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A BSTRACT

G e o c h e m is t s  often req u ire  m u ltip le  tr a c e  e le m e n t  d eterm in ation s  

fr o m  rock  and w a ter  s a m p le s .  X -R ay  f lu o r e s c e n c e  (XRF), e x ce l le n t  

for  m u lti e le m e n ta l  a n a ly s is ,  has  poor s e n s it iv i ty  for tr a c e  e lem en ts  

and r e q u ir e s  c o m p le x  m a t r ix - e f f e c t  c o r r e c t io n s .  P reco n cen tra t io n  

o f  t r a c e  e le m e n ts  into a u n iform  m a tr ix  e l im in a te s  d isad van tages  of 

t r a c e  e le m e n t  XRF a n a ly s is .  E thy lened iam ine  functional groups,  

attach ed  to c o n tr o l le d -p o r e  g la s s  beads by a s i ly la t io n  rea c t io n ,  

s im u lta n e o u s ly  p reco n cen tra te  B i, Pb, Zn, Cu, Ni and Co by chelating  

the m e ta ls  fr o m  w a ter  so lu tion . W ater sa m p le s  adjust to pH eight and 

the m e ta ls  p reco n cen tra te  by co lum n ex tra ctio n . R ock s a m p le s  d ig est  

in h yd rof lu or ic  ac id , then D ow ex 50 cation  exch ange  r e s in  sep a ra te s  

iron  fro m  the t r a c e  m e ta ls .  The tr a c e  m e ta ls  in w ater  so lu tion  

p r e co n cen tra te  by batch ex tra ctio n . A s im p le  sa m p le  p e l le t  p r e ­

paration  technique im p r o v e s  t r a c e  m e ta l  s e n s i t iv i ty  four to tw e lve  

t im e s  co m p a red  to p r e s s e d  or fu sed  p e l le t s .  A m olyb denum  radiation  

enhan cer  behind the p e l le t  and 75 mg p e l le t s  g ive  optim um  analyte  line  

in te n s i t ie s .  P r e c i s io n  for w ater  a n a ly s is  i s  1 .3  to 3. 7 p ercen t  

r e la t iv e  standard d ev ia tion  with 200 ug each of the s ix  m e ta ls .  Rock  

sa m p le  p r e c is io n  for Zn, Cu, Ni and Co is  5. 2 to 6. 4 p e r cen t  re la t iv e  

standard d ev ia tion  and a c cu ra c y  is  usu a lly  good. Lead d eterm in ation s  

are  im p r e c i s e  and in a ccu ra te  b eca u se  of poor ro ck  d ig e s t io n  and 

u n con tro lled  r e s in  co lum n flow r a te s .  L inear standard ca lib ra tion

i i i
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c u r v es  r ep la ce  m a t r ix - e f f e c t  ca lcu la t io n s .  With optim um  instrunaent 

con d it ion s , d e tec tio n  l im its  a r e  0. 04 to 0. 15 ppm for ten  g r a m  rock  

sa m p le s  and 0 . 4  to 1. 5 ppb for one l i t e r  w a ter  s a m p le s ,  which are  

adequate for m any ro ck  and w a ter  d e term in a t io n s .  CaO and MgO 

co n cen tra tio n s  over  15% in ro ck s  in te r fe r e  s ig n if ica n tly  with trace  

m e ta l  pre con cen tra tion . The m ethod  w orks w e l l ,  but im p rovem en ts  

can be m ad e using a m o re  co m p le te  rock  d ig e s t io n  p roced u re  and 

using so lu tion  pumps to con tro l co lum n flow r a te s .  S e v e r a l  other  

m e ta ls  can pre co n cen tra te  using th is  p roced u re  and use  of D ow ex 1 

in the iron  r e m o v a l  p roced u re  a l lo w s  anion pre concen tration .

I V
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INTRODUCTION

G e o c h e m is t s  often r eq u ire  m u ltip le  tr a c e  m e ta l  d eterm in ation s  

fr o m  ro ck  and w ater  s a m p le s .  X -R ay  f lu o r e sc e n e  (XRF) a n a ly s is ,  

u se fu l  for m u lt ie lem en ta  1 d e te r m in a t io n s ,  has s e v e r a l  d isad van tages .  

F ir s t ,  XRF a n a ly s is  i s  not v e r y  s e n s i t iv e  for tr a c e  m e ta l  a n a ly s is .  

■Second, XRF a n a ly s is  u su a lly  r e q u ir e s  co m p lex  ca lcu la t io n s  to 

c o r r e c t  for m a tr ix  e f fe c t s .  Third, convention al sa m p le  preparation  

for XRF a n a ly s is  d e c r e a s e s  s e n s i t iv i ty  for tr a c e  e le m e n ts .

X R F d e tec t io n  l im its  for t r a c e  m e ta ls  m ay range fr o m  1 to 50 

ppm  sa m p le  co n cen tra tion . The d etec tion  l im it  depends on the  

e lem en t ,  the m a tr ix  and the in s tru m en t.  Rock and w a ter  sa m p le s  

often  have m e ta l  co n cen tra tio n s  below  the d e tec tio n  l im it ,  and m eta l  

d eterm in a t io n s  n ear  the d e tec t io n  l im it  are  im p r e c i s e  and m ay be 

in a ccu ra te .

M atr ix  e f fe c t s  in ro ck  sa m p le s  a re  v e r y  c o m p le x  for XRF  

a n a ly s is .  A c cu ra te  t r a c e  m e ta l  d e term in a t io n s  r eq u ire  lengthy  

ca lcu la t io n s  to c o r r e c t  for the m a tr ix  e f fe c t s .  The m a tr ix  c a lc u la ­

tion s req u ire  e ith er  m uch t im e  or the e x p en se  of a com pu ter .

C onventional sa m p le  prep aration  red u ces  the tr a c e  m e ta l  

s e n s i t iv i ty  for rock  a n a ly s is .  Many sa m p le  p reparation  techniques  

add a flux or a binder to the sa m p le ,  r esu lt in g  in tr a c e  m e ta l  dilution  

and d e c r e a s e d  s e n s it iv i ty .  Sam ple  p reparation  for w ater  sa m p les  

p r e se n ts  other  p ro b lem s . X -R a y s  s tr ik in g  the w ater  sa m p le  m ay
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in it ia te  rea c t io n s  at the s o lu t io n -s a m p le  ho ld er  in ter fa c e .  The  

r e a c t io n s  m ay a lte r  analyte  con cen tra tion  at the analyzing  su r fa ce ,  

r e su lt in g  in in a ccu ra te  d e te r m in a t io n s .

D e sp ite  its  p r o b le m s ,  XRF a n a ly s is  has s e v e r a l  advan tages.  

X R F a n a ly s is  can be v e ry  a ccu ra te  and p r e c is e  i f  the con cen tration  of  

the e le m e n t  is  r e la t iv e ly  high. It can d e term in e  many e le m e n ts  in a 

sa m p le  during a s in g le  run, and m ak es  a ccu ra te  d e term in a tio n s  

r e g a r d le s s  of the e lem ents*  c h e m ic a l  s ta te . C om plete  autom ation  

o f  the XRF s p e c tr o m e te r  r e d u c e s  op erator  t im e  to the sa m p le  p r e ­

paration . T h e se  advantages  m ak e XRF a n a ly s is  an appealing m ethod  

for m u lt ie le m en t  d e ter m in a t io n s .  H ow ever , it i s  n e c e s s a r y  to  

e l im in a te  the d isad van tages  l i s t e d  above, to m ake XRF a n a ly s is  

u se fu l  for tr a c e  m e ta l  d e term in a t io n s .

T ra c e  m e ta l  pre co n cen tra tio n  e l im in a te s  m any of the objection s  

of XRF a n a ly s is .  P r e co n ce n tra t io n  in c r e a s e s  tr a c e  e le m e n t  concentra  

tion  by p lacing  tr a c e  e le m e n ts  fro m  a la rg e  sa m p le  into a s m a l l  

sa m p le .  The pre con cen tra tion  of tr a c e  e le m e n ts  g iv e s  th ree  d is t in ct  

ad van tages  o v e r  d ir e c t  XRF a n a ly s is .  The f ir s t ,  and m o st  obvious  

advantage i s  that the p r e co n cen tra ted  sa m p le  has m uch h igh er  tr a c e  

m e ta l  con cen tra tion s  than in the o r ig in a l  sa m p le .  The h igh er  tr a c e  

e le m e n t  con cen tra tion  a llow s  d e term in a t io n s  of m e ta ls  that are  below  

the d e tec tio n  l im it  in the o r ig in a l  sa m p le .  D eterm in a tio n s  of tra ce  

e le m e n ts  near  the d etect ion  l im it  in the o r ig in a l  sa m p le  b eco m e  

m o r e  p r e c i s e  and a c cu ra te  when p recon cen tra ted . The secon d
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advantage of pre  con cen tra tion  i s  that w ater  sa m p le s  an a ly ze  a s  so l id s ,  

e lim in a tin g  so lu tion  rea c t io n s  that y ie ld  u n re liab le  r e s u l t s .  The th ird  

advantage is  the e l im in a tio n  of m a tr ix  e ffec t  ca lcu la t io n s .  The pre co n ­

cen tra ted  sa m p le  m a tr ix  is  un iform  for a l l  s a m p le s ,  w ith in  the l im its  

of m e a s u r e m e n t  e r r o r .  P r e co n ce n tra t io n  e s s e n t ia l ly  e l im in a te s  

a n a ly t ic a l  v a r ia t io n  resu lt in g  fr o m  m a tr ix  e f fe c t s .

M o st  p reco n cen tra t io n  tech n iq u es  have two m ajor  fau lts  for  

g e o lo g ic a l  a n a ly s e s .  F ir s t ,  they  do not pre concentra  te t r a c e  e lem en ts  

fr o m  both rock  and w ater  s a m p le s .  Second, p reco n cen tra t io n  m ethods  

for  r o ck  sa m p le s  u su a lly  pre con cen tra te  only one e le m e n t  at a t im e.  

This r e s e a r c h  r e s u l t s  in a p ro ced u re  that pre concentra  te s  m e ta ls  

f r o m  both ro ck  and w a ter  s a m p le s ,  a llow ing g e o c h e m is t s  to analyze  

both typ es  of s a m p le s  by the s a m e  p roced u re . The p ro ced u re  s im u lta ­

n e o u s ly  pre c o n cen tra tes  B i, Co, Cu, N i, Pb and Zn, taking advantage  

of the XRF s p e c t r o m e te r ' s  ab il ity  to an a lyze  s e v e r a l  e le m e n ts  during 

a s in g le  run. The sa m p le  p e l le t  prep ara tion  m ethod im p r o v e s  s e n s i t iv ­

ity  by in c r e a s in g  the x - r a y  in ten s ity  on the sa m p le ,  and d e c r e a s in g  

x - r a y  ab sorp tion  by the p e l le t  m a tr ix .  C alcu lated  d e tec t io n  l im it s  are  

l e s s  than 0. 3 ppm for Co, Cu, Ni, Pb and Zn using a 10 g rock  s a m p le ,  

and l e s s  than th ree  ppb using a 1000 m l w ater  sa m p le .

P r e v io u s  pre con cen tra tion  r e s e a r c h  and XRF th eory  as it 

p erta in s  to the a n a ly s is  of pre con cen tra ted  sa m p le s  i s  r ev iew ed ,  

fo llow ed  by four s p e c if ic  r e s e a r c h  p h a ses:

1) Sam ple  P e l l e t  P rep a ra t io n :  p r e l im in a ry  r e s e a r c h  o f the
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sa m p le  p e l le t  preparation , with a study of the e ffec t  of pe lle t  

th ick n e ss  and the e ffec t  of a rad iation  enhancer .

2) Conditions A ffecting  M eta l Ion E xtraction: w ater  solution  

pH and ex tra ctio n  t im e .

3) E x tra ct io n  of M eta l Ions fro m  W ater Solu tions: p r e c is io n  

s tu d ie s ,  standard cu r v es  using batch and colum n type ex tra c t io n s ,  

and d e tec t io n  l im it  c a lcu la t io n s .

4) R ock Sam ple  A n a ly s is :  p r e c is io n  and a c cu ra c y  of the 

p ro ced u re  using  USGS ro ck  stan d ard s, and the e ffec t  ca lc iu m  

has on the p roced u re .

A p p en d ices  g ive  d e ta iled  la b ora tory  p r o ced u res .  Appendix I 

d e s c r ib e s  the im m o b il iz a t io n  o f the chelating  agent onto the g la s s  

bead su r fa c e .  A ppendix II d e s c r ib e s  the p ro ced u re  to rem o v e  iron  

f r o m  rock  s a m p le s .  We d e s c r ib e  the ex tra ct io n  of the ions onto 

the g la s s  beads in Appendix III. A ppendix IV show s how the g la s s  

beads p rep a re  for a n a ly s is  by m aking th em  into a sa m p le  p e lle t .  

A ppendix V l i s t s  s p e c ia l  m a te r ia ls  and su p p lies  used  in th is  r e s e a r c h ,  

and o rd er in g  in form ation .
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PREVIOUS WORK

P r e c o n c e n tr a t io n  Using Ion -E xch an ge  R es in s

P r e v io u s  In vestiga tion s  r e su lte d  in m ethods to p recon cen tra te  

t r a c e  m e ta ls  fr o m  w a ter  so lu tion s  or rock s  using io n -ex c h a n g e  

r e s in s .  P r e co n ce n tra t io n  e x tr a c ts  m e ta ls  fr o m  w ater  so lu tion s  

onto so l id s  ( l iq u id -s o l id  ex tra c t io n s ) .  The so lid  contains functional 

groups that e x tr a c t  m e ta l  ions  fro m  so lu tion  by m ix ing  the so l id  with  

the so lu tion  (batch ex tra ctio n ) ,  or  by p a ss in g  the so lu tion  through  

a colum n that contains the so lid  (co lum n extraction ).

D ingm an et al. (1972) used  batch and colum n ex tra ctio n  p r o c e ­

d u res  to p reco n cen tra te  Co, Cu, Ni and Zn from  syn th etic  sea  water  

s a m p le s .  P o ly u rea  r e s in  with am ino functional groups ex tracted  

the m e ta ls ,  and HCl e luted  the m e ta ls  fro m  the r e s in  for a n a ly s is  

by a to m ic  ab sorp tion  s p e c tr o m e tr y .  L eyden et al. (1975a) used  a 

s im i la r  p ro ced u re  to p reco n cen tra te  Cu, Ni and Zn fro m  sea  water.  

L eyden p r e s s e d  the r e s in  into a p e lle t  under high p r e s s u r e  for XRF  

a n a ly s is .

Blount et al. (1973) u sed  io n -ex c h a n g e  r e s in s  to pre con cent rate  

t r a c e  m e ta ls  from  rock  s a m p le s .  P r io r  to pre cone entra tion, he 

d ig e s te d .th e  ro ck  sa m p le  in ac id  to dis so lv e  the t r a c e  m e ta ls  for 

p reco n cen tra t io n  by a l iq u id - so l id  ex traction . Highly s e le c t iv e  

r e s in s  e x tr a c te d  the tr a c e  m e ta ls  from  so lu tion  by batch extraction .  

The s e le c t iv e  r e s in s  red u ced  in te r fe r e n c e  fro m  m ajor  or m inor
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e le m e n ts  in r o ck s .  H ow ever , the s e le c t iv i ty  of the r e s in s  a ls o  

l im ite d  the num ber of e le m e n ta l  s p e c ie s  of t r a c e  e le m e n ts  pre con­

cen trating  on the r e s in .

B lount p reco n cen tra ted  s e v e r a l  t r a c e  m e ta ls  fro m  d ig es ted  

ro ck  standards using  a batch ex tra ctio n  p roced u re  with the s e le c t iv e  

r e s in s .  NMRR r e s in  p reco n cen tra ted  gold  fro m  rock  standards  

d is s o lv e d  in d ilute  HNOg, and C helex  100 e x tr a c te d  b ism uth  from  

dilute  HNOg so lu tion . The r e s in s  w e re  p r e s s e d  into p e l le t s  and 

an a ly zed  by XRF. Blount a ls o  u sed  C helex  100 to p recon cen tra te  

coba lt  and n ic k e l  fro m  rock  standards for X R F a n a ly s is .  H ow ever,  

an iron  s p e c t r a l  line o v er la p s  the p r im a ry  cobalt s p e c tr a l  line  

in ter fe r in g  with cobalt d e te rm in a t io n s .  Blount r e s o lv e d  th is prob lem  

by using an iron  r e m o v a l  technique to sep a ra te  the iron  fro m  cobalt 

and n ick e l ,  p r io r  to pre con cen tra tion  on C h elex  100. The E X P E R ­

IMENTAL- s e c t io n  d e s c r ib e s  the iron  r e m o v a l  p roced u re  in deta il .

A ll  o f the pre  cone entra tion p r o ced u res  l i s t e d  above su ffer  

s e v e r a l  d isa d v a n ta g es .  None of the p ro c ed u r es  p reco n cen tra te  tr a c e  

e le m e n ts  in both ro ck  and w ater  s a m p le s .  A lso ,  the ro ck  pre con cen ­

tra tion  p ro c ed u r es  w i l l  p reco n cen tra te  only one or two e le m e n ts ,  

at a t im e  and take up to 24 hours to eq u il ib ra te .

P reco n ce n tra t io n  U sing Chelating Group Im m o b ilized  on S il ica  S u b s tr a te s ,

Leyden and L u ttre ll  (1975b) in trod uced  a s ig n if ica n t advance in 

m u ltie  lem enta  1 p reco n cen tra tio n  using s i la n e  com pounds attached to  

s i l ic a  su b s tr a te s .  The s i la n e  com pound has am ino  functional groups
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( e t h y l e n e d i a m i n e )  t h a t  c h e l a t e  i o n s  f r o m  s o l u t i o n .  T h e  f u n c t i o n a l  

g r o u p s  a t t a c h  t o  c o n t r o l l e d - p o r e  g l a s s  b e a d s  v i a  a s i l y l a t i o n  r e a c t i o n ,  

■which i s  d e s c r i b e d  i n  g e n e r a l  t e r m s :  N i t r i c  a c i d  a c t i v a t e s  t h e  g l a s s  

b e a d  s u r f a c e  p r i o r  t o  t h e  s i l y l a t i o n  r e a c t i o n .  W a t e r  w a s h e s  a c i d  

f r o m  t h e  a c t i v a t e d  b e a d s ,  a n d  t h e y  r e a c t  w i t h  t h e  s i l a n e  c o m p o u n d  

i n  d i l u t e  a c e t i c  a c i d  s o l u t i o n .  T h e  b e a d s  r e c o v e r  f r o m  s o l u t i o n  b y  

f i l t r a t i o n .  W a t e r ,  t o l u e n e  a n d  i s o p r o p y l  a l c o h o l  w a s h e s  

r e m o v e  e x c e s s  s o l u t i o n  f r o m  t h e  b e a d s .  T h e  b e a d s  a r e  s t a b l e  

u n d e r  n o r m a l  s t o r a g e  c o n d i t i o n s  a f t e r  c u r i n g  t h e m  a t  8 0 °  C. A p p e n d i x  

I g i v e s  c o m p l e t e  l a b o r a t o r y  p r o c e d u r e  f o r  t h e  s i l y l a t i o n  r e a c t i o n .

S i l a n e  c o m p o u n d s  d o  n o t  r e a c t  d i r e c t l y  w i t h  t h e  g l a s s  s u r f a c e .  

