interacti on ( P< 0 . 1 0 ) wi th ni trogen 

source . 

TUngstate had the least  effect on yi elds in  

the absence of  c ombined ni t rogen ( Fi gs .  IV . 1 a  and 2a) . 

The trend i s  simi l ar for roots and shoot s and indi cate s  

that tungs t ate i s  sli ghtly inhibi ting growth and 

ni trogen yields ( Table  IV . 7 ) .  



Table IV . 6  

Detai l s  of nutri ent soluti ons 

Common to all t reatment s·* 

Element s and compounds 

Na ( Na2CO) 
K ( K2S04)  

Hg ( l'1gso4 • 
7 H2o )  

e a  ( cac1 2 ) 

P ( NaH2Po4 . 2H20 ) 

S ( K 2S 04 )  

C1 ( CaC1 2 ) 

C ( Na2co3 ) 
Trace element s  and compounds 
Fe ( Fe-EDTA ) 

B ( H3 Bo3 ) 

Mn ( Mnso4 . 4H2o )  

cu ( cuso4 . sH2o )  

zn ( Znso4. 7 H20 )  

eo ( coso4 . 7 H2o )  

Mo ( Na2Moo4 . 2H20 )  

mM 
0 . 7  
0 . 6 

0 . 2 

0 . 7  

0 . 1 

0 . 5 

1 • 4 
0 . 3 

1:±!:! 
7 

1 5 

2 . 5 

0 . 5 
1 . 0 

0 . 25  

0 . 25 

Other addi tives 

El ement and compounds 

N ( as NaNo3 ) 

N ( as NH4C 1 ) 

110 level ( Na2\vo4 • 
2H2o )  

\rl1 level " 

1;72 level " 

ml'1 
3 . 6  

3 . 6  

0 

0 . 037 

0 . 368  

*pH adjusted to  6 .  8 wi th di lute HC1 
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total ppm element 

1 6 . 1  

23 . 5  

4 . 9 
28 . 0  

3 . 1  

1 6 . 0  

99 . 3  

3 . 6  
ppm element 

0 . 390 

0 . 1 6 2 

0 . 1 37 

0 . 03 2  

0 . 06 5  
o .  01 5 

0 . 024 

ppm el ement 

5 0  

5 0  
0 

5 

50  



1.-Jhere ni t rate and ammonium were the ni trogen 
source ,  the yields show a marked increase for the 

\:.J1 t reatment ( Fi gs .  I V . 1 b  and 2b , 1 c  and 2c ) 

particul arly for the shoot s .  The yi elds decrease 

for the U2 treatment , but are still  hi gher than 

those for the WO treatment . 
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Acetylene reduction assay of cl over pl ant s 

receiving ni tro gen as ni trate and �nonium showed that , 

at the time of harvest , some fixati on was occurring. 

The rates were 1 7  and 7 ')J.mol es ethylene/pot/hour for 

ni trate and ammonium pl ants respectively wi th 

si gni ficant effect of tungstate . 

TUngstate al so had no si gni fi cant effect on 

the ni trate content •.1rhere fixati on was the only 
source of ni trogen , the ni trate content was very 

l ow ( less  than 5ppm) . Ni trate - treat ed pl ants 

cont ained approximately 0 . 1 % ni trat e ;  those treated 

with ammonium cont ained an unexpectedly hi gh 0 . 05% 

ni trate . 
( b )  l'1olybdenum content s 
There was a si gni ficant interaction ( P� 0 . 01 ) 

of tungstat e  l evel of molybdenum c ontent . 

�:lhere fixation was the only source of ni trogen , 

the presence of  tungstate  enhanced the uptake  of 
molybdat e ,  both on a mas s and concentration basi s 

( Fi g .  IV . 3a  and Table IV . 8 )  even though the dry 
wei ght and ni trogen yields sl i ghtly decreased ( Fi g. IV . 1 a ) .  

For nit rate - treated pl ant s ,  the molybdenum 

content of the shoots showed a marked increase at the 

\r71 tungstate  l evel , and a smaller increase at the \r?2 
level ( Fi g. IV .  3b ) . However these  trends closely 

foll ow the yield trends ( Fi gs .  IV . 1 b  and 2b ) , and the 

concentrati on of molybdenum does not appear t o  have 

increased ( Table  IV . 8 ) . 
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Table IV . 7  

Percentage change from UO treatment , in shoot  dry 

wei ght and ni trogen yi elds , wi th vari ati on in  appli ed 

tungs t ate  

N S ource Tungst ate l evel Percentage change 

Dry wei ght yield N yi eld 

Fixati on 'i:J1 - 9 . 4  -20 . 1 
1:7 2 -21  . 4  -1 2 .  9 

Ni trate \r,J1 +6 1 . 1  +40 . 2  
U 2  +41 . 2  + 3 9 . 5 

Ammonium '1:71 + 1 06 . 5 + 8 9 . 3  
\·7 2 +6 9 . 3 +4 5 . 2  
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Uhere ni trogen was suppli ed a s  ammonium, there 

l S  very much l ower molybdenum content for al l tungst at e  
treatments ( Fi g. IV . 3c ) . However ,  the vl2 treatment 

resul ted in a marked increase of molybdenum over the 

':70 and U1 treatment s in the shoots  and root s ,  both on 
a mass  and concentrati on basi s ( Table IV . 8 ) . 

( c )  Tunqsten content s 

In al l three ni trogen treatment s ,  the tungsten 
content s shows si gni ficant increases wi th increases 

in appli ed tun gsten ( Fi g .lv'.a-c ) .  Interestingly , 

whereas molybdenum was hi gher in  the shoot s than in 

the roots  for all treatment s ,  on a mass basi s ,  tungsten 
was invari ably concentrat ed in  the root s ,  both on mas s 

and concentrat i on bases . Thi s was particul arly 

noti ceable at the hi gher level of applied tungstate  

( \·72 ) .  Thi s finding i s  in agreement wi th earl i er 

studi es involving si lver beech seedlings ( Quin ,  � �. 
1 97 2 ) and wi th  the work of Romney and Rhoads ( 1 966 ) 
on bush beans . 

As i s  the case wi th molybdenum , the tungsten 

content i s  l owest  where arrunonium was the suppli ed 

nit rogen source ( Fi g.rv . c . but the di fference was far 
less  pronounced . 

4 .  Di scussion 
The exi stence of ni trogen - fixing activi ty 

in the combined nitrogen fed pl ant s indicates that 
there i s  a molybdenum requirement for ni t rogenase 

in all treatment s ,  al thoush thi s requi rement i s  

presumably reduced in the presence of combined 

ni t rogen . The presence of c onsiderable  amount s of 

nitrate in  ammonium fed pl ant s i ndicates that some 

of the ammonium suppli ed was being converted t o  

ni trate by bacteri a in the sand cul ture , so  that 
these pl ant s were tal<ing up both ammonium and ni trat e .  
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Table IV . 8 

Experimental data expres sed in concentrati ons ( dry wei ght ) 

N source Tungstat e  
level 

Fixation �10 
U1 

\12 

Ni trate uo 

U1 

U2 

Ammonium \10 

U1 

\"!2 

- -�- - -
N {%) 

Shoot s Root s 

2 . 86 ± 0 . 24 2 . 7 5  + 0 . 1 7  
2 . 5 1  ± 0 . 38 2 . 7 9  ± 0 . 46 

3 . 1 4 ± o .  28 2 . 9 1 + 0 . 32 

3 .  5 2  ± o.  27 3 . 5 0  ± 0 . 20 

3 . 01 ± 0 . 1 5  2 . 8 3  + 0 . 38 

3 . 49 ± 0 . 34 3 . 47 ± 0 . 22 

3 . 6 3  + 0 . 41 3 . 5 8  ± 0 . 42 

3 . 50  ± 0 . 1 9  3 . 40 ± 0 . 1 7  

3 . 66 + 0 . 36 3 . 43 ± 0 . 25 

Ho (ppm) 
Shoots Root s 

1 0 . 5  ± 2 . 9  1 8 . 7  + 1 . 6 

1 7 . 3  ± 4 . 5 1 6 . 3  ± 1 . 5 

24 . 1  ± 3 . 5 24 . 5  ± 3 . 0  

9 . 2 + 1 . 2  1 3 . 4  ± 1 . 5 

1 1 . 7 ± 1 . 4  1 0 . 4  + 1 . 1 

1 0 . 1  + 0 . 8 1 3 . 1  ± 2 . 3 

1 • 0 ± 0 . 1 2 . 6 .± 0 . 9 

0 . 9 ± 0 . 1  1 . 9 ± 0 . 4 

2 . 5 ± 0 . 4  3 . 3 + 1 . 1 

w (ppm) 

Shoots Roots 

0 . 9 ± 0 . 4  1 . 4 ± 0 . 5 

2 . 3 ± 1 . 3 2 . 3 ± 8 

6 . 6  ± 2 . 5  1 24 ± 1 5  

1 . 3 ± 0 . 4  1 . 4 ± 0 . 6 

2 . 5 ± 1 . 3 1 . 3 ± 3 

8 . 6  + 3 . 2 5 2  .J... 1 9  -

0 . 7  ± 0 . 3 1 . 4 ± 0 . 3 

0 . 7  ± 0 . 3 4 . 6 ± 1 . 6 

3 � 8  ± 1 . 1 5 8  ± 22 



In thi s di scussion therefore , combined ni trogen �fed 

pl ant s  wi l l  be consi dered t o  have a minor molybdenum 

requi rement for ni trogenase , and ammonium fed pl ants 

a molybdenum requi rement for ni trate reduct ase .  

The reduction in  dry v;ei ght and ni t rogen 

yields when fixati on was the only ni trogen source 

indicates  that tungsten may be sli ghtly inhibiting 
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the uti l i sation of molybdenum by ni trogenase .  The 

increased uptake of  molybdenum in the pres ence of 

tungstat e ,  as i l lustrated by the mas s  and c oncentration 

dat a ( Fi g. I v. 3a and Tabl e IV. 8 )  probably c ounteracts  

to  some extent the inhibi tory effect of the tungstate 

on ni trogen fixati on .  

In  the s ame way , the increased uptake of 
molybdenum obt ained in the presence of tungstate  

when combined ni trogen is  supplied ( Fi g . IV . 3b and 

3c ) ,  probably counterac t s  the inhibitory effect of 

tungst at e  on ni trate reduction .  

In  other words , i t  i s  proposed that the 

uptake of molybdenum i s  demand-regul ated , for ,  al though 

a yi eld of only 40 �g molybdenum per pot was obt ained 
for ni trogen - fixing and ni trate-fed pl ants  in the 

absence of appli ed tungs t at e ,  thi s fi gure i s  capable 

of bein g  almost doubl,ed in the presence of hi gh 

concentrations of appli ed tungst ate  ( Fi g . I v . 3 ) .  

The increases i n  yields obt ained for the 
combined-ni trogen fed pl ant s in the presence of 

tungs t ate  are unl ikely t o  be due t o  ei ther firstly,  

the abil i ty of tungst en t o  repl ace molybdenum in i t s  

met aboli c  rol e as proposed by Davie s  and S t ockdil l  
( 1 956 ) ,  because all physiol o gical experiment s 

( Hi ggi ns � �. 1 9 5 6 ; Keeler and Varner, 1 9 57 ; 
Takahashi and Nason ,  1 957 ; Krylova,  1 96 3 ;  Hwang and 
Doi , 1 96 5 ; Heimer £! �. 1 96 8 ) have l ed t o  



the conclusi on that tungs t ate  reduces molybdenum -

dependent enzyme activi ty and secondly , purely as  
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a resul t of the increased uptake of molybdenum, 

because the concentrati on of thi s  el ement should 

not be l imi ti ng , especi al ly in ammonium fed pl ant s .  