H y d r o l y z i n g  t h e  s i l a n e  c o m p o u n d  i s  n e c e s s a r y  b e f o r e  t h e  s i l y l a t i o n  

r e a c t i o n  i s  p o s s i b l e  ( K a h n ,  1 9 7 3 ) .  E q u a t i o n  1 r e p r e s e n t s  t h e  a c i d  

c a t a l y z e d  h y d r o l y s i s  o f  a s i l a n e  c o m p o u n d .

R - S i ( O E t ) 3  + 3 H 2 O R - S i ( O H ) 3  + 3 ( E t - O H )  (1 )

R = ( C H g )  3 - N H -  C H g  - CH g -  N H 2

T h e  h y d r o l y z e d  s i l a n e  f o r m s  h y d r o g e n  b o n d s  w i t h  a g l a s s  s u r f a c e ,  

a s  r e p r e s e n t e d  b y  e q u a t i o n  2 .

A OH OH xj-GH OH
G la ss  i I i ^H. I

fO H  + H O -S i-R  — A  <|-0" %0-Si-R (2 )
Su rface  |  I  S  ^ H " "  i

i-OH OH \j-OH OH
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The form ation  o f cova len t  bonds a ttach es  the s i la n e  to the g la s s  

su r fa c e ,  as  shown in the rea c t io n  of equation 3.

-OH
\
\
\

OH 
H. I 

hO %0-Si-R  
H" I

rOH OH

NJ
\
\

OH OH

rO — S i-R  + H2 O\
>  I
q-OH OH

(3)

Curing the m ix tu re  at high te m p er a tu r e  c o m p le te s  the bond form ation  

(Leyden, 1975b). Equation 4 r e p r e s e n ts  the form ation  of perm anent  

bonds.

^ O H  OH 
\  I
: > 0 — S i-R

UOH OH
8 0 °  C>

\  \  H H H H IL ,H
^ O  — S i - C - C - C - N - C - C - N  + 2 H2 O
0 /  H H H H H H

(4)

The s i ly la te d  g la s s  is  s tab le  at r o o m  te m p er a tu r e ,  although the bonds

m ay h y d ro ly ze  in so lu tion s  of high or low pH. H y d r o ly s is  is  not

s ig n if ica n t  in  so lu tio n s  of pH b etw een  3 and 10.

D iam in e  functional groups (equation 4) ch e la te  both cations

and an ion s. Anions a re  ch e la ted  below pH se v e n  by the diprotonated
2"̂d iam in e  s p e c ie s ,  (H2 en) (L eyden  et al, , 1976b). L eyden  u sed  

s i ly la te d  s i l ic a  su b s tr a te s  w ith e th y len ed iam in e  functional groups  

to p reco n cen tra te  the oxyanions a r se n a te ,  d ich ro m a te ,  s e le n a te ,  

m olybdate , tu ngstate  and vanadate fr o m  standard  s o lu t io n s .  Cations  

:are u su a lly  ch e la ted  above pH sev e n ,  and probably have  the form ,  

c a t io n - (e n ) 2  ̂ (L eyden  and L u ttre ll ,  1975b), with the ca tion  coord in ated
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b etw een  two d iam ine  grou p s. Leyden and L u ttre ll  (1976a) used  

s i ly la te d  s i l ic a  su b s tr a te s  to pre con cen tra te  cations of Ag, Cd, Go, 

Cr, Cu, Eu, F e , Hg, Mn, Ni, Pb, and Zn fro m  standard  so lu tio n s ,  

lake w ater  and d is t i l le d  w a ter .  A fter  ion p reco n cen tra tio n , the  

s i l ic a  s u b s tr a te s  w e re  m ix ed  with a c e l lu lo s e  binder and p r e s s e d  

into  p e l le t s  for XRF a n a ly s is .

P reco n ce n tra t in g  t r a c e  m e ta ls  onto s i ly la te d  s i l ic a  su b s tra te s  

has s o m e  advantages  o v er  io n -ex c h a n g e  m eth od s. The s i ly la te d  

su b s tr a te s  can pre con cen tra te  a la r g e r  num ber of e le m e n ta l  s p e c ie s ,  

and eq u il ib r iu m  t im e s  a r e  m in u tes  in stea d  of h o u rs .  H ow ever , the 

above p ro ced u re  does  not pre concentra  te tr a c e  m e ta ls  fro m  ro ck s .
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X -R A Y  FLU O R ESC EN CE SPECTROM ETRY

The C h a r a c te r is t ic  Line S p ec tru m

An e x c ite d  e lem en t  e m its  unique x - r a y s  that c o m p r is e  i t s  

c h a r a c t e r i s t ic  line sp ec tru m . XRF a n a ly s is  depends on the detection  

and m e a s u r e m e n t  o f  the c h a r a c t e r is t ic  line sp ec tru m . The c h a r a c te r ­

i s t i c  line sp e c tr u m  a r i s e s  when a va ca n cy  o c c u r s  in an in n er  e lec tr o n ic  

s h e l l  o f  an atom . A  va ca n cy  o c c u r s  when an e le c tr o n  a b so rb s  an 

x - r a y  fr o m  an x - r a y  tube (p r im a ry  x -r a y ) .  The in c r e a s e d  e le c tr o n 's  

e n erg y  e je c t s  i t  f r o m  the a to m  and c r e a te s  a vacan cy . An e lec tr o n  

fr o m  a h igh er  e n erg y  le v e l  f i l ls  the vacan cy  and e m its  an x - r a y .  The 

en e rg y  of the x - r a y  i s  equal to  the d if feren ce  in en ergy  b etw een  the 

two e le c tr o n ic  o rb ita ls .  The e le c tr o n  that f i l l s  the o r ig in a l  vacan cy  

c a u s e s  another tra n s it io n , r esu lt in g  in  a seco n d  x - r a y  e m is s io n .  By 

th is  p r o c e s s ,  a s in g le  va ca n cy  in i t ia te s  s e v e r a l  tra n s it io n s  and x - r a y  

e m is s io n s .  Each tr a n s it io n  and co rresp o n d in g  x - r a y  photon is  of an 

e n erg y  a lm o s t  unique to a g iven  e lem en t .  Thus, i t  i s  p o s s ib le  to 

id e n t ify  an e le m e n t  by the d e tec t io n  of its  c h a r a c t e r is t ic  x - r a y s .  

C h a r a c te r is t ic  x - r a y s  are  ca l le d  seco n d a ry  x - r a y s  when produced  

by in c id en t p r im a ry  x - r a y s .

Individual s p e c tr a l  l in es  a r e  iden tif ied  by an ab b rev ia ted  

Siegbahn notation s y s te m .  The notation l i s t s  the sy m b o l of the  

c h e m ic a l  e le m e n t  f ir s t .  The s e r i e s  (K, L, M) in which the e lec tro n  

va ca n cy  o c c u r s ,  is  g iven  next. "Alpha", "beta", e tc .  i s  the la s t
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notation and in d ica te s  the p a r t icu la r  line in the s e r i e s .  The alpha 

line i s  u su a lly  the s tr o n g e s t  for a g iv en  s e r i e s .  The notation "Ni K 

alpha" in d ic a te s  the s tr o n g e s t  lin e  or ig inating  from  a K s h e l l  vacancy  

in n ick e l.

E xcita t ion

Inner e le c tr o n  s h e l l  v a c a n c ie s  m ay  o ccu r  by v a r io u s  m eth ods,  

but our p r im a ry  In teres t  i s  ex c ita t io n  by x - r a y  absorption . An 

e le c tr o n  w i l l  not ab sorb  an x - r a y  that does  not have su ff ic ien t  en ergy  

to e je c t  the e le c tr o n  fro m  the atom . An e le c tr o n  in a g iven  energy  

l e v e l  r e q u ir e s  an x - r a y  of a m in im u m  photon en erg y  to e je c t  the  

e le c tr o n .  The m in im u m  en ergy  is  known as the absorption  edge  

en erg y , or ju s t  the ab sorp tion  edge . B e s id e s  being the m in im u m  

en e rg y  for  e le c tr o n  e jec tio n , it  i s  a ls o  the m o s t  e f f ic ien t  en erg y  for  

e le c tr o n  ab sorp tion . A s the e n erg y  of the photons in c r e a s e s  beyond  

the a b sorp tion  edge, the e le c tr o n  is  l e s s  l ik e ly  to  a b sorb  the photon, 

and c r e a te  a vacan cy . To c r e a te  a m a x im u m  num ber of v a c a n c ie s  

in a g iven  en erg y  le v e l  of an e lem en t ,  the en ergy  of the incident  

x - r a y s  should  have the en ergy  of the absorption  edge. The p r im ary  

x - r a y  in ten s ity  a ls o  a ffec ts  the num ber of e lec tr o n  sh e l l  v a c a n c ie s .

The g r e a te r  the p r im a ry  x - r a y  in ten sity , of appropriate  en ergy  

in c id en t on the sa m p le ,  the m ore  l ik ely  a vacan cy  w il l  occu r . A 

la r g e  num ber of v a c a n c ie s  for a g iven  e lem en t  w i l l  produce a strong  

c h a r a c t e r i s t ic  line sp e c tr u m  and y ie ld  good s e n s it iv i ty .  T r a ce e lem en t
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a n a ly s is  r e q u ir e s  high in s tru m en t s e n s i t iv i ty .  To make the m ost  

r e l ia b le  tr a c e  e lem en t  d e te r m in a t io n s ,  w e m u st enhance the in s tr u ­

m ent s e n s i t iv i ty  through the s e le c t io n  of optim um  x -r a y  en e rg ie s  

and m a x im iz e  the x - r a y  in ten s ity  on the sa m p le .

X -R ay  tubes m o s t  co m m o n ly  provide the so u r ce  of p r im ary  

x - r a y s  for XRF a n a ly s is .  The tube conta ins  a tu ngsten  f i lam en t  

cathode and a m e ta l l ic  anode, with a p oten tia l of 40 to 50 kV between  

the cathode and anode. E le c tr o n s  th er m a lly  em itted  fro m  the filam en t  

a c c e le r a t e  to the anode. The a c c e le r a t e d  e le c tr o n s  m ay lo s e  part 

or a l l  of th e ir  e n erg y  through in e la s t ic  R utherford  s c a t ter  as they  

approach the high Colum bic f ie ld  near  the n u cle i  o f  the anode a to m s.  

The s c a t te r e d  e le c tr o n s  r e le a s e  e n erg y  by the e m is s io n  of x - r a y s .

We r e fe r  to x - r a y s  that or ig in a te  fro m  e le c tr o n  sc a t te r  as p r im a ry  

x - r a y s .  The p r im a ry  x - r a y s  c r e a te  an x - r a y  sp e c tru m  that we  

r e f e r  to as the continuous sp e c tru m , or the continuum  (F ig u re  1).

The continuous sp e c tr u m  has s e v e r a l  c h a r a c t e r i s t ic s .  . It c o m p r is e s  

a continuous range o f w a v e len g th s  ( e n e r g ie s ) .  .A m in im u m  w avelength  

(m a x im u m  energy) of z e r o  in ten s ity  s te ep ly  r i s e s  to a m ax im u m  

in ten s ity .  The in ten s ity  grad u a lly  drops fro m  the in ten sity  m a x im u m  

tow ard  lon ger  w avelen gth  x - r a y s .  The m in im u m  w avelength  of the 

continuum  r e s u l t s  fro m  an e le c tr o n  lo s in g  a ll  of its  en ergy  at once  

by R utherford  s c a t te r .  The tube potentia 1 d e te r m in e s  the e le c tr o n 's  

en erg y  and con seq u en tly  d e te r m in e s  the w avelen gth  m in im u m  of the  

continuum , X -R ay  in ten s ity  i n c r e a s e s  with tube potentia l, tube c u rren t
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— Intensity  Maximum

A

Î

E n e rg y  Maximum

X - R a y  W a v e le n g th

F ig u re  1 - Continuous sp e c tru m  of x - r a y  tube.
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and with the a to m ic  num ber of the anode m a te r ia l ,  J^djustm ent of 

tube p oten tia l, cu rren t and anode m a te r ia l  g iv e s  the h ig h es t  s e n s i t iv ­

ity  for c h o sen  tr a c e  e le m e n ts .

S p ec tru m  D is p e r s io n

W avelength d is p e r s iv e  XRF s p e c t r o m e te r s  u se  analyz in g  c r y s ta ls  

to  sp a t ia l ly  s ep a ra te  the c h a r a c t e r is t ic  line  sp e c tru m  into its  com p o­

nent w ave  length s. The d is p e r s io n  by w avelen gth  is  n e c e s s a r y  to 

m e a s u r e  each  w avelen gth  ind iv idually . The analyzing  c r y s ta l  d iffracts  

in c id en t x - r a y s  fro m  the su r fa c e  of the c r y s ta l .  A g iven  w avelength  

w il l  c o n s tr u c t iv e ly  in te r fe r e  only at c er ta in  a n g les  of d iffraction , as  

g iven  by the B ragg  law:

n X= 2d sin0 (5)

w h ere  n is  the o rd er  of the d if fracted  x - r a y ,  X i s  the w avelen gth  of  

the x - r a y  and d is  the d is ta n ce  betw een  the d iffraction  p lanes  o f the  

an alyz in g  c r y s ta l .  The B ragg  an g le , 9, i s  the angle  of d iffraction  at 

w hich  c o n s tr u c t iv e  in te r fe r e n c e  tak es  p la ce .  C om plete  d es tr u c t iv e  

in t e r fe r e n c e  tak es  p lace  at a n g les  other  than the B ragg angle . The 

d e s tr u c t iv e  and co n s tr u c t iv e  in te r fe r e n c e  r e s u l t s  in each  w avelen gth  

being an gu lar ly  sep arated . F or  a g iven  ord er  (n), the sh o r t  w avelength  

photons c o n s tr u c t iv e ly  in te r fe r e  at a low er  angle  than long w ave len gth s .  

The d is p e r s io n  of the c h a r a c te r is t ic  line sp e c tru m  by w avelength  

a llo w s  the ind iv idual m e a su r e m e n t  of a g iven  w avelength .



T -2 1 9 3  15

D etec t io n  and M ea su rem en t of X -R ays

W avelength d is p e r s iv e  s p e c t r o m e te r s  usu a lly  use  two types  

of x - r a y  d e te c to r s .  P ro p o r t io n a l cou n ters  and sc in t i l la t io n  counters  

d ete c t  ind iv idu al x - r a y  photons. P ro p o r t io n a l cou n ters  u se fu lly  detect  

long w ave len gth  x - r a y s  w hile  sc in t i l la t io n  cou n ters  u se fu lly  detect  

sh o r t  w avelen gth  x - r a y s .  The analyzing  c r y s t a l  and d e te c to rs  rotate  

r e la t iv e  to the x - r a y  b eam  in com p lian ce  with the B ragg law, to 

a llow  the d e te c to r s  to sca n  the en tire  sp ectru m . The d e te c to rs  

tr a n s la te  the x - r a y  photons to e l e c t r ic a l  p u lse s ,  and a s e r i e s  of  

l in ea r  a m p lif ie r s  am p lify  and shape the p u lse .  The pu lse  height  

a n a ly z e r  (PHA) further  sh ap es  the p u lse  w h ile  e lim in atin g  p u lses  

below  and above ch o sen  e n e r g ie s  (v o lta g es ) .  The pu lse  height  

d is c r im in a t io n  r ed u c es  background radiation  and s y s t e m  n o ise  and 

in c r e a s e s  the s ig n a l - t o - n o i s e  ra tio , a llow ing  g r e a te r  in stru m en t  

s e n s i t iv i ty  for tr a c e  e le m e n t  a n a ly s is .  A fter  p u lse  height d iscr im in a t io n ,  

the p u lse s  p a ss  to  the s c a le r .  The s c a le r  counts the p u lse s  as a 

function of t im e .  The counts per  unit t im e  of a g iven  analyte  line is  

p rop ortion a l to the con cen tra tion  of that e le m e n t  in the sa m p le .

M atr ix  E ffec ts

The sa m p le  m a tr ix  in f lu en ces  the anaiyte  line  in ten sity  by 

a b so r p t io n -en h a n cem en t e f fec ts  of the m a tr ix .  The m a tr ix  can  

a b so rb  part of the p r im a ry  (continuum) radiation . The absorption  

r ed u c es  the am ount of p r im ary  radiation  a v a ila b le  to ex c ite  the analyte
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and r e s u l t s  in a d e c r e a s e d  analyte  s p e c tr a l  line in ten sity . The m a tr ix  

can a ls o  d e c r e a s e  the analyte  s p e c tr a l  line in ten s ity  by absorbing  

the analyte  line. E nhancem ent of the analyte  s p e c tr a l  line in ten sity  

r e s u l t s  when the radiation  fro m  the m a tr ix  e le m e n ts  e x c ite  the analyte .

We can s e e  a b so rp tio n -en h a n cem en t e f fe c t s  by plotting standard  

c u r v e s .  F ig u re  2 i l lu s t r a t e s  the standard c u rv es  of a two com ponent  

s y s te m .  Line A i l lu s tr a te s  the standard cu rv e  for iro n  in a n ickel  

m a tr ix .  The iron  con cen tra tion  ra n g es  fro m  0 to 100%. The dotted 

line i l lu s t r a t e s  the line  in ten sity  we ex p ect  i f  th ere  a re  no ab sorp tion -  

en h an cem en t e f fe c t s .  The iron  line in ten sity  is  su b sta n tia l ly  g r ea ter  

than we e x p ec t  o v er  m uch o f the standard cu rve . The in c r e a s e  i s  due 

to en h an cem en t by the n ick e l  m a tr ix . Line B i l lu s t r a t e s  the standard  

cu rve  for n ic k e l  in an iron  m a tr ix .  The dotted line  again  r e p r e se n ts  

the cu rv e  w e would ex p ect  i f  th er e  w e r e  no m a tr ix  e f fe c t s .  The 

attenuation  o f  the n ic k e l  line in ten s ity  is  due to absorption  by the m atr ix .

When the m a tr ix  co m p o s it io n  in c lu d es  s e v e r a l  e le m e n ts ,  a b so r p ­

t io n -  enha n cem en t e f fe c t s  b e c o m e  m uch m o r e  com p lex . R ock a n a ly s is  

m ay req u ire  c o n s id era t io n  of ten or m o re  m ajor  e le m e n ts  that c o m p r ise  

the m a tr ix .  The tr a c e  e lem en t  d eterm in a tio n s  from  rock  sa m p les  

in v o lv e  c o m p lex  ca lcu la tio n s  of th o se  m a tr ix  e ffe c ts .  The prob lem  

b e c o m e s  d iff icu lt  for rock s  b eca u se  the m a tr ix  changes for each  

sa m p le .  It is  n e c e s s a r y  to ca lcu la te  m a tr ix  e ffe c ts  for each  rock  

sa naple.

Given a m o n o ch ro m a tic  inc id en t p r im a ry  beam , w e can ca lcu la te
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VCO

loo%  A n a ly te  C o n c a n t r a t i o n

are  2 - A b s o r p t i o n - e n h a n c e m e n t  e f f e c t s  of  a two co m p o n e n t  
m a t r i x .  L in e  A i s  i r o n  c u r v e  and B is  n i c k e l  c u r v e .  
D otted  l ine  i s  e x p e c t e d  c u r v e  if  t h e r e  w a s  no 
a b s o r o t i o n - e n h a n c e m e n t  e f f e c t s .
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the line in ten s ity  for a g iven  ana ly te  in a m a tr ix  by (B ert in ,  1975):

K.

W here:

I i s  the a n a ly te - l in e  in ten sity .

is  the in c id en t p r im a ry  radiation  in ten sity ,  

i s  analyte  con cen tration .

the con cen tra tion  of the m ajor  m a tr ix  e lem en t ,  

is  the con cen tration  of ind iv idual m in or  m a tr ix  e le m e n ts ,  i .  

i s  the ex c ita t io n  factor .

is  the c o e f ic ie n t  for the ab sorp tion  o f the p r im a ry  radiation  

per  m a s s  of the analyte .

Kj^, i s  the c o e f f ic ie n t  for the p r im a ry  and se c o n d a ry  rad iation

a b sorp tion  per  m a s s  of ind iv idual m a tr ix  e le m e n ts ;  c o rr e c te d  

for s a m p le  g e o m e try .

We s im p li fy  equation 6  by holding 1  ̂ constant. i s  constant

for a g iven  an a ly te , m a tr ix  and s p e c tr o m e te r ,  and u^ is  con stan t for a 

g iv en  analyte  and in c id en t p r im a ry  sp ec tru m . and a r e  constant

for a g iven  m a tr ix  e lem en t ,  an a ly te , sa m p le  g e o m e tr y  and inc id en t  

p r im a ry  sp ectru m . E lim in ating  the con stan ts ,

I OC C ^ /(C m  + ECi). (7)

When the m ajor  m a tr ix  e lem en t  con cen tra tion  ( i s  v e r y  la rg e ,  

the other m a tr ix  e le m e n ts  co n cen tra tion s  ( Ĉ ) a re  in s ig n if ic a n t  and
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the a n a ly te - l in e  in ten s ity  (I) b e c o m e s

I CC (8)

If the analyte  con cen tra tion  (C^) ap p roach es  0% (tra ce  e lem en t) ,  

the m ajor  m a tr ix  e le m e n t  (Cj^) app roaches 1 0 0 % and b e c o m e s  e s s e n ­

t ia l ly  constant. T h u s , the line  in ten s ity  (I) for a tr a c e  analyte  in a 

con stan t m a tr ix  is

I CC (9)

The re la t io n sh ip  b etw een  a tr a c e  analyte  con cen tra tion  and analyte  

l in e  in ten s ity  is  d ir e c t  and lin ea r .
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EX PERIM ENTAL

P r e co n ce n tra t io n  P r o c ed u r e

This e x p e r im e n ta l  p ro ced u re  s im u lta n eo u s ly  p r e co n ce n tra te s  

s e v e r a l  tr a c e  m e ta ls  fro m  e ith e r  rock  or w ater  s a m p le s .  T ra ce  

m e ta ls  p reco n cen tra te  onto a g la s s  bead su b stra te  contain ing c h e ­

lating functional grou p s. The functional groups attach to the g la s s  

bead su r fa c e  by a s i ly la t io n  r ea c t io n , as  d e sc r ib e d  in the PREVIOUS  

WORK sec t io n .

P r io r  to p reco n cen tra tio n , ro ck  s a m p le s  m u st  have ir o n  rem oved .  

The iro n  r e m o v a l  p ro ced u re  is  a m od if ica tion  of a p ro ced u re  D an ie ls  son  

and E k stro m  (1965, 1966) d ev e lo p ed  to sep a ra te  t r a c e  ca tio n s  from  

iron  in s t e e l  s a m p le s .  Blount e t  a l. (1973) m od ified  the p ro ced u re  

to rem o v e  iron  fr o m  ro ck  s a m p le s .  The iron  r e m o v a l  p ro ced u re  

b eg in s  by d igest in g  the ro ck  in  a c id s ,  and then p lacing the d ig e s te d  

sa m p le  in a dilute  HE so lu tion  to c o m p lex  the iron  with f lu or id e .

This HE so lu tion  p a s s e s  through a colum n of D ow ex-50  ca tion  exchange  

r e s in  which a d so r b s  the tr a c e  m e ta l  ions of in te r e s t ,  but d oes  not 

a d so rb  the co m p lex ed  iron . The m e ta l  ion s  e lu te  fro m  the r e s in  with  

HNO^. The ac id  so lu tion  containing the m e ta l  ions e v a p o r a te s ,  

leav ing  w ater  so lu b le  n itra te  sa l t s  of the m e t a l s . The s a l t s  d is s o lv e  

in w a ter .  Having rem o v ed  iron  fro m  the rock  sa m p le s ,  the so lution  

contain ing the cations is  tr e a ted  as a w ater  sa m p le .

G la ss  beads p reco n cen tra te  cations fro m  w ater  so lu tio n  by
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e ith e r  batch or co lum n e x tr a c t io n s .  The g la s s  beads contain amino  

functional groups that ch e la te  m e ta l  ions fro m  w ater  so lu tio n s .  The 

am in o  functional groups ch e la te  m any m e ta l  i o n s , but do not s ig n if ­

ica n tly  ad sorb  group I and II ion s  (Dingm an, 1972 and Leyden, 1976a).

A fter  ex tractin g  the ion s  fr o m  solution , the g la s s  beads prepare  

into  p e l le t s  by r ec o v e r in g  th em  fro m  so lu tion  on f i l te r  paper. The 

f i l te r  paper and beads in s e r t  into  a sa m p le  h o ld er , with a radiation  

en h an cer  backing the sa m p le  in the h o ld er . The radiation  enhancer  

in c r e a s e s  the x - r a y  in ten s ity  s tr ik in g  the sa m p le  during XRF a n a ly s is .

D e sc r ip t io n  of E x p er im en ts

This in v e s t ig a t io n  d iv id es  into four r e s e a r c h  p h a se s ,  each  

co m p r is in g  s e v e r a l  e x p e r im en ts :

1) Sam ple  P e l l e t  P r e p a ra t io n .  E x p er im en ts  inclu de preparation  

of the g la s s  beads into p e l le t s  for XRF a n a ly s is .  One exp er im en t  

co m p a red  t r a c e  m e ta l  s e n s i t iv i t i e s  resu lt in g  from  the a n a ly s is

of th re e  p e l le t  p rep aration  tech n iq u es . This d e term in ed  the 

p e lle t  prep aration  technique y ie ld in g  the h ig h es t  tr a c e  m eta l  

s e n s it iv i ty .  A nother ex p e r im en t  com p ared  s e n s it iv i ty  of a p e lle t  

with a rad iation  enhan cer  w ith  the s e n s i t iv i ty  of a p e l le t  without 

a rad iation  enhan cer . A th ird  ex p er im en t  ana lyzed  sa m p le  

p e lle ts  of d if feren t th ic k n e s s e s  to d e term in e  the p e lle t  th ick ­

n e s s  that y ie ld ed  the h ig h es t  tr a c e  m eta l  s en s i t iv i ty .

2) Conditions A ffecting  M eta l  Ion E xtraction . T h ese  ex p er im en ts
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defined  optim um  conditions for the ex traction  of m eta l  ions  

fr o m  so lu tion  with s i ly la te d  g la s s  beads by the batch ex traction  

p ro ced u re .  M eta l ions pre concentra  ted fro m  so lu tion s  of 

v a r io u s  pH d e term in ed  the ex tra ctio n  e ff ic ie n c y  of the g la s s  

beads as  a function of pH, and the optim um  pH for m u lt ie le m en ta l  

p reco n ce n tra t io n s .  A seco n d  ex p er im en t  ex tra c ted  m e ta l  ions  

by the batch m ethod using v a r io u s  m ixing t im e s  to d e term in e  

the m ix ing  t im e  for m a x im u m  cation  ex traction .

3) E xtract ion  of M eta l Ions fro m  W ater Solu tions. T h ese  

e x p e r im en ts  quantified the ab il ity  of the g la s s  beads to p r e ­

con cen tra te  tr a c e  m e ta l  ions fro m  w ater  so lu tio n s . One 

ex p e r im en t  d e term in ed  the p r e c is io n  of the w ater  a n a ly s is  

p ro ced u re  by pre  cone entra ting s e v e r a l  id en tica l standard

m e ta l  ion so lu t io n s .  Standard c u r v es  w e re  m ade fro m  the a n a ly s e s  

of standard m e ta l  so lu tion s  p reco n cen tra ted  by batch and colum n  

e x tr a c t io n  tech n iq u es .  The batch ex tra ct io n  standard cu rv es  

prov ided  data for d e tec t io n  l im it  ca lcu la tio n s .

4) Rock Sam ple  A n a ly s is .  T h ese  ex p er im en ts  in v e s t ig a ted  

t r a c e  m eta l  pre  con cen tra tion  from  rock  sa m p le s  determ in in g  

the type of rock  sa m p le s  for which the pre concen tration  p r o c e ­

dure is  u sefu l.  T ra ce  m e ta ls  p reco n cen tra ted  fro m  s e v e r a l  

USGS rock  standards d e term in ed  the p r e c is io n  and a ccu ra cy

of the pre con cen tration  proced u re  as applied to rock  a n a ly s is .  

M eta l ions p reco n cen tra ted  from  standard so lution s containing
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high con cen tra tion s  o f  c a lc iu m  ion d e term in ed  the e f fe c t  of 

c a lc iu m  on tr a c e  m e ta l  p reco n cen tra t io n s .

X -R a y  Instru m ent and M ea su r e m en t  P a r a m e te r s

A ll  x - r a y  m e a s u r e m e n ts  w e re  m ade on a P h il ip s  m o d el P W -1410  

s p e c t r o m e te r ,  m od if ied  for co m p le te  com pu ter  autom ation . A ll  

e le m e n ts  w e r e  d e term in ed  using a L iF -2 0 0  ana lyz in g  c r y s ta l  excep t  

z in c ,  w hich u sed  a L iF -2 2 0  an a lyz in g  c r y s ta l .  A g a s  (10% m ethane,

9 0 % argon) flow prop ortion a l counter  w as u sed  in tan d em  with a 

sc in t i l la t io n  d e tec to r ,  for x - r a y  d etec tion . A c h ro m iu m -a n o d e  

x - r a y  tube w as op erated  at 45 kV and 35 m A, using a P h il ip s  XRG -2500  

fu ll w ave  x - r a y  g en era to r .

The sa m e  s p e c tr a l  line was c o n s is te n t ly  m e a s u r e d  for a g iven  

e le m e n t  throughout th is  r e s e a r c h .  The L alpha line w as m e a s u r e d  for  

Bi and Pb and the K alpha line for a l l  other  e le m e n ts .  H e re a fter ,  

the s p e c t r a l  line is  u su a lly  id en tif ied  only  by the e le m e n t  sy m b o l.  Each  

m e ta l  ion  an a ly zed  has the 2 *̂ ox idation  s ta te ,  ex cep t  for b ism u th ,  

w hich  has the 3"̂  oxidation s ta te .  Each analyte  in ten s ity  is  g iv en  as  

peak m inus background in ten sity .  The in te n s it ie s  w e r e  m e a s u r e d  as  

counts per unit t im e ,  s c a le d  for p resen ta t io n  to counts per  sec o n d  (cps).  

The counting t im e s  w e re  l im ited  to 100 sec o n d s ,  or l e s s .  If l e s s  

than 1 0 0  s e c o n d s ,  the counting t im e  w^as long enough to g iv e  an 

a c c u r a c y  of 1% r e la t iv e  standard deviation . Throughout th is  r e s e a r c h ,  

the in stru m en t (PHA, d e tec to r  v o lta g e s ,  e t c . )  s e t t in g s  w e re  v a r ied
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for d if feren t e x p e r im en ts .  Id en tica l s a m p le s  m ay y ie ld  d ifferent  

in te n s i t ie s  b eca u se  of d if feren t in s tru m en t se t t in g s ,  so m e t im e s  

p reven ting  d ir e c t  co m p a r iso n  o f line in te n s i t ie s  among so m e  of the  

e x p e r im e n ts .  F or s o m e  e x p e r im e n ts ,  such as the rock  a n a ly s is  

and the standard c u r v e s ,  the in s tru m en t se t t in g s  w ere  the s a m e .

SA M PL E  P E L L E T  PREPARATIO N

C om parative  Study o f T hree P e l l e t  P r e p a ra t io n  M ethods

T his e x p er im en t  in v e s t ig a te d  th ree  p e l le t  preparation  techniques  

to d e te r m in e  a m ethod that y ie ld s  high s e n s it iv i ty  for tr a ce  m e ta ls .

Two o f the m ethods have been u sed  p r e v io u s ly  in th is  and other  

la b o r a to r ie s  for ro ck  a n a ly s is .  Both p re v io u s ly  used  m ethods  

r eq u ire  the addition of la rg e  qu antit ies  of b inder or flux to the g la s s  

beads to fo rm  a p e l le t ,  d e c r e a s in g  a n a ly t ica l  s e n s i t iv i ty  by absorbing  

p r im a r y  and seco n d a ry  radiation . The new p e l le t  preparation  

tech n iq u e , s p e c i f ic a l ly  for p r eco n cen tra ted  sa m p le s ,  r eq u ir e s  no 

add ition al m atr ix .

The new p e l le t  p reparation  technique w as com pared  with the 

other two p e lle t  p reparation  m ethods to d e term in e  which m ethod  

y ie ld s  the g r e a te s t  s e n s i t iv i ty  for tr a c e  m e ta ls .  Three id en t ica l  

g la s s  bead sa m p le s  p rep ared  by the batch extraction  m ethod. Appendix  

III d e ta ils  the batch ex traction  p roced u re . Ten m i l l i l i t e r s  of standard  

so lu tion , m ade with n itrate  s a l t s  of s i x  m e ta ls ,  w ere  added to each
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of th re e  b e a k e r s .  The standard so lu tion  contained 200 ug each  of Bi,

Pb, Zn, Cu, Ni and Co, bu ffered  to pH eight with a phosphate buffer.

One hundred mg of s i ly la te d  g la s s  b e a d s  w e re  added to each solution ,  

s t ir r in g  the m ix tu r e s  for ten  m in u tes . The beads c o l le c te d  on 25 m m  

f i l te r  pap er , then dr ied  on the f i l te r  paper in a 105° C oven.

Each of the th ree  g la s s  bead s a m p le s  w e re  m ade into p e l le t s .

One p e l le t  w as p rep a red  by rem o v in g  the g la s s  beads fro m  the f i l ter  

pap er , m ix ed  with s ix  g r a m s  of lith iu m  te tra b o ra te  on a m ix ing  w h ee l  

for four h o u rs .  The m ix tu re  fu sed  in a C la is se  fluxer  at 1100°  C to  

y ie ld  a 1 1 / 4  inch d ia m eter  fused  p e lle t .  A secon d  p e lle t  w as  made  

by rem o v in g  the g la s s  beads fro m  the f i l ter  paper, and grinding  

th em  with th re e  g ra m s  of b o r ic  a c id  for 45 m in utes  in a Spex ball  

m il l .  The m ix tu re ,  p laced  in an a lu m in u m  sa m p le  cup, w as p r e s s e d  

at 10, 000 p. s . i. , form ing  a 1 1 / 4  inch d ia m eter  p r e s s e d  p e lle t .  The 

p r e s s e d  and fu sed  p e l le t  tech n iq u es  a re  standard p e l le t  p reparations  

for ro ck  a n a ly s is  in th is  lab ora tory . The final g la s s  bead sa m p le  

w as p rep a red  by a m ethod r e f e r r e d  to as the n o -m a tr ix  p e l le t .

Appendix IV d e ta ils  the n o -m a tr ix  p e l le t  preparation . The b ead s ,  

with f i l te r ,  w e re  p laced  onto a m e ta l  support d isk . A thin po lyp rop ylene  

f i lm  c o v e r e d  the support d isk  and g la s s  b eads. The en tire  apparatus  

in s e r te d  into a sa m p le  h o ld er  s l id e ,  with the support d isk  and p o ly ­

p ropy lene  f i lm  sandw iching the beads and containing th em  in the  

sa m p le  h o ld er  s l id e .  The p e l le ts  an a lyzed  by XRF and the analyte  line  

in te n s i t ie s  w ere  co m p a red  to d e te r m in e  which p e l le t  gave the h igh est  

tr a c e  m e ta l  s e n s i t iv i ty .
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S am ple  H older Radiation E nhancer

A rad ia tion  enhan cer  was u sed  to in c r e a s e  the analyte  sp ec tra l  

l in e  in ten s ity  of the n o -m a tr ix  p e l le t .  The enhancer  w as m ade with 

a m olyb d en u m  d isk  that in s e r t s  b etw een  the sa m p le  support d isk  

and the g la s s  bead sa m p le  p e l le t  ( s e e  Appendix IV). An enhancer  

should  in c r e a s e  the x - r a y  in ten s ity  fro m  e lem en ts  in the sa m p le ,  

b e c a u se  the thin sa m p le  p e l le t  a b so rb s  only part of the inc id en t  

rad ia tion  fro m  the x - r a y  tube, the rem a in d er  p a ss in g  through the 

p e lle t .  The m olyb denum  enhan cer  a b so rb s  the radiation  p ass in g  

through the sa m p le ,  causing  the enhan cer  to f lu o r e s c e .  The x -r a y  

e m is s io n s  fr o m  the enhancer s tr ik e  the sa m p le  p e lle t ,  causing  the 

sa m p le  to f lu o r e s c e .

To t e s t  the m olyb denum  rad ia tion  enhancer , two id e n t ica l  

g la s s  bead sa m p le s  w ere  p rep a red  by the batch ex tra ctio n  procedure.  

Twenty m i l l i l i t e r s  o f  standard m e ta l  so lu tion , containing 100 ug 

each  of B i,  Pb, Zn, Cu, Ni and Co, w e r e  p laced  in each  of two  

b e a k e r s .  To the so lu t io n s ,  bu ffered  to pH eight, 100 mg of s i ly la ted  

g la s s  beads w e r e  added and the m ix tu r es  s t ir r e d  for ten m in u tes .

The g la s s  beads w e r e  m ade into p e l le t s ,  one p e l le t  with a m olyb ­

denum  (99. 95% pure) radiation  en h an cer , the other p e l le t  with an 

a lu m in u m  (99. 999% pure) backing p late. The a lum inu m  c h a r a c te r is t ic  

line s p e c tr u m  does hot ex c ite  any of the e l e m e n t s ’ l in es  m ea su red ,  

so  the a lu m in u m  backed sa m p le  has no enhancem ent. The analyte  

s p e c t r a l  line  in te n s i t ie s  w e r e  m e a su r e d  for each p e l le t  by XRF to 

d ete r m in e  the e ffe c t  of the m olyb denum  radiation  enhancer.
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E ffec t  of P e l l e t  T h ick n ess

The th ick n e ss  of the n o - m a tr ix  p e l le t  w as ad ju sted  to in c r e a s e  

the analyte  s p e c t r a l  line  in ten s ity .  S e v e r a l  n o -m a tr ix  p e l le t s  w e r e  

p rep a red , each  contain ing the sa m e  co n cen tra tio n  of copper but of  

d if fe re n t  th ic k n e ss .  The p e l le t  d ia m e te r  and g la s s  bead d en s ity  

r e m a in s  constant m aking p e l le t  th ick n e ss  a function of p e l le t  m a s s .  

P e l l e t  th ick n e ss  w as m e a s u r e d  in d ir e c t ly  by m e a su r in g  the g la s s  

m a s s .  Each p e l le t  an a ly zed  by X R F to d e te r m in e  the e ffe c t  p e l le t  

th ic k n e ss  has on analyte  line  in t e n s i t ie s .

F iv e  10 m l  s tandard  so lu tion s  that contained  50, 100, 150,

200 and 250 ug copper w e r e  bu ffered  to pH eight. To each  so lution ,  

50, 100, 150, 200 and 250 m g of s i ly la te d  g la s s  beads w e re  added  

r e s p e c t iv e ly ,  and the m ix tu r es  s t ir r e d  for ten  m in u tes .  P e l le t s  

m ade fr o m  the beads had a 1 0 0 0  ppm  copper con cen tration , but each  

p e l le t  conta in ed  d if feren t m a s s e s  of copper. X R F a n a ly s is  m e a su r e d  

the Cu K alpha line  in ten sity  to  d e te r m in e  the p e l le t  th ick n e ss  y ie ld in g  

the h ig h es t  copper line in ten s ity .