A more l ikely expl anati on for the increased yi elds 

is that the tungstate may rel ease some of the 

appl ied phosphat e that has become bound t o  the s and ; 

al l sands bind phosphate t o  some extent , and the 

rel atively l ow phosphorus concentrati ons i n  the 
pl ants ( 0 . 1 6  - 0 . 27 % dry wei ght )  indi cate that 

the phosphorus concentrati on may have been l imi ting .  

The resul t s  do imply however that tungsten has less  

effect on ni t rate reductase thilll on ni trogenase . 
The releasing acti on of  applied tungstate 

could al so  expl ain the resul t s  of the fi eld tests  

of  D avie s  and Stockdil l , ( 1 9 5 6 ) who found that 

amount s  of sodium tungst at e  of up to 230 g/acre 

gave si gni fi cant increases in clover yi el d .  The 

tungstate  may have merely been releasing molybdate 

hel d  in an unavai l able form, and , once the free 

molybdate concentrat i on ceased to be limi ting , 

yields would level off . Thi s would al so expl ain 
the fact  that , in the presence of addi ti onal 

molybdate ,  the addi t i on of tungstate had no effect . 

The rel atively l ow molybdenum content of the 

�nonium fed pl ant s i s  further evidence for a demand

re gulated upt ake of thi s element , as in  thi s c ase 
there i s  reduced requirement for nitrogenase and 

ni trate reductase. I t  i s  possible  that , as 
suggested by Hilli ams and Thornton ( 1 97 2 ) , the 

presence of the a'Timonium i on i t sel f somehow reduces  
the upt ake of  molybdate .  

The hi gh concentrati on of tungsten i n  the pot s 

rel ative to  the shoot s i ndi cates that clover c an t o  

some ext ent preferenti al ly di fferenti ate  



between molybdate and tungst ate at some s t age in  

the  root tissue . 
Finally thi s experiment has shovm that clover 

can tol erate tungst ate to molybdate ratios  of 

1 000 : 1 , and i t  i s  therefore hi ghly unlikely that 
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the presence of tungst en mineral i sati on wi l l  seri ously 
affec t pasture growth . It is worth noting  that the 

hi ghest  concentrati ons of tungsten found i n  cl over 
shoot s in  thi s experiment ( 1 7  ppm ) were si Jni l ar to  

the hi ghest concentrat i ons found in  field sillnpl es 

( 20ppm ) . 
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D o  A COHPARI S ON OF HETAL CONCENTRATI ONS IN  THE 
LEAVES OF FIVE NEI:J ZEALAND NATIVE TREE SPECIES  

GROUING ON ACIDIC AND BAS I C  SUBS TRATES 
1 o  Introduction 

Despi te the l arge amount of ecol ogical and 

bi ogeochemical research that has been carri ed out O..n 

New Zeal and ' s native tree speci es , ( in parti cul ar , 
see Iviil l er ( 1 96 3 )  and Brooks ( 1 97 2 )  respectively ) ,  

no comparative studi es on the effect of substrate 

c omposi t i on on the concentrati ons of a range of 

maj or and trace el ements in speci fic t ree species 

have been undert aken. In order to study thi s 

effect , an investi gat i on was carri ed out in two 

areas in the South I sl and of New Zeal ando The areas 
were selected bec ause ,  whi lst  they were very di fferent 

geol ogi cally , they had simi l ar ve getation cover. 

Leaves from the five chief species  present at both 

areas,  together wi th - t�eir associ ated soi l s ,  were 
analysed for ten el ement s by atomi c absorpti on 

spectrophotometry .  
2 .  The s tudy areas 

Area A ( Fi go I V . 5 ) , si tuated near Barrytown , 
on the west coast of the south I sl and , i s  a grani t e  

mass ,  approximately 2 km2 , which i s  surrounded t o  the 
north , south and eas t by greywacke and to the west  by 

recent alluvium. Area B ,  si tuated i n  north-west 
Nel son ,  consi st s of a narrow bel t of basic and 

ultrabasic rock s ,  60 km in l ength,  which have intruded 
the surrounding sediment s .  Pyroxeni t e ,  wi th minor 

gabbro , i s  the most extensive rock type of the 

c omplex . 

The soi l s  of the two areas , while di ffering 

markedly in  chemic al composi t i on ,  show a certain 

physical simi l ari ty ;  both show the presence of a 
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Fi g. I V. s .  Map of New Zeal and showing si tes  chosen 
for ve getati on composi tion compari son. 



dark red-brown humus-rich A hori zon, and a li ghter 

coloured B hori zon cont aining  many rock fragment s .  

The pH values for the soi l s  from the two areas are 

al so very simi l ar,  both having a mean value of 

approximately 4. 5 �  
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Both areas have hi gh annual rainfal l s  ( 27 0  cm 

for area A and 230 for area B ) , and rugged t opographies 

( al ti tude ranges 30-- 600 m at area A and 450 - 800 m 

at area B ) . The vegetati on i s  dominated at both 

areas by the beech speci es ; mainly Nothofaqus 

truncat a (hard beech) giving way to  N.  menzi esii  

( silver beech ) at hi gher al titudes ( greater than 

5 00-5 5 0  m ) . At both areas , small s t ands of 

N .  fusc a ( red beech ) were found dotted amongst the 
more evenly di stributed N .  truncat a and N .  menzi esi i . 

By far the most  numerous non-beech species  at both 
areas was Ueirunanni a racemos a  ( k amahi ) ,  whi le  the 

understorey was dominated numerically by Quintini a 

acuti fol i a. These speci es are all evergreen . 
Pl ate IV . 1  shows the leaves of these fine speci es 

which were chosen for inve sti gation.  

In  addi tion ,  the less  conunon speci es 

Podocarpus ferruqineus ( mi ro ) , Hetrosideros 
unbel l at a  ( rat a)  are found at both areas , as are 
the secondary species  Pseudopanax crassi folium , the 

shrubs Pseudowintera colorat a ( koropi t o )  and Coprosma 

foetidi s�n ( kupiro)  and the ubi qui tous fern Blechnum 

di scol or ( crown fern ) . The remarkable simi l ari ty of 

the vegetat i on present made the two areas ideal for 

c ompari s on .  Species found only at area A i nc luded 

Myrsine sal i cina ,  Podocarpus specatus ( matai ) and 

other podocarps ; those found only at area B included 

Gri silini a  li ttoral i s  and Podocarpus hallii . 