CONDITIONS A FF EC T IN G  M ETAL ION EXTRACTION

E x tra ct io n  as a Function  of pH

Solution  pH co n tro ls  the am ount and rate  of cation  e x tra c t io n  

by the s i ly la te d  g la s s  beads (L eyden  and L u ttre ll ,  1975b). We 

p e r fo r m ed  an ex p e r im en t  to d e te r m in e  the so lu tion  pH for fa s te s t  

cation  ex tr a c t io n  r a te s .  A s e t  of s e v e r a l  id en t ica l  standard
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so lu t io n s  w e r e  ad ju sted  to v a r io u s  pH v a lu e s .  S i ly la ted  g la s s  beads  

e x tr a c te d  ca tion s  fr o m  the s o lu t io n s ,  but the beads w e r e  r em o v ed  

f r o m  so lu tion  b e fo re  ex tr a c t io n  r ea ch ed  eq u il ib r iu m . A n a ly s is

of th e se  s a m p le s  show ed  w hich  pH a llo w s  rapid  cation  ex tra ctio n .
1 '

A seco n d  e x p e r im en t  d e term in ed  the pH for m a x im u m  cation  

ex tra ct io n , or the m o s t  e f f ic ie n t  e x tra c t io n  pH. A s e t  of s o lu t io n s , 

id e n t ic a l  to the f i r s t  se t ,  m ix e d  with s i ly la te d  g la s s  beads until the  

e x tr a c t io n  r ea c h e d  eq u il ib r iu m , show ed w hich pH a llo w s  g r e a t e s t  

cation  ex tra ct io n .

Each s e t  of s a m p le s  w e r e  p rep ared  by p lac in g  fifty  m l of 

standard  so lu tion , contain ing 200 ug each  of B i, Pb, Zn, Cu, Ni 

and Co, in each  of e igh t b e a k e r s .  D ilute  NaOH and HNOg adjusted  

the pH of each  so lu tio n  to one o f the following v a lu e s :  3, 4, 5, 6 , 7, 

8 , 9 or 10, 0. 1 pH. The uneq uilib rated  so lu tion s  s t ir r e d  with

1 0 0  m g o f s i ly la te d  g la s s  beads for five  m in u tes ,  and the eq u il ib ra ted  

s e t  s t ir r e d  for  40 m in u te s .  P e l l e t s  p rep ared  fro m  the s a m p le s  w e re  

an a ly zed  by XRF.

E x tra ct io n  as a F unction  of T im e

This e x p e r im en t  d e te r m in e d  the m ix ing  t im e  that the batch  

e x tr a c t io n  p ro ced u re  r e q u ir e s  to reach  eq u il ib r iu m . F or  c o n s is te n t  

a n a ly t ic a l  r e s u l t s  the beads m u st  m ix  with the so lu tion  long enough  

for the e x tr a c t io n  to rea c h  eq u il ib r iu m .



T - 2 1 9 3  29

S e v e r a l  standard  so lu tion s  w e r e  p rep ared  containing equal 

m a s s e s  of th re e  tr a c e  ca tion s . To th e s e  so lu tio n s , s i ly la te d  g la s s

beads w e r e  added and the m ix tu r es  s t ir r e d  for d if feren t p er iod s  of
*

t im e .  P e l l e t s  m ade from  the g la s s  beads w e re  an a lyzed  by XRF.

The line  in t e n s i t ie s ,  p rop ortion a l to the am ount of m e ta l  ex tracted  

for each  m ix in g  t im e ,  d e term in ed  which m ix ing  t im e  g iv e s  the m ost  

co m p le te  e x tra c t io n  of m e ta ls .

F ifty  m i l l i l i t e r s  of standard so lution  containing 200 ug each of  

Pb, Zn and Co w as added to each  o f  s ix  b ea k e r s .  The so lu tion s  

bu ffered  to pH eight and TOO mg of s i ly la te d  g la s s  beads w e re  added  

to each  b eak er . The s ix  m ix tu r es  s t ir r e d  for v a r io u s  t im e  per iods  

of 0, 1, 3, 5, 10, and 15 m in u te s .  F or  the m ix ing  t im e  of z e r o  

m in u tes ,  the beads w e r e  added to the so lu tion  and im m ed ia te ly  

poured into a f i l ter in g  f la sk  to r e c o v e r  the b eads. The so lution  

ta k es  about 30 seco n d s  to p a ss  through the f i l ter ,  a llow ing tr a c e  

m e ta l  ex tra ctio n . P e l l e t s  m ade fro m  the beads w ere  analyzed , by 

XRF.

EXTRACTION OF M ETAL IONS FROM WATER SOLUTIONS

P r e c i s io n  Study

The to ta l rep ro d u c ib il ity  of the batch ex traction  and XRF  

a n a ly s is  w as d e term in ed  for cations p reco n cen tra ted  from  w ater  

so lu t io n s .  S e v e r a l  standard m eta l  ion so lu tion s  w ere  p recon cen tra ted ,
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holding the amount of m eta l ,  the so lution  pH, and the m ix ing  t im e  

constant. P e l le t s  p rep ared  fro m  the g la s s  beads an a lyzed  by XRF. 

The d e g r ee  of v a r ia t io n  in analyte  line in te n s it ie s  ind icated  the  

p r e c is io n  o f the p ro ced u re .

F iv e  50 m l so lu tion s  containing 200 ug each  of Bi, Pb, Zn,

Cu, Ni and Co w e re  p laced  in sep a ra te  b eak ers  and buffered  at pH 

eight. To each  so lu tion , 100 mg of s i ly la te d  g la s s  beads w e re  added  

and s t i r r e d  for ten m in u te s .  P e l le t s  m ade fro m  the sa m p le s  analyzed  

by XRF.

Standard C urves

Standard c u r v e s  w e re  m ade to t e s t  the l in ea r ity  of analyte  line  

in ten s ity  v e r s u s  m e ta l  m a s s .  S e v e r a l  so lu tio n s ,  each  containing  

d if feren t  am ounts of m e ta l  ion, p reco n cen tra ted  by batch and colum n ,

e x tr a c t io n s .  P e l l e t s  m ad e fro m  the beads an a lyzed  by XRF. Plotting  

analy te  line  in ten s ity  v e r s u s  the m eta l  m a s s  o r ig in a lly  p r e se n t  in 

the standard  so lu tion , a s tra igh t line w as m ade fro m  the points by 

a le a s t  sq u a r e s  l in ea r  r e g r e s s io n .  The line having the fo rm

Cn = (I - b } /m , ( 1 0 )

w h ere  :

C^ i 5  th e  m eta 1 ma s s ( ug ).

I i s  the analyte  line in ten sity  (cps).

b is  the background in ten sity  (cps).

m  is  the s lo p e  of the line, or s e n s i t iv i ty  ( c p s /  ug).
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The l in ea r  r e g r e s s io n  d e term in ed  the v a lu es  for b and m  for each  

m e ta l  ion.

Supplying b, m  and I to equation 10 a llow s  m e ta l  d eterm in ation s  

for  Unknown s a m p le s .  Including the o r ig in a l  sa m p le  m a s s  (G), 

c o n v e r ts  m e ta l  m a s s  (C^) to m e ta l  con cen tration  (C). Equation 10 

b e c o m e s  :

C = (I -b ) /m G , (11)

w h ere  the o r ig in a l  sa m p le  m a s s  (G) is  g iven  in g r a m  units for rock  

s a m p le s ,  and the con cen tra tion  (C) b e c o m e s  u g /g ,  or ppm. F or  

w ater  s a m p le s ,  G i s  g iven  in units of kg (or l i t e r s )  and C is  in  ppb.

Standard cu r v es  for s a m p le s  containing m eta ls  in the ppm  

range w e r e  m ade by batch ex tra ctio n , and s a m p le s  containing m eta ls  

in the ppb range w e r e  m ade by co lum n extraction . Batch extraction  

sa m p le s  p rep ared  by adding 50 m l of standard so lu tion  to each of 

sev e n  b e a k e r s .  The standard so lu tion s  contained Ni and Co ranging  

fr o m  3 to 60 ug, Pb and Cu ranging from  10 to 200 ug, and Zn ranging  

fr o m  25 to 500 ug, r ep re sen t in g  ra tio s  of m e ta ls  ex p ected  in rock  

s a m p le s .  The so lu tion s  bu ffered  to pH eight, 100 mg s i ly la te d  g la s s  

beads w e r e  added to each b eaker , and the m ix tu res  s t ir r e d  for ten  

m in u tes .  P e l le t s  m ade fro m  the g la s s  beads an a lyzed  by XRF. F iv e  

sa m p le s  w e re  p rep ared  by the colum n ex tra c t io n  m ethod, using 250 

m l of standard so lution  for each sa m p le .  The standard so lutions  

contained 6 .2 5  to 125 ug each  of B i, Cu, Ni, Go and Zn and buffered to 

pH eight. The so lu tion  p a s s e d  through a colum n containing 100 mg
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of s i ly la te d  g la s s  beads at a flow rate  of about 2 0  rnl per  m inute.

P e l l e t s  w e r e  p rep a red  and a n a ly zed  by XRF.

D etec t io n  L im its

D etec tio n  l im its  w e r e  ca lcu la ted  with data obtained fro m  batch  

e x tr a c t io n  standard  c u r v e s ,  using equation 12 (B ert in , 1975).

C p L  = ( 3 / m ) ( l B / T ) ° - 5  ( 1 2 )

Cd j  ̂ i s  the m in im u m  con cen tration  of m eta l  d etec tab le  in the sa m p le ,

I g  i s  the background in ten s ity  in cp s ,  T is  the counting t im e  (seco n d s)  

and m  is  the s lo p e  ( s e n s i t iv ity )  of the standard cu rve . Equation 12 

d e te r m in e s  the th e o r e t ic a l  d e tec t io n  l im it  with a 95% prob ab ility  that 

the an a ly te  s p e c t r a l  line peak is  ac tu a lly  p resen t .

Ig  w as  obtained from  a n a ly s e s  m ade for the standard c u r v e s .

The background in ten sity  for the standard c u r v es  (b, equation 10), 

d if fe r s  fro m  the background in ten s ity  o f  the a n a ly s is  (Ig); I g  is  the  

background n o ise  n ear  the analyte  line and is  much la r g e r  than b.

The standard c u rv es  g iv e  the s lo p e  (m). T is  the m a x im u m  peak  

or background counting t im e  a llow ed  during the a n a ly s is  and equals  

1 0 0  s eco n d s  in th e se  c a lcu la t io n s .

ROCK SA M P L E  ANALYSIS

P r e c o n ce n tra t io n  of Rock Standards

T race  m e ta ls  pre con centra ted  fro m  s e v e r a l  USGS rock  standards  

d e te rm in ed  the p r e c is io n  and a c cu ra c y  of the p roced u re  for rock
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a n a ly s is .  The p rev iou s  p r e c is io n  study of w ater  so lu tion s  is  not 

v a lid  for p recon cen tra tin g  tr a c e  m e ta ls  fro m  ro ck s .  Rock p r e p ­

aration  in c lu d es  an io n -ex ch a n g e  p ro ced u re  to sep a ra te  iron  fro m  

the t r a c e  e le m e n ts ,  and the m ajor  and m in or  e le m e n ts  in ro ck s  m ight  

a ffec t  the p reco n cen tra tio n  p roced u re .

T race  m e ta ls  p reco n cen tra ted  from  four sa m p le s  of a n d és ite  

(USGS standard A G V -1), using  batch ex tra ctio n , d e te r m in e d  rock  

a n a ly s is  p r e c is io n .  A nalyte  line in te n s it ie s  w e re  co n v er ted  to m eta l  

con cen tra tion  by equation 11. The p r e c is io n  of the p r eco n cen tra t io n  

p ro ced u re  and XRF a n a ly s is  w as d e term in ed  fro m  the m e ta l  c o n c en tr a ­

tio n s .

P r e co n cen tra t in g  tr a c e  m e ta ls  from  four d if feren t USGS ro ck  

s tan d ard s, including a n d és ite  (A G V -1), b a sa lt  (B C R -1), g ra n o -  

d io r ite  (G S P -1) , and p er id o tite  (P C C -1) d e term in ed  the a c c u r a c y  o f  

the rock  a n a ly s is  p ro ced u re .  The analyte  line  in te n s it ie s  w e r e  

m e a su r e d  by XRF, again  con vert in g  the in te n s it ie s  to m e ta l  co n ­

cen tration  using equation 11. The an a lyzed  m e ta l  co n cen tra tio n s  

w e re  com p ared  with v a lu e s  in  the l i tera tu re  (F lanagan, 1969), to  

d eterm in e  the a c cu ra cy .

The iro n  w as rem o v ed  from  the s a m p le s  ( s e e  Appendix II) 

p rior  to p reco n cen tra tio n . One g r a m  portions of the pow dered  

standards d ig e s te d  in a so lu tion  of con cen tra ted  HNO3 , HCIO^ and 

HF. The ac id s  evaporated , leav ing  a r e s id u e .  The r e s id u e ,  d is s o lv e d  

in IN HF, p a s s e d  through a co lum n containing D o w ex -5 0  cation
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exch an ge  r e s in  w hich a d so rb s  Pb, Zn, Cu, Ni and Co. D ilute HF 

r in s e d  the co lum n free  of iron , then the m eta ls  of in te r e s t  e luted  

f r o m  the co lum n with 4N HNO 3 . The so lu tion  evap orated  on a hot 

plate , leav ing  a res id u e  contain ing the n itra te  sa l t s  of the m eta ls .  

The s a l t s  d i s s o lv e d  in w ater  and the so lu tion  adjusted  to pH eight. 

One hundred m i l l ig r a m s  of s i ly la te d  g la s s  beads w e re  added to the 

w a ter  so lu tion , and the m ix tu re  s t ir r e d  for 10 m in u tes . P e l le t s  

m ade fro m  the g la s s  beads w e r e  a n a ly zed  by XRF and analyte  line  

in te n s i t ie s  co n v erted  to sa m p le  con cen tra tion  using standard cu rv es .

E ffec t  of C alc ium

The ion -exch an ge  r e s in  u sed  to r em o v e  iron  a d so rb s  ca lc iu m .

L arge  am ounts  of c a lc iu m  in  ro ck s  can in ter fe r e  with the p recon cen tra tion  

p r o ced u re . T his  ex p e r im en t  d e te r m in e s  how much c a lc iu m  can be in  

a ro ck  without in ter fer in g  with tr a c e  m e ta l  d e term in a t io n s .

S e v e r a l  standard  so lu tion s  w e r e  m ade containing equal m a s s e s  

of s ix  t r a c e  m e ta ls .  D ifferen t am ounts of c a lc iu m  ion w e r e  added to  

each  so lu tio n  and the tr a c e  m e ta ls  pre  con centra ted accord in g  to the 

ro ck  a n a ly s is  p ro ced u re  (A ppendixes II - IV), ex cep t the ro ck  d igest ion  

w as e l im in a ted . The x -r a y  line in te n s it ie s  showed how m uch ca lc iu m  

m ay be p r e se n t  in a sa m p le  without s e r io u s ly  affecting the an a ly t ica l  

re s u i t s .

Seven  50 m i IN HF so lu tion s  w e re  prepared , each containing  

200ug of Bi, Pb, Zn, Gu, _Ni and Co. To each so lution  ex cep t one,
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v a r io u s  am ounts of c a lc iu m  n itra te  w as added. The amount of  

c a lc iu m  added w as c a lcu la te d  as p e rcen t  CaO, adjusting the p ercen t  

CaO to a sa m p le  s i z e  of one g ra m . Thus, for a 10% concen tration  

of CaO, the equ iva len t am ount of Ca(N 0 3 ) 2  w as added to y ie ld  0 .1  g 

of CaO. The am ount of CaO added to the so lu tion s  ranged from  

z e r o  to 30%. The so lu tion  p a s s e d  through the r e s in  colum n, fo llowed  

by the s tan d ard  rock  p reco n cen tra t io n  and a n a ly s is  p roced u re .
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RESULTS

SA M PL E  P E L L E T  PREPARATIO N

C om p arative  Study of T hree  P e l l e t  P r e p a r a t io n  M ethods

T able 1 l i s t s  analyte  s p e c tr a l  l in e  in te n s i t ie s  for th ree  p e lle ts  

that contain  m e ta l  ions  pre concen tra  ted  onto g la s s  b ead s . Each  

p e lle t  w as m ade by a d if feren t p e l le t  prep aration  m ethod. The g la s s  

beads w e r e  fused  with l ith ium  te tra b o ra te  in one p e lle t .  In another  

p e lle t ,  the g la s s  beads w e re  m ix ed  with b o r ic  a c id  and p r e s s e d  

into a sa m p le  cup. The la s t  sa m p le  w as  p rep a red  by the n o -m a tr ix  

m ethod. Each p e l le t  contained 200 ug of each  m eta l ,  so  the analyte  

line in t e n s i t ie s  r e p r e s e n t  the r e la t iv e  s e n s i t iv i ty  for each  p e l le t  

p rep aration  m ethod.

The n o -m a tr ix  p e l le t  y ie ld s  su b sta n tia l ly  h igh er  analyte  line  

in te n s i t ie s  than the fu sed  or p r e s s e d  p e l le t s .  We ca lcu la ted  the  

p ercen t  in ten s ity  of the p r e s s e d  and fused  p e l le t s ,  a s  com p ared  to  

the n o -m a tr ix  m ethod.

Sam ple  H older  Radiation E nhancer

Table 2 l i s t s  the analyte sp e c tr a l  line in te n s i t ie s  for two pellets  

with d if feren t radiation  en h a n cers .  The en ergy  of the p r inc ip a l  

(K alpha) e m is s io n  line of ea ch  enhan cer  and analyte  exc ita tion  

p o ten tia l  is  g iven  in KeV. The ex c ita t io n  poten tia l is  the m in im um  

x - r a y  photon e n erg y  a g iven  e le m e n t  r eq u ir e s  for exc ita t ion . F rom
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Tablé 1 -  S p ec tr a l  line  In ten s it ie s  for th ree  sa m p le  p e l le t  
p r e p a ra t io n s .  V a lues  in  p aren th eses  r e p r e s e n t  
the p e r ce n t  in ten s ity  of the n o - m a tr ix  m ethod.

INTENSITY (cps)

P r e s s e d
P e l l e t

F u se d
P e l l e t

N o -M a tr ix
P e l l e t

Bi 34 (27) 22 (17) 126

Pb 33 (14) 26 ( 1 1 ) 238

m Zn 57 (20) 31 ( 1 1 ) 291

â  Cu 202 (27) 106 (14) 735

Ni 8 6  (13) 52 ( 8 ) 650

Co 9 8 ( 1 6 ) 49 ( 8 ) 620
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T able  2 - J^nalyte lin e  in t e n s i t ie s  for  a lu m in u m  and m olyb d en u m  
rad iation  en h a n ce r s .

INTENSITY (cps)

CO-»->

E xcita tion  
P o ten t ia l  (KeV)

^1 K alpha 
= 1 .4 8 7  KeV

Mo K alpha 
= 1 7 .4 2 5  KeV

.....- '■—................. . "

% in c r e a s e  with  
Mo enhan cer

Bi 13. 424 75 84 + 1 2

P b 1 3 .0 4 4 80 90 + 13

Zn 9 .6 6 0 119 129 + 8

Cu 8 . 9 8 0 324 380 + 17

N i 8 . 331 329 351 + 7

Co 7. 709 317 343 + 8
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Table 2, we s e e  the AI K alpha e m is s io n  line has a low er  en ergy  than  

a l l  analyte  ex c ita t ion  p o ten tia ls .  The a lum inu m  enhan cer can not 

in c r e a s e  analyte  s p e c tr a l  line in ten s ity  by seco n d a ry  f lu o r e sc e n c e .