PLATE IV - 1 Leaves from the trees snmpled . 
A .  Nothofagus truncata 
B .  N .  fusca 
C .  N . m2_nziesii 
D. \veinmannin racemosa 
E . Quintinia acutifolia 



3 . Sampl inq and analysi s  

Field worlc was carried out during l ate  summer 

( February) . The same s ampling procedures were 

empl oyed at both areas . Samples of l eaves ( 50 g )  

were t aken from thi rty trees of each of  the five 

chi ef species present at randomly sel ected sites 

wi thin the two areas , care being t aken to  sample t rees 
of a wide range of si ze and age ,  and to  col l ect new 

and old leaves from vari ous point s around the tree t o  

ensure that the samples  were as representative as 

possibl e .  S amples  of upper B-hori zon soil ( 250 g )  

were t ill<en near each tree sampl ed . Soil and pl ant 

s amples were st ored in  pl astic bags until arrival 

at the laboratory ,  then analysed by the procedures 

described in Secti on I of thi s thesi s .  

4 .  Resul ts  and di scussi o� 
Table IV . 9  shows the resul t s  of the analyses , 

giving the range and medi an for each el ement in the 

soil and tree sampl es from the two areas , while  

Fi g.  IV . 6  shows the resul t s  in hi stogram form . 

( " a)  Potassium 
The medi an concentrati on of pot assium 1 s  2 . 4% 

i n  the acid soi l s  of area A compared t o  only 1 . 1 %  in 
the basi c soi l s  of area B ( Tabl e  IV . 9 ) . In spite  of 

thi s ,  thi s ,  the concentration of t hi s  element were , 

in  all the tree specie s ,  about twice as hi gh on 

average in the s ampl es from area B .  In  an effort 

to expl ain thi s ,  studies were made of the ammonium 

acetate-soluble l evel s of potassium in the two types 

of soil . I t  was found that the c oncentrati ons of 
soluble pot as sium were actual ly considerably l ower 
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in  the acid s oi l s  ( 40 ppm compared t o  1 60 ppm for the 

basic soil s ) . Whil e  it i s  di fficul t to s ay how wel l  

the ammonium acetat e-soluble pot assirun l evel s correspond 



Soi ls A 

( to ta l  ) B 

PPM 

A 

B 

A 

B 

B 

A 

acutifolia I B 

Potassium I Ca l c i u m  Z inc Copper Cobalt 

PPM 

Fi g . I V . 6 . Hi s t o gf� s of e l emen t al c oncen t r at i on s  i n  s oi l s  and p l ant s from ac i d i c  ( A )  and 
ba s 1 c B J are a s . 