The Mo K alpha e m is s io n  line is  e n e r g e t ic  enough to e x c ite  a l l  analytes,  

A s ex p ected , the m olyb denum  enhan cer  in c r e a s e s  s p e c tr a l  line  

in te n s i t ie s  for a l l  a n a ly tes .  The p ercen t in c r e a s e  in analyte  sp e c tra l  

line in ten s ity  for the m olyb denum  enhancer  is  g iven  in Table 2.

E ffec t  of P e l le t  T h ick n ess

F ig u re  3 p lots  the Cu K alpha line in ten s ity  v e r s u s  p e l le t  m a s s .  

The in ten s ity  of the copper line  for each  p e lle t  m a s s  is  g iven  in  

p a r e n th e s e s .  The p e l le t  and copper m a s s  is  d if feren t for each  p e lle t ,  

but the cop p er  con cen tra tion  is  constant (1000 ppm). The p e l le t  

m a s s  i s  prop ortion a l to p e l le t  th ick n e ss .

F ig u re  3 i l lu s t r a t e s  the e f fe c t  p e l le t  th ick n ess  has on analyte  

line  in ten s ity .  The in ten s ity  in i t ia l ly  in c r e a s e s  l in ea r ly  to a p e lle t  

m a s s  of about 75 m g (A, A')» then the rate  of in ten sity  in c r e a s e  

d e c r e a s e s .  A p e l le t  m a s s  of 75 mg (or l e s s )  g iv e s  the h ig h es t  copper  

s e n s it iv i ty .  F o r  p e l le t  m a s s e s  above 75 m g, the m a tr ix  ab sorb s  the  

p r im a ry  and seco n d a ry  rad iation  s ig n if ica n tly .  The in ten s ity  continues  

to in c r e a s e  to a p e lle t  m a s s  of 2 0 0  m g, due to in c r ea s in g  copper m a s s .  

Beyond a p e l le t  m a s s  of 200 m g, x - r a y  absorption  by the m a tr ix  

b e c o m e s  s e v e r e  enough to red u ce  the e ff ic ie n c y  of the radiation  

en h an cer , so  the in ten s ity  d e c r e a s e s .
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5 0 0 -
(483)

(447)

(426
^  4 0 0 - (386)

C l

(224)
200-

100-

60 (75) IÔO

Pellet Mass (mg), Copper Mass (ug)

200150 250

F i g u r e  3 - Cu *K alpha l ine  i n t e n s i t y  v e r s u s  p e l l e t  m a s s .
E a c h  p e l l e t  c o n ta in s  1000 p p m  co p p e r  co n c e n tr a t io n ,
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CONDITIONS A F F E C T IN G  M ETAL ION EXTRACTION

E x tra ct io n  as  a F u n ction  of pH

Table 3 g iv e s  ana ly te  lin e  in te n s it ie s  for m e ta ls  e x tr a c te d  

at v a r io u s  pH and two m ix in g  t i m e s . The in te n s it ie s  a r e  n o r m a l­

iz e d  as a p ercen t  of the m a x im u m  in ten s ity  for a g iv en  an a ly te .

The five  m inute m ix in g  t im e  data r e p r e s e n ts  an unequilibrated  

e x tr a c t io n  and i l lu s t r a t e s  w hich pH y ie ld s  the fa s te s t  ex tra c t io n  

r a te s  for each  cation . The a v e r a g e  n o r m a lize d  in ten s ity  for a l l  

e le m e n ts  is  a ls o  l i s t e d  for each  pH. The h ig h e s t  a v e r a g e  (84%) 

o c c u r s  at pH 8  and 10, and the seco n d  h ig h es t  (78%) at pH 9, 

ind icating  the pH range y ie ld in g  rapid  m u lt ie le m e n ta l  e x tra c t io n  

r a te s  i s  b etw een  8  and 10. The five  m inute e x tr a c t io n  data is  

plotted  in  F ig u re  4 as  p e r ce n t  of the m a x im u m  in ten s ity  v e r s u s  

so lu t io n  pH.

Table 3 a ls o  l i s t s  n o r m a liz e d  in te n s ité s  for 40 m inute e x tr a c -  

t io n s ,  r e p r e se n t in g  an eq u il ib ra ted  ex traction . The eq u il ib ra ted  

e x tr a c t io n  sh ow s w hich pH y ie ld s  the m o s t  co m p le te  or e f f ic ie n t  

e x tr a c t io n s .  Again, the a v e r a g e  n o rm a lize d  in te n s it ie s  a r e  l i s t e d  

for each  pH. The m o s t  c o m p le te  m u lt ie le m e n ta l  e x tr a c t io n s  o ccu r  

at pH 8  and 9, y ie ld in g  a 95 and 98 p ercen t  a v e ra g e ,  r e s p e c t iv e ly .  

The e x tr a c t io n  c u r v e s  for 40 m inute e x tra c t io n s  are  p lotted in 

F ig u r e  5.
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Table 3 - N o r m a liz e d  analyte  line in t e n s i t ie s  for batch e x tra c t io n s  
in v a r io u s  so lu tion  pH. F iv e  m inute (unequilibrated)  
e x tr a c t io n  data and 40 m in ute  (equ ilibrated) e x tra c t io n  
data i s  g iven .

INTENSITY  
N o r m a liz e d  to 100% M axim u m

(Q4-)
<D

3

F iv e  M inutes M ixing  

Solution  pH 

4 5 6  7 8 9 1 0

Bi 29 1 0 0 94 64 75 1 74 80 98

Pb 1 7 18 47 87 1 1 0 0 59 78

Zn 2 7 2 1 42 69 1 0 0 87 88

Cu 48 70 85 69 54 74 1 0 0 95

Ni 1 5 7 19 26 55 95 1 0 0

Co 1 7 18 41 57 1 0 0 ' 51 44

14 33 41 47 6 1 84 78 84

F orty  M inutes M ixing

Bi 30 24 1 26 27 50 89 96 1 0 0

Pb 2 1 69 75 70 96 1 0 0 71

Zn 1 5 56 79 93 93 94 1 0 0

Cu 52 76 73 74 62 97 95 1 0 0

Ni - 1 3 2 2 42 51 97 1 0 0  . 89

Co 1 4 33 51 62 98 1 0 0 73

* 15 19 47 i  58 65 95 98 89

A v e ra g e  n o r m a liz e d  in ten s ity  for a l l  e lem en ts  at a g iven  pH 
and m ix in g  t im e .
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100

80 P b

C

E
I 60XoZ
o

I 40

Q .

2 0 -

3 1 097 85 64
S o lu t io n  pH

B)
•N i

100-,

Z n

S 80-

S 60-

V

20-

3 1 076 8 954

S o lu t io n  pH

F ig u re  4 - U nequilibrated  (five  m inute m ix) pH e x tra c t io n  c u r v es
for e x tr a c t io n  e f f ic ie n c y  study. Bi, Pb and Cu, B) Zn, 
Ni and Co.
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8 0

60- C u /

40 "

2 0

3 4 5 76 8 109
Solution pH

6 0

S 4 0

2 0

/ /

Solution pH

F ig u r e  5 - E q u ilib ra ted  (forty  m inute  m ix) pH ex tra ct io n  c u r v es  
for e x tr a c t io n  e f f ic ie n c y  study. A) B i, P b  and Cu,
B) Zn, Ni and Co.
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E x tra ct io n  as a Function o f T im e

Table 4 l i s t s  the analyte  s p e c tr a l  line in ten s it ie s  for the var ious  

batch e x tr a c t io n  m ix  t im e s  at a so lu tion  pH of eight. The data is  

n o r m a lize d  as p ercen t  of the m a x im u m  count rate  for each  analyte,  

and is  p r e se n ted  in p a r e n th e se s .  S ily la ted  g la s s  beads m ix ed  with 

standard so lu tion s  contain ing 200 ug each  of th ree  m e ta l  ion s . The 

beads e x tra c ted  the io n s  fr o m  so lu tion  over  a per iod  of t im e  ranging  

fro m  z e r o  to 15 m in u tes .

The l in e  in te n s i t ie s  g e n e r a l ly  in c r e a s e d  with t im e  until the 

e x tra c t io n  r e a c h e s  eq u il ib r iu m , at about ten m in utes . A l l  m eta ls  

rea ch ed  99% m a x im u m  e x tr a c t io n  at ten m in utes  m ix ing . Pb and Zn 

a r e  ex tr a c te d  m ore  c o m p le te ly  than Co with no m ixing and reach  

m a x im u m  ex tra ct io n  ten m in u tes  so o n er  than Co. Zn and Co continue  

to have high in te n s it ie s  at 15 m in u tes  m ix ing , w hile  Pb in ten sity  

d e c r e a s e s .  O ptim um  m u lt ie le m e n ta l  ex tra ct io n  m ixing t im e  is  ten  

m in u tes  for th e se  th ree  m e ta ls .

EXTRACTION OF M ETAL IONS FROM WATER SOLUTIONS

P r e c i s io n  Study

Table 5 l i s t s  the p r e c is io n  data obtained from  the a n a ly s is  

of five p reco n cen tra ted  w ater  so lu tio n s ,  each so lution  containing  

200 ug of each  m eta l  ion. The batch ex traction  m ethod w as used  

for each  sa m p le ,  with a so lu tion  of pH eight and m ixing t im e  of ten
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T able 4 - S p ec tra l  lin e  in te n s it ie s  for  v a r io u s  batch ex tra c t io n  
m ix  t im e s .  Data n o r m a liz e d  as  p ercen t  m a x im u m  
analyte  in ten s ity  i s  in  p a ren th eses .

C3+jcu

INTENSITY (cps)

M ixing T im e  (m inutes)

0 1 3 5 1 0 15

P b 2 1 1 213 2 1 0 226 223 213
(93) (94) (93) ( 1 0 0 ) (99) (94)

Zn 238 255 249 288 286 287
(83) (89) ( 8 6 ) ( 1 0 0 ) (99) ( 1 0 0 )

Co 423 530 573 685 707 714
(59) (74) (80) (96) (99) ( 1 0 0 )

T able  5 -  P r e c i s io n  data for  f ive  batch e x tra c t io n  w a te r  a n a ly s e s .

A v e ra g e  L ine  
In ten sity  

(cps)

Standard % R e la t iv e  
D evia tion  Standard D ev ia tio n  

(cps)

B i 140 5 3 .6

Pb 216 8 3 .7

Zn 290 5 1 .7

Cu 816
.

1 1  i 1 .3

Ni 773 23 1 3 .0  1

Co
8

717 ; 1 2  I 1 .7  1
_ . .. ......... _ _ l
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m in u tes  for  each  sa m p le .  A l l  p a r a m e t e r s  w e r e  kept constant  to  

d e te r m in e  th e  to ta l  p r e c i s i o n  of the p récon centra t ion  p ro ced u re  

and X R F a n a ly s i s  of w ater  s a m p l e s .

Table  5 l i s t s  the a v e r a g e  in ten s i ty ,  the standard deviat ion  and 

the p e r c e n t  r e la t iv e  s tandard deviat ion  (% s .  d. ) for  the f ive  an a ly se s  

of  each  analyte .  The % s .  d. b e s t  r e p r e s e n t s  the rep rod u c ib i l i ty  for  

m e t a l  d e te r m in a t io n s .  A l l  m e t a l s  have  good rep rod uc ib i l i ty  at  

200 ug m e ta l ,  with v a lu e s  f r o m  1 . 3  to 3. 7 % s .  d. H o w ever ,  Zn,

Cu and Co (1. 3 to 1 . 7  % s .  d. ) a r e  s ign i f ican t ly  m o r e  p r e c i s e  than 

B i,  P b  and Ni (3. 0 to 3, 7 % s .  d. ).

Standard Curves

Table  6  l i s t s  the analyte  s p e c t r a l  l ine  in t e n s i t i e s  for  the batch 

e x tr a c t io n  standard c u r v es  and the amount of m e ta l  ion u s e d  to prepare  

the s tandard  so lu t ion s .  The data f r o m  Table  6  d e te r m in e d  standard  

c u r v e s  of the f o r m  C^ = (I -  b ) / m ,  w h ere  I i s  the in tensity ,  C i s  the  

m e t a l  m a s s ,  m  i s  the s lop e  of the s tandard cu rve  and b i s  the back­

ground in ten s i ty .  The l e a s t  sq u a r e s  l in ea r  r e g r e s s i o n  v a lu e s ,  m  and  

b, a r e  g iven  in Table  7 for  each  e l e m e n t ' s  s p e c t r a l  l ine.  F ig u r e s  6 ,

7 and 8  r e p r e s e n t  graphica l ly  the s tandard cu r v es  for the batch  

extra etion.

Table  8  l i s t s  the analyte  s p e c t r a l  l ine in t e n s i t i e s  for  the co lumn  

ex tract ion ,  and Table  9 l i s t s  the resu l t ing  standard curve  constants .  

F i g u r e  9 i l l u s t r a t e s  the s tandard c u r v es  we obtained by the column  

ex tra c t io n .
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Table  6  - Analyte  s p e c t r a l  l ine  in t e n s i t i e s  for batch ex tract ion  
standard c u r v e s .

INTENSITY (cps)

ug of m e t a l  ion

1 0 20 50 150 20070 100

Pb 140

18663Cu 226 677338 524

ug o f  m e t a l  ion  

5 21 30 45

Ni 157 21151 70 104

Co 154 194

ug o f  m e t a l  ion

25 50 125 250 375 500175

66835 245 345 501Zn 170
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Table  7 - Batch ex tract ion  s tandard curve  constants  
for = ( I - b ) /m .

STANDARD CURVE CONSTANTS

CO
<D

m
(c p s /u g )

b
(cps)

Pb 0 . 93 - 3 . 5

Zh 1. 33 4 . 7

Cu 3 . 4 3 - 2 . 1

Ni 3. 55 - 2 . 5

Co 3 . 2 8 0 . 2
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700
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Figu re  8 - Batch extract ion  standard curve for zinc.
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Table  8  -  i^nalyte s p e c t r a l  l ine  in t e n s i t i e s  for  co lumn  
ex tra c t io n  s tandard c u r v e s .

INTENSITY (cps)

6 . 25

ug of m e t a l  ion  

1 2 .0 0  2 5 . 0 0 62. 50 125. 00
.

Bi 6 10 1 19 40 74

Pb 4 9 1 19 40 82

Zn 4 17 1 20 62 150
1

Cu 1 2 20 j 42 119 258

Ni 18 38 j 70 193 370

Co 1 1 39 I 71 189 L__^52 I

Table  9 - Column ex tra c t io n  standard curve  constants  
for  Cjj = (I -b) /  m.

STANDARD CURVE CONSTANTS

034-J(D

Bi

T^b

Zn

Cu

Ni

Co

m
(cp s /u g )  

0, 57

0. 65

1 . 21 

2 . G9 

2 . 98 

2. 85

b
(cps)

3 .4 8  

0. 91 

- 5 . 2 5  

6 . 57 

- 0 . 06 

0. 56
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D etec t ion  Limits

Table 10 l i s t s  de tec t ion  l im its  for five m e ta l s ,  ca lcu la ted  with 

equation 12. The background in ten s i t i e s  (Ig) and s e n s i t i v i t i e s  (m) 

w e r e  obtained f r o m  batch ex tract ion  standard cu r v es .  Included  

a r e  the m a s s  and concentrat ion  detec t ion  l im i t s .  The m a s s  detect ion  

l im it  i s  the m in im u m  amount of m e ta l  in the sa m p le  p e l le t  that can  

be de tec ted ,  and the concentrat ion  detect ion  l im it  i s  the m in im u m  

d etec tab le  m e t a l  concen trat ion  in the or ig in a l  sam ple  (of a g iven  

s a m p le  s i z e ) .  It i s  p o s s ib l e  to make a quali tative  a n a ly s i s  of the 

m e t a l  at v a lu es  near  the detec t ion  l im it .  To make a quantitative  

d eterm inat ion ,  the m e t a l  m u st  be p resen t  in amounts  of about three  

t i m e s  the detec t ion  l im it  (Bert in ,  1975).  This value  is  the d e t e r ­

m ination  l im it  and is  l i s t e d  in p a r e n th ese s  in Table 10.

Table 11 l i s t s  t r a c e  m e t a l  Concentrations  found in s e v e r a l  

u s e s  rock  standards  (F lanagan,  1969),  r iv e r  w ater  and sea  water  

(R i ley  and C hester ,  1976). T hese  data allow c o m p a r i so n  between  

d etect ion  l im it s  and tr a c e  m e ta l  concentrat ion  in typ ica l  rock  and 

w ater  s a m p le s .

ROCK SAM PLE ANALYSIS

P r e co n ce n t ra t io n  of Rock Standards

Tables  12 and 13 l i s t  the p r e c i s io n  of four a n a ly s e s  of USGS 

and és i te  rock  (AGV-1) .  Table 12 l i s t s  the m eta l  concentrat ions
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Table 10 -  M a ss  detec t ion  l im i t s  ca lcu la ted  f r o m  = ( 3 / m ) ( I g /  T)^' ^
T = 100 s e c o n d s .  Concentrat ion detec t ion  l im i t s  ca lcu lated  
for  two sa m p le  s ize s ;  d eterm inat ion  l im i t s  g iven  
in p a r e n th ese s .

DETECTION LIMITS

Pb

Zn

Cu

Ni

Co

M ass  (Cj^) ConGentration

m
(c p s /u g ) (cps)

P e l l e t
(ug)

! TO g Sam ple
(ppm )

f -  - ......................... —  —

1 l i t er  Sample  
(ppb)

0. 93 83 2 . 9 ( 8 .7 )  i 0 , 2 9 (0. 87) 2 . 9 (8 .7 )

1 . 3 3 24 1 . 0 (3 .0 ) I 0 . 1 0 ( 0 .3 0 ) 1 . 0 (3 .0 )

3 . 4 3 63 0 . 7 ( 2 . 1 ) 1 0. 07 (0 . 2 1 ) 0 . 7 (2 . 1 )

1 3 -5 5 44 0 . 6 ( 1 . 8 ) j 0 . 0 6 (0 . 18) 0 . 6 ( 1 . 8 )
j
{ 3 . 2 8 41 0 . 6 ( 1 . 8 ) I 0 . 06 (0 . 18) 0 . 6 ( 1 . 8 )
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Table  11 - Typica l  t r a c e  m e t a l  concen trat ions  in rocks  
and natural w a te rs .

CONCENTRATION (ppm)*

Granite  (G-2)  

G ranodior i te  (GSP-1)  

A nd és i te  (AGV-1)
• r-f

o B a sa l t  (BCR-1)

^  P e r id o t i te  (P C C-1)  

R iver  W ater**

Sea Water

Metal

Pb

2 8 . 7

Zn

7 4 .9

Cu 

! 10 .7

Ni

1 6 . 4
1

Co 

4 . 9  j

52. 4 143 I 3 5 .2 1 10. 7
I

7. 5 j

3 5 . 4 1 1 2 1 63. 7
■ 1
1 1 7 .8 15. 5 j

1 8 .0 13. 2 1 2 2 . 4
1

j 1 5 .0 3 5 .5  I

13. 3 53 I 1 0 . 4
1

I 2430
1

1 1 2  t
■ ! 