A total 

A solub l e •  

Soil 
B t o t a l  

B solub l e •  

A 

N .  111enzieeii 
B 

A 

N .  t ru n c a te 

B 

A 

N .  fusca 

B 

A 

W .  racemose 

B 

A 

Q. a c ut i f o l i a  

B 

r 

Ill 

r 
.. 
r 
Ill 

r 
Ill 

r 

• 

r 

• 

r 

11 

r 
Ill 

r 

.. 
r 
.. 
r 

ID 

r 

Ill 

r 

Ill 

r 
Ill 

Potas sium 

1 100-31 000 

24000 

1 5-200 

40 

6 100-42000 

1 1000 

50-2 50 

1 60 

1280-2240 

17 10  

1 576-5254 

2480 

880-2300 

1220 

3238-10308 

4700 

1 450-4680 

2900 

3237- 10308 

4630 

770-2 4 1 5  

1 300 

464-7812 

3 120 

1 348- 5 1 30 

3880 

5242-1 4536 

8620 

C a l c i um 

200-4000 

1 400 

6-74 

1 9  

1 3000-83000 

49000 

25- 1500 

240 

2 500-4800 

3290 

1 745-8463 

7000 

3640-7280 

5460 

7760-16456 

9650 

6812- 10769 

8720 

2335- 1 5 108 

9750 

10 14- 17670 

10450 

1 1 37-1 6 1 PO 

9670 

9 162- 17 108 

12600 

6848- 16 197 

106 10  

Masn e a i ulll 

700-5600 

2900 

10-200 

65  

1 3000-75000 

50000 

90-250 

1 4 5  

352-640 

544 

1 074-2737 

1 853 

572-884 

770 

1649-2579 

2400 

545-730 

654 

1 755-3440 

2 330 

3304-10025 

4900 

2520-7560 

4450 

3259-8745 

5240 

1 863-7486 

4005 

I r on 

1000-31000 

24000 

0 .7-30 

4 

33000-69000 

43000 

0. 1 -6 . 0  

1 . 5  

30-1 06 

57 

55- 1 12 

79 

27-4 1 

35 

42- 100 

63 

23-68 

39 

4 1 - 105 

68 

3 1-81  

47 

19- 10 1  

29  

37-83 

53 

28-102 

43 

Manga n e se 

40-460 

90 

0 . 1 -4 . 5  

o . B  

550-1 870 

1080 

0 . 4-20 

2 . 5  

1 44-720 

210 

1 1 1 -832 

580 

1 45-280 

195  

550-1242 

630 

1 30-310 

200 

16 1 -958 

Boo 

226- 1285 

450 

144- 1 1 1  

565 

207-1 303 

550 

453- 1 380 

1024 

Z i nc 

10-125  

52 

0 . 05-0.9  

0 . 4 5  

57- 1 30 

88 

0 . 1 - 1 . 2  

0 . 6  

25-57 

36 

1 2 . 1 -40 

1 9  

1 1-31  

20. 5 

9 . 8- 1 9 . 9  

1 4 . 2  

19-31 

20. 6 

10 .2-2 3 .7  

1 } . 1 

8 . 4-34 . 1  

1 2 . 9  

5 · 2-22 . 8  

9. 4 

9 . 8-20 . 6  

1 2 . 8 

7 . 2- 16 . 1 

1 0 . 2  

C opper 

5-1 50 

27 

0 . 2- 1 .0 

0 . 4  

7-200 

57 

0 .2- 1 . 3  

0 .7  

2 . 2-6 . 2  

4. 1 

} .0-7 . 4  

4 . 7  

1 . 7-3. 7 

2 . 6  

2 . 7-7 . 4  

}. 7 

3 . 7-5 .6  

5. 1 

4 . 0-6 . 7  

5 . 1  

3. 2-10.0 

5 . 1  

1 . 9-6. 3 

2 . 9  

2 . 3-6 . 0  

3 . 4  

2 . 3-6 .0  

3 . 4  

A ,  a rea A ;  B ,  a rea B ;  r ,  ra nge ; 111 , me d ia n ;  n . d . , n o t  d e t e rm i ned ; • ,  s o l u b l e  in 1 N  a••o n i u• a c e t a t e . 

C oba l t  

7-25 

20 

n . d .  

34-89 

6 1  

n . d . 

0 . 62- 1  . o  

o . 8o 

C h r 011 i 11111 

50-120 

82 

0 . 5- 1 . 5  

1 . 0  

125-1300 

660 

o . 5-4 

1 .  25 

0 .23- 1 . 3  

0 . 55 

N icke l 

4-30 

1 4  

n . d .  

60-390 

208 

n . d .  

1 . 1 -4 . 8  

2 . 1  

0 . 36-0. 80 0 . 22- 1 . 4  3. 3-16 . 1  

0 . 64 0 . 56 2 . 9  

0 . 7 1 - 1 . 3  0 . 20-0 . 63 0 . 6 1 -2 . 0  

1 . 0 o . 4 1  0 . 82 

0 . 46-1 . 0  

0 . 66 

0 . 1 1 - 1 . 4  

0 . 60 

0 . 5 1 - 1 . 4  

0 . 96 

0 .24-1 . 0  

0 . 78 

0 . 25- 1 . 3  

0 . 64 

0 . 8 1 - 1 . 3  

1 . o  

0. 64-1 . 1  

0 . 90 

0 . 3 1-0 . 98 

o .  53 

0 . 3 1-0 .72 

0 . 4 1  

0 . 2}-0 . 8 1  

0. 5 1  

0 . 32-1 . 2  

o .64  

o .  52- 1 7 . 8  

3 . 8  

0 . 38-2 . 2  

0 . 72 

0. 50-5 . 3  

o . 87 

2 . }- 12 . 5  

5 . 4  

1 . }- 3 . 8  

1 . 8  

2 . 5- 1 2 . 3 

7 . 6  

1 . 1 -7 . 4  

2 . 7  

2 . 5- 19 .9  

5 . 3  

2 . 7-5 . 4  

} . 6  

2 . 5-8. 1 

4 . 5  

Tab l e  IV . 9 . Analyt i c al d a t a f or s oi l s  and t ree l e ave s from ac i d i c  ( A )  and b a s i c ( B ) are a s . 



t o  what i s  actual ly avai l able t o  the trees , these 

resul ts do indi cate that pot as sium i s  rather l es s  

mobile  in the aci d  soi l s ,  probably due to  the 

di ffering cati on-fixing potenti al of the chief 

cl ay mineral s present in the two types of soil , 

as the soi l s  are simi l ar in other respect s ,  

e . g .  organic mat ter and pH . 
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I t  i s ,  however, more di fficul t to  expl ain why 

the plant s from area B should cont ain hi gher, rather 

than simi l ar ,  concent rati ons of pot as sium, even i f  

the avai l abi lity of  thi s element i s  hi gher. One 

may conclude that , in thi s si tuati on ,  trees wil l  
t ake up far more potas sium than they met abolical ly 

requi re . 
( b )  Calciwn 
The soi l s  of area A cont ain extraordinari ly 

l ow concentrati ons of calcium,  even for an acidic 
soi l . However , despite  the fact  that the basi c 

soi l s  of area B c ontain 35 times as much t ot al cal cium , 

or 1 3  times as much ammonium acetate-s olubl e cal cium 
( Table IV. 9 ) , there i s  a marked di fference in the 

c oncentrati ons of thi s element in only one of the 

five tree speci es studies , namely N .  menzi esii . 

Thi s would seem t o  indi cate that the level s of 

c alcium in the soi l  necess ary for normal tree growth 

are far l ower than that normally present and , unlike  
potassiwn, the upt ake of calcium can be  control led 

more ri gorously by many tree species  growing in 

c alcium rich soi l s .  

( c )  Hagnesium 
As i s  the c ase for calcium, the basic soi l s  

o f  area B are hi gher i n  magnesium, i n  thi s case by a 

factor of 1 7  for t ot al magnesium, al though only by a 

factor of 2 for ammonium acet ate-soluble magnesium .  
( Table  IV. 9 ) . I t  is  interes ting t o  note , however ,  



that unl ike as i s  the case for calcium, the three 

beech speci es al l respond t o  thi s increased 

c oncentration of magnesium in the soil by increasing 

the  concentration of  thi s el ement in thei r l eave s ,  

by a factor o f  3 .  The other two speci es studies  
however , actually show sli ghtly decreased 

c oncentrati ons on the hi gh-magnesium basic soil . 
Thi s suggests  that these two species are able to 

suppress the upt ake of thi s el ement in magnesium

rich soi l s ;  thi s may indicate  that excess magnesiwn 
c an adversely affect cert ain speci es . 

( d ) Iron 

The resul t s  for thi s  element are identical 

in  pattern to  those for calcium.  The concentration 
of thi s element , whi ch i s  twi ce as hi gh in the basi c 

s oi l s  on a total basi s ,  and three times as hi gh in 

soluble iron ( Table IV . 9 ) , resul t s  in  defini te  

i ncreases in the concentrations of  i ron in the 

three beech speci es , but decreases in the other 

two speci es ( Table IV . 9 ) . Presumably then , the 

s ame expl anations  as put forward for magnesium may 

apply . 

( e ) Hanqanese 

The acidi c  soi l s  have very l ow concentrati ons 

of thi s  element , having only a twel fth of the 

c oncentrati on of manganese in the b asic s oi l s  on 

a total basi s or a thi rd on a solubl e basi s ( Table 
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IV . 9 ) . Unlike the case for magnesium and i ron 

however ,  the concentrati ons of manganese are hi gher 
in al l five species from the basic area ,  by a fac t or 

of about 3 for the beech speci es , 2 for Q. acutifol i a  
and 1 . 2 for H .  racemosa.  These resul t s  again 
indicate that the beech speci es exhibi t less  
restriction in their control of  met al concentrati ons 

in  their leaves . 
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The resul t s  for manganese show an interes ting 

contrast t o  those for cal cium, the c oncentrati ons of 

whi ch are far more ri gorously controlled .  
( f ) Zinc 

The resul ts  for thi s  el ement are in complete  
contrast t o  those for manganese . Uhilst the soi l s  

of area B have on average a zinc concentrati on 1 . 7 
times that in the area A soi l s ,  on a total basi s ,  

and 1 .  3 times a s  hi gh on a solubl e basi s ( Table 

IV . 9 ) , all five species have hi gher concentrations 

of zinc when growing in the l ower zinc soi l s  of 
area A .  

( g ) Copper 

Al though the soi l s  of are a B are hi gher in 
copper than those from area A on a t otal and soluble 

basi s ( Table IV . 9 ) , the concentrati on of thi s  
element i n  the trees studies i s  qui te simi l ar for 
the two areas , only vl . racemosa  showing a si gni fi cant 

di fference ( Table IV. 9 ) . Thi s species actual ly 
cont ains more copper when growing on the lower-copper 
soi l s  of area A .  These resul t s  indicate that the 

concentration of c opper in trees i s  rel atively 

ri gi dly control led ,  in agreement wi th the findings 
of Timperley ,  Brook s and Petersen ( 1 97 3 ) . 

( h ) Cabal t 

The resul t s  for thi s element are simi l ar t o  

those for copper,  the threefol d  increase i n  the 

t ot al cobalt c oncentrat i on of the area B soi l s  over 

those of area A having little  effec t  on the cobalt 

concentrati on in  any of the tree species . 



( i ) Chromium 

Unlike the previ ous ei ght el ement s studi ed 

chromium i s  not an essenti al el ement for pl ant 

growth.  Although i t s  total concentrati on di ffers 

greatly in the two soil  types , the basic soi l s  of 
area B having a medi an value ei ght times that for 

the acidic soi l s  of area A ,  ( Table IV . 9 ) , the 

ammonium acetate  soluble level i s  only 1 . 25 times 
as hi gh . Thi s probably expl ains the simil ar 

concent rati ons of thi s  element in the trees . A 

notable excepti on i s  \} . racemosa ,  which cont ains 

six times the c oncentrati on of chromium on the 

basic area as on the acidic  area .  

( j )  Nickel 

The concentration of nickel , the second 

non-es sent i al s tudi ed iD thi s investi gati on ,  again 

shows a great di fference in the t'.'!O soil type s ,  

the basic soil s being hi gher i n  their total 

concentrat i on of thi s element by a factor of 1 5  

( Table IV . 9 ) . Thi s increase has resul ted in  

si gni ficant increases in pl ant concentrati ons 
for all the tree species , particul arly the 

three beech speci es . 
I t  i s  i nteresting to  note from the 

hi stograms ( Fi g . IV . 1 b ) that the concentrati ons 

of nickel in the soi l s  and trees from area B 
indicate  the presence of two di stributi ons . Thi s 

i s  parti cul arly obvi ous for the beech specie s .  
Thi s i s  probably a resul t of the presence o f  small 

amount s of ni ckel minerali sati on in thi s area ;  the 

first di stri buti on could indicate the normal 
nickel  di stributi on in basic soi l s  and their 

associ ated trees , whil e  the second di stribution 

probably represents s�nples  of soi l  and their 

associ ated trees from minerali sed si tes . 
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5 .  Conclusi ons 

The resul t s  of thi s investi gati on have shovm 

that the concentrations of both maj or and trace 

met al s  in the same tree-speci es growin g  on di fferent 

substrates can di ffer greatly , and that di fferent 

speci es of the s ame genus wi l l  not necess ari ly react 

in  the same way t o  changes in the sut strate . 

Furthermore , i t  c annot be as sumed that a hi gher total 

concentrati on of a particul ar element in a particul ar 

soil type wil l  neces sari ly resul t in an increase in 

the concentrati on of thi s el ement in  the tree . In 

fact the reverse may be true , as is  the case for 
potassium in all speci es , and magnesium and iron in  

Q .  acuti foli a  and u .  racemosa ,  indi c ating that 
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f actors such as avai l abi lity and t ol erance of pl ants 

t owards metal s ,  as well as the total metal 

c oncentrat i on in the soi l s ,  i s  import ant in c ontrolling 
their concentration in the pl ant . 

Furthermore , the fact  that the three beech 

species have hi gher concentrati ons of magnesium and 

i ron when growing in  substrates  cont aining more of 
these element s ,  whereas Q. acuti fol i a  and \1 . racemosa  

have l ower concentrations , shows that di fferent 

tree speci es can di ffer greatly in their response 

t o  vari ati ons of c oncentrati ons of s ome element s 

i n  the soi l . I n  other cases , especi ally essenti al 
t race elements such as copper and c obalt , increased 

c oncentrati ons of metal s in the soi l  have virtually 

no affect on the concentrati on of these element s  in  

the pl ant s .  