0 . 2  j
i

3 1 0 J 5 1 0 . 3

0 . 0 3 5 1 - i ■ 2

'
0 . 8  1

* Water concentrat ions  in ppb.
* * World wide average .
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obtained using standard c u r v e s  to  convert  analyte l ine in tens i ty  to 

concentrat ion ,  with the s p e c t r a l  l ine in ten s i t ie s  in p a r e n th ese s  for 

each  analy te .  Table 13 l i s t s  the a v e ra g e  concentrat ion fr o m  the 

four a n a l y s e s ,  th e ir  standard dev ia t ions ,  and the p ercen t  re la t ive  

standard dev ia t ions .  Tables  14 - 17 l i s t  the data fro m  the a n a ly se s  

of four d if ferent  USGS rock s tand ard s .  The tab les  include the analyte  

l ine  in t e n s i t i e s ,  the m e ta l  concentrat ions  obtained fro m  standard  

c u r v e s ,  the a ccep ted  m e ta l  concentrat ion  v a lu es ,  and the concentrat ion  

ranges  (F lanagan,  1969). Comparing the de term inat ions  with the 

ac ce p ted  va lues  d e t e r m i n e  the a c c u r a c y  of the pre concentrat ion  

p roced u re .  The rock  s tandards  ana lyzed  include and és i te  (AGV-1) ,  

basa l t  (B C R -1) ,  granod ior i te  ( G S P - 1 ) and per idot i te  (P C C -1) .  The 

a n d és i te  analyte  in ten s i t i e s  are  an a v e ra g e  of the four individual  

d eterm in a t io n s  l i s t e d  in Table  12. The in ten s i t i e s  for the other  rocks  

a r e  f r o m  one a n a ly s i s .  The t r a c e  m e ta l s  w e r e  p recon cen tra ted  

f r o m  one g r a m  of rock s a m p le .

Effec t  o f  C a lc ium

Table  18 l i s t s  the analyte  s p e c t r a l  line in ten s i t ie s  for sa m p le s  

containing ca lc iu m .  The m e a s u r e m e n t s  w ere  obtained fro m  the  

pre concentrat ion  of so lu t io n s  that con ta in ed  2 0 0  ug of each  ana lyte 

and var ious  a m o u n ts  of ca lc iu m .  The amount of c a lc iu m  is reported  

as p ercen t  CaO, b a s e d  on a one g r a m  s a m p l e  s i z e .  The l ine  in ten s i t ie s  

r e f l e c t  the e f fect  of c a lc iu m  on the pre concentrat ion  of m e ta l  ions in
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Table  12 - Analyte  d e term in a t io n s  of and és i te  (A G V - 1 ). One 
g r a m  sa m p le  s i z e .  Analyte  l ine in t en s i t i e s  (cps)  
a re  in p a ren th ese s .

CONCENTRATION (ppm)

oI—t

a(QCO

Pb Zn

M etal

Cu Ni Co

1 17 (12) 99 (136) 1 6 8  (230) 1 2 0  (6 8 ) 11 (35)

2 1 2  ( 8 ) 95 (131) ! 59 (199) i 19 (65) 1 2  (39)

3 11 (7) 8 8  ( 1 2 1 ) j 6 6  (223) I 22(76 ) 11 (35)

4 17 (12) 1 0 1  (139) j 64 (217) 1 20 (67) 12 (38)

Table  13 - P r e c i s i o n  of four an d és i te  (AGV-1)  determ inat ions ,

A v e ra g e Standard % R e la t ive  |
1 Concentrat ion Deviat ion Standard I
1 (ppm) (ppm) Deviat ion  |

Pb 2 2 . 4  1
■ : 1

-Zn 1 96 -  i 5 . 9  I

■■«3 ■ Cu j 64
i

3 .9  .! 6 . 1  J
0 ) i

Ni ; 2 0 1 .3  j. 6 . 4  '

Co : 1 2 0 . 6  ' 5 .2  :
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Table 14 - A c c u r a c y  of an d és i te  
s a m p le  s i z e .

(AGV-1) d e term in a t io n s .  One g r a m

4->o

Intensi ty*
(cps)

Concentrat ion
(ppm)

USGS
Mean
(ppm)

USGS
Range
(ppm)

Pb 1 0 15 I 35. 4 18-48  1

Zn 132 96 1 1 1 2 64-304;

Cu 217
1

64 1
1

6 3 . 7 52 -8 3

Ni 69 2 0  j 1 7 .8 11-27

Co 37 1 1  1 1 5 .5 10 -33  
--------------- u

* A v e ra g e  f r o m  four d e term in a t io n s .
See  Table  12 for  indiv idual de term in at ion s .

Table  15 - A c c u r a c y  of  b a sa l t  (B C R -1) d e term in at ion s .  One g r a m  
s a m p le  s i z e .

<D

Pb

Zn

Cu

Ni

Co

Intensity
(cps)

Concentrat ion
(ppm)

USGS
Mean
(ppm)

USGS
Range
(ppm)

6 1 0  ; 1 8 .0 5 -35

183 134 132 9 4 - 2 7 8

6 6 ! 2 0  1 2 2 . 4 7 - 3 3

76 .
j J 1 5 .0  j 8 -30

105 i " 32 j 3 5 . 5  ! 2 9 - 6 0
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Table  16 - A c c u r a c y  of granodior i te  ( G S P - 1 ) d e te r m in a t io n s .  One g r a m  
s a m p le  s i z e .

Intensi ty
(cps)

Concentrat ion
(ppm)

USGS
Mean
(ppm)

USGS
Range
(ppm)

1
i .

Pb 1 2 5 2 . 4 1 4 -80 1
Zn 144 105 1

1
143 54 -3 4 0 j

r —4
(0 Cu 132 39 1 3 5 .2 1 5 - 5 4 i
o

Ni 38 1 1  ! 1 0 .7  ^ 3 -2 5 I
Co 18 7 . 5  -■ i 3 - 2 2 1

Table  17 -  A c c u r a c y  of per idot i te  (P C C -1 )  d e term in a t io n s .  One 
sa m p le  s i z e .

g r a m

)

Intens i ty
(cps)

Concentrat ion
(ppm)

USGS
Mean
(ppm)

USGS
Range
(ppm)

P b  1 8 1 2  i 1 3 .3  I
1

Zn 5 45 30 J 53 .j 2 4 -1 0 0 i

r—4 Cu 39 1 2  ;
. '

1 0 . 4  j 5 -1 6

% Ni '

Go

3445

215

971 i

65 :

2430 ! 1750-3400

8 0 -3 0 0

* Not ava i lab le
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r o ck s .  The zer o  p ercen t  CaO s a m p le  shows the l ine in ten s i t ie s  for 

s a m p le s  containing no ca lc ium .  A l l  other  s a m p le s  show the effect  

p r o g r e s s i v e l y  in c r ea s in g  amounts  of c a lc iu m  has on the analyte  l ine 

i n t e n s i t i e s .  The l ine in ten s i t i e s  are  proport ional  to the amount of  

analyte  ex trac ted  by the g l a s s  beads .  F igure  10 shows the effect  of 

c a l c i u m  on m eta l  ion ex tract ion  by plotting the data in Table  18 as  

in ten s i ty  v e r s u s  p ercen t  CaO. F ig u re  10 shows the analyte  l ine  

in t e n s i t i e s  d e c r e a s in g  with in c r e a s in g  c a lc iu m  concen trat ions .  The 

in ten s i ty  d e c r e a s e  is  v e r y  pronounced for sa m p le s  containing more  

than 15% CaO but l e s s  s ign if icant  for s a m p le s  containing 15% CaO 

or l e s s .

A l e a s t  s q u a r e s  l inear  r e g r e s s i o n  a n a ly s i s  o f  the data for  

s a m p le s  containing z e r o  to 15% CaO in Table  18, e l im in a te s  the 

var ia t ion s  due to im p r e c i s i o n .  The l ines  ca lcu la ted  fr o m  the l inear  

r e g r e s s i o n  a r e  plot ted in F ig u re  11. The constants  that define the 

l ines  (Iq and m) are  a l s o  g iven  in F ig u re  11. is  the y - in t e r c e p t  of  

the l ine and m  is  the s lope .  in d ica te s  the analyte l ine intensi ty  

for z e r o  p ercent  CaO and m  in d ica tes  the in tensi ty  d e c r e a s e  rate  as  

a function of percen t  of CaO.

C alc ium  in t e r fe r e n c e  d e c r e a s e s  the line in tens i ty  of the analyte  

l ines ,  the d e c r e a s e  resu l t ing  in low m e ta l  de term inat ions  for rock  

a n a ly s i s .  The d e g r e e  to which the de term inat ions  a re  lo w ered  is 

dependent on the CaO cancentrat ion  in the sam ple .  Calculat ing the 

p e r c e n t  concentrat ion  d e c r e a se  (D) for each 1% CaO p r e se n t  in the
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sa m p le  by

D = (m/Io)xlOO, (13)

the v a lu e s  for m  and 1  ̂ w e r e  obtained from  F igure  11, for each  

analyte .  The constants  and c a lcu la ted  D va lues  are  l i s t e d  for each  

analyte  in Table  19. D r e p r e s e n t s  the percent  change in analyte  

l ine  in ten s i ty  for each 1% of CaO that is  p r e s e n t  in a one g r a m  sample .

The an a ly te  l ine in t en s i t i e s  for sa m p le s  containing z er o  to 15% 

CaO (Table  18) w e r e  s t a t i s t i c a l ly  ana lyzed  to d e term in e  i f  varying  

am ounts  of  c a lc i u m  affect  a n a ly t ica l  p r e c i s io n .  Table  20 l i s t s  the 

r e s u l t s  of this  p r e c i s io n  study.
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Table  18 - Analyte  l ine in ten s i ty  of s a m p le s  containing  
va r io u s  amounts  of c a lc iu m .  The % CaO is  
ca lcu la ted  for a one g r a m  sa m p le  s i z e .
2 0 0  ug of each  m eta l .

034->o

INTENSITY (cps)

% CaO

0 5 1 0 15 2 0 25 30

Bi
j—

127 1 1 2 0  i 1 1 2  j 8 j 16

Pb 223 247
1 - i209 1 216 j

■ i 191 i 62
j

Zn 295 306 274 }
f

269 1
1

s '
256 j 224 j 172

Cu 797 751 737 1} 774 j 642 1 591 I
Ni 779 703 667 1

1
693 1

\
632 1

i
547 I 419

Co 720 6 8 6
-  1

635 1 539 } 484
1
; 293



t -2193 65

8 0 0 1

7 0 0 -

6 0 0 -

Q.

s
e
c

3 0 0 - \C o

200-
Z n

100-
P b

3 020 2 5

P e r c e n t  C a lc ium  O x id e

F i g u r e  10 - E f f e c t  o f  c a l c i u m  on  a n a l y t e  l i n e  i n t e n s i t y .  P e r c e n t  
c a l c i u m  c a l c u l a t e d  f o r  a o n e  g r a m  s a m p l e .
T w o  h u n d r e d  m i c r o g r a m s  o f  e a c h  m e t a l .
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8OO1 I . * 777

755

m * -5  9700-
m ■ -6,5

Co

500-

400

0.6
- Z n£ 300

P b
200 -

1 0 0

P e r c e n t  C o l c i u m  Oxide

F i g u r e  11 - L in e a r  r e g r e s s i o n  c a r v e s  of  an a ly te  l ine  i n t e n s i t y  
w e r s u s  p e r c e n t  CaO.
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T able  19 - P e r c e n t  change in analyte  l ine in ten s i ty  (D), for each 1% CaO. 
Calculated  for a one g r a m  sa m p le .  D = (m/I^)xlOO.

1 m D

Bi - 0 . 9 127 - 0 . 7

Pb
!

- 1 . 4 235 - 0 . 6

Zn - 0 . 6 297 - 0 . 2

o Cu - 1 . 7 777 - 0 . 2

Ni : -5 .  9 755 - 0 . 8

Co - 6 . 5 713 - 0 . 9

Table  20 - P r e c i s i o n  of four a n a ly s e s  for s a m p le s  containing z er o  to 
15% CaO, c a lcu la ted  for one g r a m  sa m p le  s i z e .

V^verage Standard % R e la t ive
1 Intens i ty  
! (cps)

Deviat ion
(cps)

Standard
Deviat ion

Bi 1 1 2 1  I 6 . 5 j 5 . 4

Pb
■ i 
' 225 1 1 6 . 1  ! 7 . 2

Zn 286 j
: 1

1 7 .5  i 6 . I

Cu 765 2 6 . 4 3 . 5

Ni : 711 ; 4 8 .1  j 6 . 8

Co I 664 1
1

4 7 . 5  I 7. 2
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DISCUSSION

SA M PL E  P E L L E T  PREPARATION

C om parat ive  Study of T hree  P e l l e t  P rep a ra t io n  Methods

The n o - m a t r i x  pe l le t  i s  s u p e r io r  to the p r e s s e d  and fused  

p e l l e t s  for p reco n cen tra ted  t r a c e  m e t a l  a n a ly s i s .  The n o - m a t r ix  

m ethod y ie ld s  much h igh er  analyte  l ine in ten s i t i e s  resu l t ing  in im proved  

d etec t ion  l im i t s .  The p r e s s e d  and fused pe l le t  p r o c ed u r es  dilute the 

t r a c e  e l e m e n t  concen trat ions  by adding a flux or  binder ,to the sam ple .  

The l i th ium  te traborate  flux and the bor ic  ac id  binder a b so rb  p r im ary  

and sec o n d a ry  radiation,  attenuating the l ine in ten s i t i e s .  The in ten s i t ie s  

of the l i th ium  te trab orate  pe l le t  a r e  a lm o s t  one half  as in ten se  as  the  

bor ic  ac id  pe l le t .  The p r e s s e d  and fused p e l le t s  used the m in im u m  

amount of  binder or flux to make u se fu l  sa m p le  p e l le t s .

The p r e s s e d  and fused  p e l l e t  preparat ions  w e r e  or ig in a l ly  des igned  

for the a n a ly s i s  of m ajor ,  m in or  and the m o r e  concentrated  tra ce  

e l e m e n t s  in rock  s a m p le s .  Major or m in or  e lem en t  a n a ly s i s  does  not 

suffer  s ign i f i can t ly  fro m  s a m p le  p e l le t  dilution, in fact dilution reduces  

the magnitude of m a t r ix  c o r r e c t i o n s .  H ow ever ,  sam ple  p e l le t  dilution  

c er ta in ly  p la c e s  many tra ce  e l e m e n t  concentrat ions  near,  or be low 

the de tec t ion  l im it ,  making s o m e  d e term inat ions  im p o s s ib l e  and 

reducing the p r e c i s io n  for o th ers .  Sam ple  p e l le t  dilution red u ces  the 

advantage gained fr o m  precon centrat ion .
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The n o - m a t r ix  p e l le t  p reparat ion  has advantages  other  than high  

analy te  in t e n s i t i e s ,  it is  fas t  and convenient,  and avoids  the introduction  

of  im p u r i t i e s  f r o m  grinding the s a m p le  or from  additional  pe l le t  m atr ix .  

H o w ever ,  th er e  i s  contam ination  resu l t ing  f r o m  the sa m p le  holder  

not in troduced  by the fused or p r e s s e d  sam p le  ho ld ers .

Qual itat ive  a n a ly s i s  of  blank s a m p le s  r e v e a le d  large  copper  

peaks  or ig inat ing  fro m  the s a m p le  holder .  The sa m p le  holder  is  made  

f r o m  an A l -C u  al loy.  A high purity a lum inu m  (99. 999% pure) sheet  

w a s  p laced  on the analyz ing  s u r fa c e  of the sa m p le  ho lder  to reduce  

the copper  contamination. A lum inum  was  ch o sen  because  we had no 

i n t e r e s t  in analyz ing  that e l e m e n t .  A hole  cut in the a lum inu m  sheet  

e x p o s e d  the sa m p le  to the x - r a y  beam . This precaution cons iderab ly  

red u ced  but did not e l im in ate  the copper contamination. The r e s t  of  the 

copper  contam ination  or ig inated  f r o m  the support disk, d irec t ly  behind 

the g l a s s  beads .  A high purity m e ta l  disk (the radiation enhancer)  was  

placed  between the support d isk  and the g l a s s  beads to e l im in a te  this  

so u r c e  of  contamination .  The combination of the s ec o n d a ry  support  

disk  and a lum inu m  sh ee t  s a t i s f a c t o r i ly  reduced sam p le  holder  con tam ­

ination by copper.  The a lum inu m  sh e e t  and seco n d a ry  support  disk was  

used  for the a n a ly s e s  l i s te d  in Table 1.

.It might be better  to subst i tute  po lyethylene  for the A l -C u  a l loy  

used  in the s a m p le  holder .  Po ly e th y len e  does  not have the major  

im p u r i t i e s  of the A l - C u  a l loy ,  the high purity a lum inum  sh ie ld  may  

not be n e c e s s a r y  and polyethylene  la s t s  w e l l  in the x - r a y  beam.  

Elim in at ing  the a lum inu m  sh ie ld  w i l l  make the holder  l e s s  complex .
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plate  is  9 9 . 9 9 9 % pure a lum inu m  contributing v e r y  l i t t le  contamination.  

The m olyb denum  enhancer  is  only 99.  95% pure. The m an ufacturer  

list's copper  as  a m ajor  contaminant of the molybdenum, with Pb,

Ni and Co as  m in or  contam inants .  The Bi and Zn line in ten s i t i e s  

r e p r e s e n t  the true  in c r e a s e  due to the molybdenum  radiat ion  enhancer ,  

s in c e  they  a r e  not contam inants .

The enhan cer  contamination is  not high enough to a f fec t  the  

a c c u r a c y  of  the a n a ly s i s  s ign i f ican t ly .  The contamination r a i s e s  

the ca lcu la ted  va lue  of b (background intensity) in the s tandard line  

equation (equation 10). Subtracting b f r o m  the s p e c t r a l  l ine in tensi ty  

(I) c o r r e c t s  for the contafnination. Using p u rer  m olyb denum  for the 

enhancer  m ay  im p ro v e  a n a ly t ica l  p r e c i s io n  by reducing the var ia t ion  

in contam ination  fr o m  dif ferent  en h a n cers .

M a te r ia l s  other  than m olybdenum  m ay  a l s o  s e r v e  as  radiation  

e n h a n ce r s .  F o r  ex a m p le ,  a lead enhancer  w i l l  im p ro v e  the f i r s t  

row tr a n s i t io n  e le m e n t  l ine in t e n s i t i e s  m o r e  than a m olyb denum  

enhancer .  H ow ever ,  a lead d e term inat ion  w i l l  be i m p o s s i b l e  with a 

lead  enhancer ,  and lead w i l l  not im p ro v e  the bismuth line at all .  

E nhan cers  m ade  fro m  two d if ferent  m a t e r ia l s  w i l l  a l low  a broader  

range of e l e m e n t s  to benefi t  f r o m  the enhancer .  The ch o ice  for 

enhancer  m a t e r ia l  m u st  be made on the e le m e n ts  to be d e term in ed  

and the e le m e n t  needing the m o s t  radia t ion enhancem ent .
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Effec t  of P e l l e t  T h ickness

F ig u re  3 i l lu s t r a t e s  the re la t ionsh ip  between line in tensi ty  and 

p e l le t  m a s s .  The Cu K alpha l ine in tensi ty  i n c r e a s e s  l in ea r ly  to a 

pe l le t  m a s s  of 75 mg and then i n c r e a s e s  non l inear ly  to a m ax im u m  

at a 200 m g p e l le t  m a s s .  As  the p e l le t  m a s s  i n c r e a s e s ,  the m a s s  

of copper  in the p e l le t  i n c r e a s e s  proport ional ly .  The g r e a t e r  the 

copper  m a s s ,  the g r e a t e r  the Cu K alpha in tensi ty .  H owever ,  the 

r e la t io n sh ip  between  in ten s i ty  and p e l le t  m a s s  is  not l in ear  beyond  

a pe l le t  m a s s  of  75 mg. The l ine p a s s e s  through a m a x im u m  and the 

s lope  of the l ine b e c o m e s  negative .