These findings have important implicati ons 

in the field of biogeochemic al explorati on, particul arly 

in l arge scale  i nvesti gati ons where tree analysi s may 

be used t o  identi fy rock types rather than small-scale 
investi gati ons used to  l oc ate small ore veins . 
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For example ,  of the five speci es investi gated , 

only u .  racemos a could be reli ably  used to indi cate 

an increase of total chromium in the substrate by 

analysing for thi s  el ement al one . None of the 

species analysed could be used to locate hi gh-copper 
rock types , and the analysi s of zinc in  trees could 

actually lead to erroneous conclusions about the 
concentrati on of thi s element in the substrat e .  

Although the analysi s o f  trees for several 
element s would no doubt increase the possi bi l i ty of 
using plant analysi s to di stingui sh between rock 
types , especi al ly in conjunc tion wi th the use of 

di scriminant analysi s ,  as has been carried out by 

Niel sen � al ( 1 97 3 )  in \-le stern Austral i a ,  the 

di ffi culti es menti oned above probably at l east 

partly expl ain the rel atively poor resul t s  obtained 

by thi s method . Thf se same authors achieved for 

better resul t s  �n th geobotani cal techni ques , i . e . 

pl ant mapping.  However the fact that in New 

Zeal and , two rock types of very di fferent chemical 

composi tion have been found to have very simi l ar 

vegetation cover indi cates that , in countries 

simi l ar to  New Zealand , wi th rel atively mild climate 

and a rainfal l which i s  general ly  sufficient for 

year-round pl ant growth ,  pl ant mapping techni ques 

are unlikely to be of any more use than chemic al 

analysi s in  di stingui shing between rock types .  
I t  i s  concluded then , that i n  New Zeal and 

ru1d countrie s  of simi l ar climate , biogeochemi stry 

i s  likely to  be of use only in small scale 
investi gati ons , for exampl e  in l ocating small ore

bodi es , where the l ocal c oncentrati on of one or 
more metal s may be very anomal ous .  That the 
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method can be used on thi s scale in New Zeal and has 

been sho�m to be the case for elements such as 
molybdenum ( Brook s and Lyon, 1 966 ) ,  lead and zinc 

( Nicolas and Brooks , 1 96 9 ) , uranium (Vlhi tehead and 

Brook s ,  1 969 ) , nickel ( Timperl ey , Brook s and Petersen ,  

1 97 0 ;  Timperley , Brooks and Peters en,  1 97 2 ) , tungsten, 
and si lver ( Quin � al , 1 97 3 ) . 



SUM1'·1ARY 

A ND  

GENERAL CONCLUSION S  



The aims of thi s thesi s ,  which were 

described more .fully in the General Introduc tion ,  

were as fol l ows : 
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( 1 ) To improve the sensi tivi ty and productivi ty 

of the colorimetric method for the determination of 

tungsten in geochemi cal and pl ant sampl€s described 

in  the wri ter ' s  M. Sc .  thesi s ;  

( 2 ) To investi gate the sui t abili ty of proton

induced x-ray fluorescence for the detecti on of 

·r1anogram quanti ties of tungsten in pl ant samples ; 

( 3 )  To devel op an interference-free method 

for the determination of tungsten in ore s and 

concentrates by at omi c absorpti on spectrom.etry j 
( 4 )  To investi gate .ful ly the parameters 

involved in the colorimetric determinati on of 

molybdenum wi th dithi ol ,  and thereby develop a 

general-purpose procedure ; 

( 5 )  To study the effectiveness  of the method 

used for the routine analysi s of geochemical and 

pl ant samples by fl ame photometry and atomic 

absorpti on spectrometry ; 

( 6 ) To study the trace element content of 

New Zeal and scheelites , to determine ( i )  the presence 

of any penali sable impuri ties , and ( ii )  whether 

chemical analysi s could be used to di stingui sh 

between l odes ; 

( 7 ) To compare the rel ative efficacy of 

geochemical and biogeochemical explorati on for 

l oc ating scheeli te-bearing veins in a wide range of 

geological , vegetati onal , climatic and topographical 

condi ti ons ; 

( 8 )  To invest� gate the suit abil i ty of trend 

surface analysi s of bi ogeochemical data for l ocating 

rich pocket s of minerali sati on �n thin reefs ; 



( 9 )  To c arry out a bri ef c ompari son o f  

geochemi c al and bi ogeochemi cal pro specting for 

molybdenum at C anaan , Nel s on ;  

( 1 0 ) T o  s tudy the effec t s  o f  soil s odium and 

pot a s s ium on t he upt ake and di s t ri buti on o f  tungs t en 

by beech seedl ings ; 

( 1 1 ) To study the effec t s  of tungs ten and 

ni t ro gen s ourc e  on the growth of whi te clover ; 

( 1 .2 ) To i nvesti gat e the effects of sub s t rate 

compo s i t i on on the element al c omposi tion of five 

nat ive tree s peci e s  for a \� de range of maj or and 

trac e el ement s .  

The resul t s  presented in S e c t i ons I t o  I V ' of 

thi s thesi s show that these aims have largely been 

achi eved .  

The deve l opment of the Analytical me thods 

descri bed in Secti on I are c onsidered by the wri ter 

t o  be of prime i mport ance i n  thi s work , as analyt i c al 

chemi s t ry hol d s  the key t o  the understanding and 

interpre t at i on of geochemi c al and biogeochemi c al 

phenomen a .  Blind accept ance of suspect analyti c al 

re sul t s  has led t o  many e rrone ou s  conclusi ons i n  

these fields i n  the pas t .  

1 69 

By the use of a smal l er volume of organi c 

solvent and m.fcr o spectropho t ometer cell s ,  the detecti on 

limi t  of the di thi ol c ol orime t ri c  me thod f or the 

de termi nati on of tungs t en was i mproved from 1 ppm t o  

0 . 2 ppm for geochemi cal s ampl e s , and from 1 ppm t o  0 . 04 
ppm f or pl ant ash . I t  was found that the produc t ivi ty 

for the analysi s of s oi l s  c ould be i ncreased s l i ghtly 

by omi s si on of the fus i on s tep , but an at tempt t o  

improve the produc tivi ty o f  the pl ant analysi s by 

omi s s i on of the dry ashi n g  s t age was unsucce s sful . 
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The use of prot on-induced x-ray fluore scence 

for the det erminat i on of tungsten was inve s t i gat ed ,  

but al thou gh being of great intere s t ,  the s ensi t ivi ty 

of the met hod coul d not be improved su£fici ent ly to 

compare favourably wi t h  col orime t ry .  The method 

doe s however show c onsi derab l e  potenti al for the 

routine detec t i on of nanogram quantiti e s  of many 

el ement s .  