We can exp la in  this  phenomenon in t e r m s  of  pe l le t  th ick ness ,  

which i s  proport ion a l  to p e l l e t  m a s s .  The gradual  d e c r e a s e  in intensi ty  

with p e l le t  th ick n e ss  is  due to p r im a r y  and s ec o n d a ry  x - r a y  absorption  

by the m a tr ix .  Absorpt ion  is  m in im a l  for v e r y  thin p e l le t s  and analyte  

in ten s i ty  is  e s s e n t i a l l y  proport ional  to pe l le t  th ick n e ss ,  up to a 

p e l le t  m a s s  of 75 mg. F or  th ick er  p e l le t s ,  the attenuation of p r im a ry  

and sec o n d a r y  radiation i n c r e a s e s  with depth. The s p e c t r a l  l ine  

in ten s i ty  continues  to i n c r e a s e  but at a lower  rate .  An x - r a y  e m is s io n ,  

beyond a c er ta in  depth in the s a m p le  r e s u l t s  in the absorpt ion  of  

the x - r a y  be fore  it can e sc a p e  the pe l le t .  This th ick ness  is  the  

"inf in ite" or c r i t i c a l  th ick n ess  of  the p e l le t  (Bert in ,  1975).  Infinte 

th ick n ess  v a r i e s  with m a t r ix  and x - r a y  wavelength .

When the pe l le t  equals  infinite  t h ick n e ss ,  the rate  of in c r e a s e  

i s  exp ec ted  to be zer o .  H ow ever ,  the rate  b e c o m e s  negative  beyond
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a s a m p le  m a s s  of 200 mg. If the p e l le t s  e x c e e d  inf inite th ick n ess  

for m olyb d en u m  the radiation enhancer  can not exc i te  the m e ta l s  in 

the pe l le t .  S ince  the enhancer  does  not function, the analyte  in ten s i t ie s  

d e c r e a s e .  The in ten s i ty  is  g r e a t e r  for a 200 mg pe l le t  than for 

250 mg, i l lu s tra t in g  that inf inite th ick n ess  is  at a pe l le t  m a s s  of 

about 2 0 0  mg or g r ea ter .

A 200 mg p e l le t  y ie ld s  the h ig h es t  in ten s i ty  for the Cu K alpha 

l ine.  P e l l e t  th ick n e ss  for m a x im u m  analyte  l ine in tensi ty  w i l l  vary  

for other  e l e m e n t s .  E le m en ts  with a low er  en ergy  s p e c t r a l  l ine : 

than copper  w i l l  r ea ch  m a x im u m  in tens i ty  at a s m a l l e r  p e l le t  m a s s  

than for copper.  E le m en ts  with a h igher  en erg y  s p e c t r a l  l ine than 

copper  w i l l  r ea ch  m a x im u m  in ten s i ty  at a l a r g e r  pe l le t  m a s s .  The 

Cu K alpha w as  ch o sen  for this  e x p e r im en t  b e c a u se  it i s  in term ediate  

in en ergy  of  the e l e m e n t s  studied.

Although a p e l le t  m a s s  of 200 mg y ie ld s  the h igh es t  Cu K alpha 

l ine in tens i ty ,  it i s  not the opt im um  p e l l e t  m a s s .  Since  a l l  the pe l le ts  

s tudied had the s a m e  copper concentrat ion  but dif ferent  p e l le t  m a s s e s ,  

the copper  m a s s  is  l a r g e r  in the h e a v ie r  p e l l e t s ,  thus requir ing  

l a r g e r  or ig in a l  s a m p le s  for equivalent  in t e n s i t i e s .  For  a g iven  

copper  m a s s  (or s a m p le  s i z e ) ,  the 75 mg pe l le t  is  m o s t  eff ic ient .

A 200 mg p e l l e t  containing 200 ug of copper has a Cu K alpha line 

in tens i ty  of 483 cps .  Calculations  show that a 75 mg pe l le t  with 200 ug 

of copper  w i l l  have a .896 cps Cu K alpha l ine in tensi ty ,  or an i m p r o v e ­

m ent of 8 6 % over  the 200 mg pe l le t .  For  a n a ly s e s  requir ing  m a x im u m
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s e n s i t iv i ty ,  75 mg p e l l e t s  should be used.  F o r  r e a s o n s  o f  c o n s i s t e n c y ,  

100 m g p e l l e t s  w e r e  used  in the r e m a in d e r  of this  inves t iga t ion .  How­

e v e r ,  75 mg p e l l e t s  i n c r e a s e  in t en s i t i e s  about 16% o v er  the 100 mg  

p e l l e t s .

CONDITIONS A FF E C T IN G  M ETAL ION EXTRACTION

E xtract ion  as  a Funct ion  of pH

F ig u r e  4 g i v e s  pH ex tra c t io n  c u r v e s  for five m in utes  m ix ing ,  

r e p r e s e n t in g  an unequi l ibrated  extract ion .  The pH with the m a x im u m  

analyte  l ine in ten s i ty  i s  the pH giving the m o s t  rapid ex tract ion  rate  

for the cat ion.  Each cat ion has  a s in g le  pH w h e r e  ex tra c t io n  is  

fa s te s t ,  but on the a v e r a g e ,  mult i  e l e m e n t a l  ex tract ion  r a te s  are  

f a s t e s t  at a pH ranging f r o m  8  to 10. F ig u re  5 g iv e s  pH ex tract ion  

c u r v es  for forty  minute  m ix ing ,  r e p re s en t in g  an equi l ibrated  extract ion .  

The pH with the m a x i m u m  analy te  l ine  in ten s i ty  is  the pH giv ing the  

m o s t  c o m p le te  ca t ion  ex tract ion ,  and each  cat ion  has  a s in g le  pH 

w h e r e  the ex tr a c t io n  is  m o s t  co m ple te .  M ult ie lem enta  1 ex trac t ion s  

a r e  m o s t  c o m p le te  at a so lut ion  pH ranging f r o m  8  to 9. The so lut ion  

pH of 9 has  a s l igh t ly  h igher  p ercen t  a v e r a g e  in ten s i ty  (98%) than  

pH 8  (95%), but the d i f fe re n c e  is  probably not s ign if icant ,  and m ay  

be due to a n a ly t ic a l  im p r e c i s i o n .  The pH range y ie ld ing  the f a s t e s t  

e x tr a c t io n  r a te s  ( 8  to 10) i s  s i m i l a r  to the pH range  giv ing the  

m o s t  c o m p le te  e x tr a c t io n  ( 8  to 9). M u l t i e l e m e n ta l  ex tract ions
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should  take p la c e  in so lut ion  pH b e tw een  8  and 9 to a s s u r e  a c o m p le te  

and rapid  cat ion  extract ion .

I r r e g u la r i t i e s  in the ex tra c t io n  c u r v e s ,  p a r t ic u la r ly  the  

e x tr a c t io n  of  Bi,  Pb and Cu at low pH, a r e  probably  a r e s u l t  of two  

types  of m e t a l - l i g a n d  c o m p le x e s  that a re  pH dependent.  T h e se  pH 

c u r v e s  w e r e  c o m p a r e d  with c u r v e s  of  Leyden and Luttre l l  (1975b),  

who used  s i l y la t e d  s i l i c a  g e l  ra ther  than g l a s s  beads .  A c o m p a r i s o n  

of t h e s e  data to Leyden and Luttre ll*s  c u r v es  show l it tle  s ign i f ican t  

d i f f e r e n c e s .  Leyden and L uttre l l  g ive  e x tr a c t io n  c u r v e s  for a l l  

e l e m e n t s  in th is  study ex cep t  b ismuth. They a l s o  inc luded pH 

e x tr a c t io n  c u r v e s  for Mn, Hg, Eu, F e ,  Ag, Cd and Cr which w e re  

not s tudied  in this  r e s e a r c h .

E xtrac t ion  as  a Funct ion of T im e

The e f fec t  of m ix ing  t im e  on batch ex tract ion  was  d e te r m in e d  

for Pb, Zn and Co (Table  4). A l l  m e t a l s  r ea c h e d  99% of th e ir  m a x ­

i m u m  in ten s i ty  with ten m inutes  of mix ing .  In a s i m i l a r  e x p e r im en t  

n ic k e l  r ea c h e d  9 8 % m a x im u m  in ten s i ty  with ten m in u tes  m ix ing ,  

bism u th  97% and copper  100%. A ten minute  mix ing  t im e  appears  to 

be adequate  for m u l t i e l e m e n t a l  ex tra c t io n s  at pH 8 ,

L eyden and Luttre l l  (1975b) p e r fo r m e d  e x p e r im e n ts  to d e te r m in e  

the r e la t io n sh ip  between  the p e r ce n t  m a x im u m  in ten s i ty  of  an analyte  

l ine and the p e r ce n t  analyte  m e t a l  ex tr a c te d  fr o m  solution. They  

an a ly zed  so lu t ions  containing m e t a l  ions by a to m ic  absorpt ion
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s p e c t r o m e tr y ,  before  and after  ex tract ions  with s i ly la t e d  su b s tr a te s .  

They ca lcu la ted  d is tr ibut ion  co e f f ic ien ts  that r e p r e s e n t e d  the amount  

of  m e ta l  ex tr a c te d  onto the su b s tra te  fro m  the solution. T h e se  

c o e f f ic ien ts  ind icate  the ex tra c t io n s  are  quantitative (o v er  9 9 % 

extracted)  at mix ing  t im e s  yie ld ing the h igh es t  analyte  l ine  in t en s i t i e s .  

The p ercen t  of the m a x im u m  in ten s i ty  for an analyte  in d ica te s  the 

p ercen t  m e t a l  ex tr a c te d  f r o m  solut ion .

The mix ing  t im e  data are  only va l id  for an ex tra c t io n  in a 

so lut ion  of pH eight.  The so lut ion pH contro ls  the e x tr a c t io n  rate ,  

so  a so lut ion  pH that y ie ld s  fast ex tra c t io n  ra te s  for a l l  e l e m e n t s  

w a s  used. The data are  a l s o  only va l id  for batch type e x tr a c t io n s .  

Leyden and Luttre l l  (1976a) in v e s t ig a te d  ex tra c t io n  r a te s  for co lumn  

type e x tra c t io n s ,  ca lcu lat ing  ex tract ion  ra te s  as  so lu t ion  flow ra tes  

(m l /m in u te )  through the column. Their  in v es t ig a t io n  sh ow ed  flow 

ra tes  up to 70 m l  per  minute  quanti tatively  ex tra c t  ions  f r o m  solution.

EXTRACTION OF M ETAL IONS FROM WATER SOLUTIONS

P r e c i s i o n  Study

The data o f  Table 5 r e f l e c t  the to tal p r e c i s io n  for the ex tract ion  

of 2 0 0  ug of each m e t a l  ion from  solution,  by the batch ex tra c t io n  

proced ure ,  and XRF a n a ly s i s .  A m e ta l  m a s s  of 200 ug is  a reason ab le  

quantity for  a rock  of sa m p le  s i z e  be tw een  1 and 10 g.  The r e s u l t s  

of the p r e c i s io n  study show adequate  rep rod uc ib i l i ty  for  s a m p le s  in 

this  concentrat ion  range.
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Zn, Cu. and Co a re  about tw ice  as  p r e c i s e  as Bi,  Pb and Ni. Bi  

and Pb had the lo w e s t  analyte  l ine  in ten s i t ie s  and im p r e c i s i o n  w i l l  r e s u l t  

f r o m  g r e a t e r  count rate  var iat ion .  N icke l  had the lo w est  extract ion  

rate  of a l l  m e t a l s  at pH eight  (Table  3). The poor n icke l  ex tract ion  

at this  pH m ay contribute to the im p r e c i s i o n .

Standard Curves

Two s e t s  of s tandard c u r v e s  w e r e  made by m e a su r in g  analyte  

l ine in t en s i t i e s  fro m  standard so lu t ion s .  The c u r v e s  w e r e  l inear ,  

conf irm ing  the t h e o r e t i c a l  l in ear  re la t ionsh ip  between analyte  l ine  

in ten s i ty  and tr a c e  e le m e n t  concen trat ion  in a constant m atr ix .

For s a m p le s  with m e ta l  concentrat ions  in the ppm range ,  the 

batch ex tra c t io n  p rocedure  w as  used.  Rock de term inat ions  usually  

fal l  in the ppm range. When the batch extract ion  s tandard cu r v es  

w e r e  made,  we ch o se  m e ta l  concentrat ion  ranges  in the standard  

so lut ions  s i m i l a r  to concen tra t ions  we expected  to find in ro ck  s a m p le s ,  

with concen trat ion  r a n g e s  ex ceed in g  an order  of magnitude.

F o r  m e t a l  concen tra t ions  in the ppb range, a co lum n extra.ction 

i s  used. Water a n a ly s e s  u sua l ly  fall  in the ppb range. S ince  natural  

w a te rs  usual ly  have  v e ry  low m e t a l  concentrat ions ,  the sa m p le  

m u st  b e  large  to de tec t  the m eta l .  Convenience in preparing a 

large  w ater  sa m p le  ( 1 0 0  m l  or grea ter )  prompted the use  of  a co lumn  

ex tract ion  proced ure .  The s tandard cu rv es  of the column extract ions  

c o v er  the s a m e  concentrat ion  range for each e lem en t ,  b eca u se  of
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difficulty  in predict ing  which m e ta l s  w i l l  have high or low co n cen tra ­

tions for natural w ater  s a m p l e s .  The s lop es  (m) of the co lumn  

ex tract ion  cu rves  dif fer  f r o m  the s lo p e s  of the batch extract ion  

c u r v e s ,  p r im a r i ly  b e c a u se  of d i f ferent  x - r a y  ins trum en t  condit ions .

T ra ce  m e ta l s  p r eco n cen tra ted  onto, the s i ly la ted  g l a s s  beads  

y ie ld  l inear  s tandard c u r v e s ,  at low concentrat ions .  The bead 

capac i ty  l im i t s  the l in ear  range of the cu r v es .  Invest igat ions  show 

that s tandard c u r v es  r em a in  l in ear  up to 60% of  the bead capacity  

(L eyden  and Luttrell ,  1976a).  Calculations show bead capac i ty  to 

be about I. 0 m e q / g  (Leyden and Luttre ll ,  1975b). Qual itative e x p e r ­

im e n ts  support t h e s e  v a lu e s .  The bead capacity  is  substant ia l ly  

low er  than many ion exchange  r e s i n s  current ly  in use .  Fortunately ,  

ethylene  d iam ine  functional groups  have l i t t le  or no affinity for 

group I and II e l e m e n ts  (Leyden  and Luttre ll ,  1976a and Ding man  

et al. , 1972),  and can e f fe c t iv e ly  pre concentra te t r a c e  m e ta l s  in 

the p r e s e n c e  of large  amounts  of  th ese  e l em en ts .  This is  v e r y  

important  for pre cone  entra ting t r a c e  e l e m e n ts  in natural m a t e r ia l s ,  

w h ere  large  amounts  of group I and II e lem en ts  are  often present .

It m a y  be m o r e  e f f ic ien t  to e l im in ate  the batch ex tract ion  p r o c e ­

dure,  and use  the co lumn ex tract ion  procedure  for all  types  of analyses ,  

The e x c lu s i v e  use of co lum n extract ions  w i l l  e l im in ate  the need for 

batch ex tract ion  equipment,  and standard ize  the ex tract ion  procedure  

for w ater  and rock  a n a ly s e s .  The use of the co lumn extract ion  p r o c e ­

dure w i l l  b e c o m e  e a s i e r  i f  contro l  rate  so lut ion pumps a re  used to 

co n tro l  the co lum n flow rate .
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Leyden et al . (1976a and 1976b) in v e s t ig a te s  w ater  a n a ly s i s  by 

this  precon cen tra t ion  p ro ced u re  ex te n s iv e ly .  We do not further  

pu rsue  w a ter  a n a ly s i s ,  excep t  for the ca lcu lat ion  of detec t ion  l im its .

D e tec t io n  L im it s

Table  10 l i s t s  de tec t ion  and de term inat ion  l im its  ca lcu la ted  

for m e t a l  m a s s  in the p e l le t  and m e ta l  concentrat ion  in g iven  sample  

s i z e s .  The concentrat ion  de tec t ion  l im its  for ten g r a m  s a m p le s  

a re  for r o c k  a n a ly s i s ,  which is  about the l a r g e s t  amount of rock  

s a m p le  use fu l  for pre concentrat ion .  P recon cen tra t in g  tr a c e  m eta ls  

f r o m  ten g r a m s  of r o ck  s a m p le  onto 1 0 0  mg of s i ly la ted  g la s s  beads  

r e p r e s e n t s  a concentrat ion  factor  of lOOX, or one hundred t im e s  

m o r e  con cen tra ted  than in the or ig in a l  sam ple .

The d e term in at ion  l im i t s  for ten g r a m  sa m p le s  should be 

adequate  for m o s t  rock  de term in a t io n s .  We l i s t  the m e ta l  co n cen tra ­

t ion  found in s i x  USGS rock  s tandards  in Table 11. A l l  of the l is ted  

t r a c e  m e t a l s  in that broad su i te  of rock  types  a re  above the d e te r m in ­

ation l im i t s .  In fact,  a lOX concentrat ion  factor  (one g r a m  sample)  i s  

adequate for tr a c e  m e t a l  de term in at ion  in those  s ix  ro ck  types .  How­

e v e r ,  a l a r g e r  sa m p le  m ay  im p rove  p r e c i s io n  by providing a m ore  

r e p r e s e n t a t iv e  sam p le  and im prov ing  the s ta t i s t i c a l  x - r a y  count  

va r iation.

The concen trat ion  d etec t ion  l im its  for the 1000 g (one l iter)  

s a m p le ,  r e p r e s e n t s  a concen tra t ion  factor of 10, OOOX. The
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d e term in at ion  l im it s  ind icate  the precon centrat ion  procedure  m ay be 

u se fu l  for many types  of natural w ater  a n a ly s e s ,  par t icu lar ly  w here  

the t r a c e  m e ta l  concentrat ion  m ay  be enr iched,  such as  mine  or waste* 

w a te r s .  Table 11 l i s t s  t r a c e  m e ta l  concentrat ions  in sea  water .

Only z inc  and p o s s ib ly  copper  a r e  above the determ inat ion  l im its ,  

and lead is  above the de tec t ion  l im it .  Cobalt and nicke l  are  below  

the d e tec ta b le  range.

It i s  p o s s ib l e  to im p ro v e  the detec t ion  l im its  by using a la rg er  

s a m p le .  Dingman, et al , (1972) used  20 l i t e r s  of synthet ic  sea  

w a te r  for t r a c e  m e ta l  p reco n cen tra t io n  onto ion exchange res in .