A rapi d , accurate and re producible method 

for the detenninat i on of tungs t en in ore s and 

c oncentrat e s  by atomi c ab sorpt i on sp0c t r0photometry 

was devel oped . The u se of an alk al ine s ampl e 

s olut i on meant that the method was free of the 

c ondensed phas e interference and instabi l i ty 

probl ems as s oci ated wi th earl i e r  procedure s .  

By a c areful s tudy of the par�ne t ers involved 

in the determinati on of molybdenum wi th di t hi ol , a 

s i mpl e procedure was deve l oped whi ch ,  by merely 

al t eri ng the d i ges t i on to sui t the s �npl e ,  c oul d 

be used for t he analysi s of bi ol o gical , b o t ani c al 

and ge ochemi c al s runpl e s  and even steel . 

The u s e  of the ni tri c/hydrofluori c aci d 

mix ture for the di ge s t i on of s oi l s  and rock s pri or 

t o  fl rune phot omet ri c or at omi c ab s orpti on analysi s 

was inve s t i gat ed and i t  was found that the tendency 

for c al c ium and magne s ium t o  f orm insolub l e  fluori de s 

c ould be avoided by t he addi ti on of a smal l quanti ty 

of perchl oric acid .  

New Ze al and scheel i t e s  were found t o  c ontai n  

very l ow amount s  o f  impuri ti e s ,  these i nv ari ably 

being wel l  bel ow the permi s sibl e level s .  It was 

found that the rat i o  of strontirun to b arium i n  

s cheel i t es c ould be used to di s ti ngui sh between l ode s 

at the c ompl ex Glenorchy are a .  
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A l arge-scal e geochemic al and bi o ge ochemic al 
explorati on survey showed that , under most condit i ons , 
both soi l  and pl ant sampling could be u sed equally 
succes s fully to  pinpoint buri ed scheeli te-bearing 
veins , provided sampling di s t ances were suffi ci ently 

cl ose ( 5 -1 Om) .  Al though pl ant anomali e s  were in 
s ome cases less  pronounced than those provided by 
s oi l s ,  the facts that sampling i s  fas ter wi th pl ants 

and sharper anomali es were often obtained tended t o  
bal ance thi s di sadvantage . I n  areas of hi gh rainfal l  
and rugged topography , soil  s ampling did not always  
reveal the presence of  reefs , or  extensi ons of  known 
reefs . I n  these c as e s ,  trunk-sampling of  deep
rooted tree  s peci es , regardless of specie s ,  could 
provide addi ti onal informati on ,  but the hi gh s�npling 
density requi red makes  thi s method more suit able in 
l oc ating extensi ons of  knovm veins rather than as a 
general reconnai s sance t ool . 

The finding that al l tree specie s  c ould be 
grouped t o gether for the purposes  of bi ogeochemic al 
prospecting for tungsten was of c onsiderable 

importanc e ,  it may wel l  be that thi s  is c�ls o  the case 
for other non-essenti al elements .  

Trend surface analysi s was found t o  b e  a 

useful techni que for l oc ating rich pock e t s  of 
minerali sat i on wi thin reefs . 

Biogeochemic al prospecting was demonstrated 
to be superi or to geochemic al prospecting for 
molybdenmn where l ow s oi l  pH prevented movement of 
molybdenum into the upper s oi l . 



The l evels o f  ammoni um a c etat e - s o l ub l e 

s o d i um and p o t a s si u m  i n  the s o i l  w ere found t o  

i n c r e a s e  t h e  t ransp o r t  o f  t ungs t en int o t h e  

a erial o r gans o f  b e ec h s e ed l i ngs . 

Tungst en , appli ed as t ungstnt e ,  s l i ght l y  

d ec r ea s ed t h e  grow t h  o f  c l o v e r  w h e r e  fixu t i on w a s  

t he s o l e  ni t rogen s ou r c e ,  i nd i c at ing t h e  p r e s e nc e 

o f  a s l i gh t  i nhi bi t o ry e f f ec t o f  t ungst en o n  t h e  

m olybd enum - d epend e n t  enzyme ni t rogenas e . In 

the p r e s e n c e of c om b i n ed ni t ro g e n  how e v er , i nc r ea s e s  

i n  grow t h  w e r e  rec o r d e d . 

A c ompari s o n  o f  the e l e m ental c ompo si t i o n  o f  

f i v e  nat i v e  t re e  spec i e s grow i ng o n  ac i d i c  and 

ba s i c  sub s t ra t e s  showed t ha t , whereas v e g e t a t i o n 

analy s i s c an in g en eral b e  u s ed t o  ind i c a t e  the 

p r e s enc e o f  mineral i satbn w i t hi n  a roc k t yp e , i t  

i s  not a r eliabl e i nd i c a t o r  o f  t h e  c ompo s i t i on o f  

d i f f e r ent r o c k types . 

In c onc lusi o n , t h i s  t he s i s  has ranged o v e r  

many d i sc i pl i n es , i nc l u d i ng anal y t i c al c hemi st ry , 

g e o c hemi s t ry , g e oc hemi c a l  and b i o g e oc hemi c al 

e xplorat i o n ,  plant phy s i o l ogy and ec o l o gy . I t  i s  

f e l t  by t h e  wri t er that t he r e s u l t s  o f  t hi s  t h e s i s  

hav e  i nd i c a t ed how s t udy i n  o n e  fi eld c an l ead t o  

i mp o r t ant q u e st i ons i n , a n d  p r o v i d e  answ e r s  t o , 

i nv e s t i ga t i o ns i n  o t h e r  fi e l d s . 
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