A 20 l i t er  sa m p le  w i l l  im p ro v e  our determ inat ion  l im its  enough to 

an a lyze  the five t r a c e  m e ta l s  l i s t e d  in Table 11 for sea  water .  Using  

a m o r e  e f f ic ien t  radia t ion enhan cer  can im p ro v e  sp e c i f i c  t r a c e  m e ta l  

d etec t io n  l im i t s .  Using 75 mg rather  than 100 mg p e l le t s  im p r o v e s  

analyte  l ine in tensi ty ,  th er e fo re  im p r o v e s  detec t ion  l im i t s .  Changes  

in the x - r a y  s p e c t r o m e t e r  a l s o  im p r o v e  detec t ion  l im i t s .  The  

m e a s u r e m e n t s  for the dect ion  l im i t s  w e r e  m ade on a XRF s p e c t r o m e t e r  

using a fu l l -w a v e  x - r a y  g e n e r a t o r . A fu l l -w ave  gen era to r  produces  

high e n erg y  x - r a y s  only a fract ion  of the operat ing t im e .  The m e ta l s  

in this study req u ire  exc itat ion  by high energy  x - r a y s , th er e fo re  a 

fu l l -w a v e  g en era tor  g iv e s  poorer  detect ion l im i t s  than a constant  

potentia l  x - r a y  g en era tor ,  which produces  high energy  x - r a y s  1 0 0 % 

o f  the t im e .  Near  the end of this  inves t igat ion ,  we ran a n a ly se s  

to d e te r m in e  how much the de tec t ion  l im its  im p rove  with a constant
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potentia l  g en era tor .  The detec t ion  l im its  im p ro v e d  20% for Ni and Co, 

25% for Zn, 71% for Pb and 75% for copper.  In creas in g  the power o f  

the g e n era to r  w i l l  a l s o  im p ro v e  heavy  tr a c e  m e ta l  de tec t ion  l im its  

(but shorten  x - r a y  tube l ife).  We used a c h r o m iu m  anode x - r a y  tube  

for a l l  a n a ly s e s  in this inves t iga t ion .  A Ag,  W or Mo tube w i l l  

im p r o v e  heavy  tr a c e  m e ta l  d etec t ion  l im i t s  cons iderab ly .

D e tec t ion  l im i t s  w e r e  ca lcu la ted  using a constant  potent ia l  

x - r a y  g e n era to r ,  75 mg p e l l e t s  and a one l i t er  sam ple :

Pb  - 1 . 5  ppb 

Zn - 0 . 7  ppb 

Cu - 0. 4 ppb

Ni - 0. 4 ppb

Co - 0 . 4  ppb

T h ese  im p r o v e m e n t s  are  e a s i l y  m ade  using equipment in th is  laboratory.  

Using a heavy  m e ta l  anode x - r a y  tube operated  at high power w i l l  

e a s i l y  red u ce  th ese  detec t ion  l im i t s  by one-ha lf .  In c re a s in g  w ater  

s a m p le  s i z e  w i l l  red uce  the de tec t ion  l im i t s  proport iona l  to the 

i n c r e a s e  in sa m p le  s i z e .

ROCK SA M PL E  ANALYSIS .

P r e c o n c e n t r a t io n  of Rock Standards

Table 13 l i s t  the r e s u l t s  of the p r e c i s io n  study. Co, Cu, Ni,

and Zn have a percent  r e la t iv e  s tandard devia t ion (% s. d. ) ranging
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fr o m  5. 2 to 6 . 4% s. d. The p rev ious  p r e c i s io n  study of w ater  solutions  

gave  v a lu e s  ranging from  1 . 3 to 3. 0% s. d. for the s a m e  e le m e n ts .

The r o ck  preparat ion  p roced ure  in trod uces  an e s t im a te d  3 to 5% s.  d. - 

of  the en t ire  precon cen tra t ion  proced ure ,  for  th ese  four e le m e n ts .

The p r e c i s i o n  (22. 4% s.  d. ) of the Pb  a n a ly s i s  is  much p oorer  than 

for o ther  e l e m e n ts .

T here  are  many p o s s ib le  r e a s o n s  why rock  a n a ly s i s  i s  l e s s  

p r e c i s e  than w ater  a n a ly s i s .  The rock  preparat ion  p roced ure  r eq u ires  

m uch m o r e  sa m p le  preparat ion  than w ater  a n a ly s i s .  . Sam ple  l o s s  

or contam inat ion  is much m o r e  l ik e ly  for rock  a n a ly s i s .  Rock s a m p le s  

a r e  not a s  hom ogen eou s  as  w ater  s a m p le s  and sam pling  e r r o r  can 

resu l t .  Inhom ogeneity  can be g r e a t e r  for tr a c e  e l e m e n t s  than major  

e l e m e n t s  in ro ck s .  Se lec t ing  a n o n rep resen ta t iv e  sa m p le  const i tu tes  

one of the la r g e s t  s ing le  s o u r c e s  of e x p e r im en ta l  e r r o r  for tr a c e  

e lem en t  a n a ly s i s  in rocks  (Ingam el ls  and Sw itzer ,  1973).  M ost  

of a g iven  t r a c e  e l e m e n t  m ay  be p r e se n t  in a r e la t iv e ly  s m a l l  number  

of usual ly  h e a v ie r  gra ins  in the powdered sa m p le .  Using a la rg er  

s a m p le  im p ro v e s  p r e c i s io n  by giving a m o r e  r ep r e s e n ta t iv e  sam ple ,  

and a l s o  i n c r e a s e s  the p r e c i s io n  of the x - r a y  counting s t a t i s t i c s  

by in c r e a s in g  the analyte  l ine in ten s i ty .  In rock  preparation ,  the 

adsorpt ion  and elution p r o c ed u r es  req u ire  a constant r e s in  column  

flow rate .  With our equipment flow rate  contro l  was difficult .  We 

b e l ie v e  a s ign if icant  im p ro v e m e n t  in p r e c i s io n  w i l l  r e s u l t  if  we 

contro l  the co lumn flow ra te s  c lo s e ly .  With the type of r e s i n  co lumn
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we used, flow ra te s  can vary  by m o r e  than 100%. The use  of control  

rate  p e r i s t a l t i c  so lut ion pumps should e l im in ate  this var iat ion ,  as  

w e l l  as  reducing the t im e  spent on sa m p le  preparation.

T ables  14 - 17 g ive  the r e s u l t s  of the a c cu ra c y  s tud ies .  Of 

20 analyte  de term in a t io n s ,  th ree  va lues  a r e  outside  (below) the USGS 

rep orted  range. One of the low va lues  is  for lead in the AGV-1  

standard. The other  two low va lues  a re  Ni and Co in the P C C - i  

standard. The P C C -1  standard is  per idot i te  containing ov er  43%

MgO. We p r e v io u s ly  ana lyzed  nonstandard rock s  that conta ined  

s i m i l a r  amounts  of CaO. T h ese  sa m p le s  a l s o  y ie ld ed  e r r a t i c  trace  

m e ta l  d e te r m in a t io n s .  Large  quantit ies  of Mg or Ca in t e r fe r e  with 

the pre concent  rat ion of t r a c e  m e t a l s .  We pursue  this p r o b le m  

further in the next sec t ion .

The p r e c i s io n  and a c c u r a c y  of the lead va lues  a re  g e n e ra l ly  

much p o o r e r  than the other  m e t a l s .  The lead  va lues  do not have  

e r r a t i c a l l y  high and low v a lu e s ,  but a re  c o n s i s t e n t ly  be low the USGS 

rep o rted  m ean.  The p r o b le m  appears  to be l im ited  to precon centrat ion  

of lead fr o m  rock  s a m p le s .  We p r e co n ce n tra te d  the tr a c e  m eta ls  

f rom  the s tandard so lut ions  by the s a m e  m ethod we u s e  for rock  

s a m p l e s ,  i. e. , we use  the iron  rem ova  1 s tep.  The a n a ly se s  of the 

standard so lut ions  are  p r e c i s e  and a c cu ra te  for a l l  e l e m e n t s ,  including 

lead. We fee l  the p ro b lem  of the lead determ inat ions  in rocks  is  a 

r e s u l t  o f  poor rock  d iges t ion  technique. Som e of the rock i s  not in 

so lut ion  a fter  we add the IN HP, pr ior  to the ion exchange r e s in
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extract ion .  The re s id u e  is  d i s c a rd ed  with any lead it m ay  contain.

Som e of  the other  m e ta l  ions m ay be trapped in the r e s id u e ,  contr ibut­

ing to the i m p r e c i s i o n  of a l l  m e ta l  de term in at ion s .  Lead and nickel  

m ay a l s o  be in su l f id es  not e a s i l y  d ig e s ted  by the method we used.

M eta ls  in the su l f id es  m ay y ie ld  low va lu es .  The use  of  a d iges t ion  

p ro ced ure  that a s s u r e s  c o m p le te  d i s so lu t ion  of the rock should im p rove  

the a c c u r a c y  and p r e c i s io n  for a l l  t ra ce  m e t a l  de term in at ion s .  It 

i s  doubtful that a s in g le  d ig e s t io n  proced u re  w i l l  be id ea l  for a l l  rock  

s a m p l e s .  The d ig es t io n  proced u re  used  was  for total rock  an a lys is .  

Other d ig e s t io n s  m a y  be use fu l  for a n a ly s i s  of  plant m a t e r ia l s ,  partial  

e x tr a c t io n s ,  e tc .  P a r t ia l  ex tract ion ,  e. g. with cold ex tractab le  HCl,  

should su f fer  l it t le  fro m  the p o s s ib i l i t y  of e x c e s s  c a lc iu m  or m agn es ium .

F o r  the a n a ly s i s  of rock  standards ,  we find the p r e c o n c e n t r a ­

tion p ro ced u re  u sua l ly  works  w e l l .  The p r e c i s io n  is  a cceptab le  for 

Cu, Ni, Co and Zn. The p r e c i s io n  m ay  im p ro v e  with r ig o ro u s  control  

of co lum n flow r a t e s .  M ost  of  the ca lcu la ted  va lues  for Cu, Ni, Co 

and Zn a r e  near the USGS m e a n s .  A l l  th ese  e lem en t  are  within the 

USGS range  with the except ion  of e l em en ts  from  the P C C -1  standard.

The method does  not work w e l l  for lead, or for rocks  containing la rg e  

amounts  of Ca and Mg. The next  s e c t io n  dis eus s e s  how much calcium_  

m ay be p r e se n t  in  a sam p le  and s t i l l  y ie ld  acceptab le  t ra ce  m eta l  

d e t e r m in a t io n s .
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Effect  of Calc ium

E x p e r im en ts  ind icate  that la rg e  amounts  of c a lc iu m  (and 

m a g n es iu m )  in rock s  in t e r fe r e  with the pre concentrat ion  of trace  

m e t a l s .  This  e x p e r im en t  e s t a b l i sh e d  the range of CaO concentrat ion ,  

w h ere  tr a c e  m e ta l  pre concentrat ion  is  prac t ica l .  F igu re  10 i l lu s t r a t e s  

the e f fec t  i s  probably  due to the loading of th e se  e l em en ts  on the  

ion exchange  r e s in .  C a lc ium  and m a g n e s iu m  com p ete  for ava i lab le  

ion exchange  s i t e s  with the tr a c e  m e ta l s .  An e x c e s s  of c a lc i u m  or  

m a g n e s iu m  r e s u l t s  in a nonquantitat ive  ex tract ion  of t r a c e  m e ta l s  

onto the re s in .  The use  of  a la r g er  quantity of r e s in  m ay  red uce  

the in t e r f e r e n c e  by c a lc i u m  and m a g n es iu m .

Table 20 l i s t s  the a n a ly t ica l  p r e c i s io n  for s a m p le s  containing  

z e r o  to 15% CaO. The p r e c i s io n  is about the s a m e  as  for the and és i te  

determ inat ion s  (Table  13). I m p r e c i s io n  resu l t ing  from  v ar iab le  

amounts  of c a l c i u m  does  not appear to be s ignif icant .
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CONCLUSIONS

This precon cen tra t ion  proced u re  y ie ld s  encouraging r e s u l t s  

for tr a c e  m e t a l  d e term in a t io n s .  P r e  concent ration has s e v e r a l  

advantages  over  d ir e c t  sam p le  a n a ly s i s .  The proced ure  i n c r e a s e s  

t r a c e  e l e m e n t  concen trat ion  to im p ro v e  de tec t ion  l im i t s .  T ra ce  

e l e m e n t s  in w ater  s a m p le s  ana lyze  as  a so l id ,  avoiding the p r o b le m  

a s s o c i a t e d  with liquid XRF a n a ly s i s .  M atr ix  e f fect  ca lcu la t ion s  are  

not n e c e s s a r y  for e le m e n t a l  d e term in a t io n s .  Those  advantages  are  

c o m m o n  to m o s t  precon cen tra t ion  p ro c ed u r es .

This pre concent  ration proced ure  has  advantages  not found in 

other  s i m i l a r  p r o c e d u r e s .  This method p r e c o n c e n t r a te s  s e v e r a l  trace  

e le m e n t s  s im u lta n e o u s ly ,  taking advantage of the m u l t i e l e m e n ta l  

d e te r m in a t io n s  p o s s ib l e  with XRF a n a ly s i s .  The method can a l s o  

p r e co n ce n tra te  t r a c e  m e ta l s  fro m  both rock  and w ater  s a m p l e s .

The s a m p le  p e l le t  preparat ion  technique i n c r e a s e s  analy te  l ine  

in ten s i ty  and i m p r o v e s  detec t ion  l im i t s .  T h ese  w e r e  the b a s ic  

r e s e a r c h  o b jec t iv e s  at the beginning of this inves t igat ion .

The p ro ced u re  has m et  the or ig ina l  ob jec t iv e s ,  and s p e c i f i c  

a s p e c t s  of the p roced ure  can be im p ro v ed  to y ie ld  better  r e s u l t s .

The in ves t iga t ion  has r e s u l t ed  in s e v e r a l  con c lu s ion s  in s p e c i f i c  

a r e a s  of the r e s e a r c h ,  and so m e  su g g e s t io n s  on im p ro v em en t :

1) The n o - m a t r ix  pe l le t  i n c r e a s e s  analyte  l ine  in ten s i t i e s  over  fused  

or  p r e s s e d  p e l l e t s .  By avoiding addit ional m a t r ix  in the pe l le t .
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e x c e s s i v e  s e c o n d a r y  x - r a y  a b so rp t io n  i s  e l im in ated ,  and d e tec t ion  

l im i t s  a r e  im p ro v e d .  Using a p o lye th y lene  s a m p le  h o ld er  m ay  r e s u l t  

in a s i m p l e r  s a m p le  holder  d e s ig n  and red uce  contamination .

2) The m olyb d en u m  radiat ion  enhan cer  i n c r e a s e s  analy te  l ine in t e n s i t i e s  

for the e l e m e n t s  s tudied. Other m a t e r i a l s  can be used  for ttie e n ­

h a n ce r  to im p ro v e  s p e c i f i c  analyte  l in es .  Enhancers  m ad e  fr o m

two m a t e r i a l s  m a y  im p r o v e  in t e n s i t i e s  for m u l t i e l e m e n t a l  d e term in at ion  

co v er in g  a broad range  of x - r a y  e n e r g i e s .

3) A s a m p le  p e l l e t  m a s s  of 75 mg y ie ld s  the h ig h es t  analyte  l ine  

in ten s i ty  fo r a  g iven  m e t a l  m a s s  in the pe l le t .  A p e l l e t  m a s s  over  

2 0 0  m g  r ed u c e s  the e f f e c t i v e n e s s  of the m olybdenum  enhancer .

4) Each e le m e n t  has  a unique so lu t ion  pH w h ere  ex tra c t io n  is  f a s te s t  

and m o s t  com p le te .  For  m u l t i e l e m e n t a l  ex tract ion s  of m e t a l s  studied,  

the ex tra c t io n  is  m o s t  e f f ic ie n t  with a so lut ion  pH fr o m  8  to 9.

5) F or  the m e t a l s  studied, the ex tra c t io n  is  co m ple te  a f ter  ten  

m in u tes  of m ix ing ,  by the batch ex tra c t io n  proced ure .  The ex tra c t io n  

p r o c ed u r e  m ay  be s im p l i f i e d  by using only the co lumn ex tra c t io n  

p r o c ed u r e  for ro ck  and w a ter  a n a ly s i s .  The co lum n ex tra c t io n  

p r o c ed u r e  should g ive  be t ter  r e s u l t s  i f  p e r i s t a l i c  pumps contro l

the so lut ion  flow rate  through the column.

6 ) The p r e c i s i o n  of  t r a c e  m e t a l  d e term in a t io n s  fro m  w a ter  so lut ions  

i s  good: 1. 3 to 3. 7% r e la t iv e  s tandard deviat ion  with 200 ug m eta l .

Other in v e s t ig a t o r s  have p roved  the value  of this  p ro ced u re  for  

t r a c e  e le m e n t  d e term in a t io n s  in natura l  w a te r s .
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7) L inear  s tandard c u r v es  r e p la c e  the m a tr ix  e f fect  ca lcu lat ions  

usua l ly  req u ired  for XRF a n a ly s i s .

8 ) The s i ly la te d  g l a s s  beads have adequate capacity  for t r a c e  element*  

preco n cen tra t io h  fr o m  natural  m a t e r ia l s ,  because  e thy lenediam ine  

s e l e c t s  a ga in s t  group I and II e l e m e n t s ,  which often occu r  in high 

concen trat ions  in natural  m a t e r i a l s .  Other s i lane  compounds with 

dif ferent  functional  groups m ay  be used  for precon centra t ion  (Leyden  

and Luttre l l ,  1975b and 1976a).

9) The concen trat ion  detec t ion  l im i t s  range from  0. 06 to 0. 29 ppm

for rock  s a m p le s  (ten g r a m  sa m p le ) ,  and from  0 . 6  to 2 . 9  ppb for water  

s a m p le s  (one l i t er  sa m p le ) .  F urther  im p ro v e m e n t s  can be made by 

using la r g e r  s a m p l e s ,  75 mg p e l l e t s ,  m o re  e f f ic ient  radia t ion enhancer,  

constant  potent ia l  x - r a y  gen era to r  operated  at higher power,  and a 

heavy  m e t a l  anode x - r a y  tube.

10) The p r e c i s io n  and a c c u r a c y  of Co, Ni, Cu and Zn de term inat ions  

w e r e  g e n e r a l l y  adequate  for rock  a n a ly s i s .  Lead de term inat ions  

w e r e  i m p r e c i s e  and y ie ld ed  low value ,  probably due to poor rock  

diges t ion .  Solution pumps controll ing  the flow rate  through the r e s in  

co lum ns should im p ro v e  p r e c i s io n ,  and s im pl i fy  the proced ure .

11) C alc ium  and m a g n e s iu m  in t e r fe r e  with the precon centrat ion  

p roced u re .  Rock s a m p le s  containing over  15% CaO or MgO may  

y ie ld  low tr a c e  m e ta l  d e term in a t io n s .  In c re a sed  amounts  of cat ion  

exchange  r e s i n  in the co lumn may reduce  this problem.  Rocks  

containing l e s s  than 15% CaO or MgO suffer  in t e r fe r e n c e  to a sm a l l
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d e g r e e ,  and the e r r o r  can be c o rr e c te d .  Changing the CaO sam ple  

concen trat ion  fro m  z e r o  to 15% CaO, does  not s ignif icantly  affect  

a n a ly t ica l  p rec i s io n .

12) M u lt i e le m e n ta l  de term in at ion s  f r o m  w ater  so lut ions  a re  not 

l im ited  to Bi,  Co, Cu, Ni, Pb and Zn. Other e l e m e n ts  can a l s o  be 

d e te r m in e d  by this method. Leyden and Luttre l l  (1975b) pre  concentra ted  

Hg, Eu, Mn, Fe ,  Ag, Cd and Cr from  w ater  solutions  by a s im i la r  

p ro ced u re .  Leyden et al.  (1976b) a l s o  p recon cen tra ted  the oxyanions

of  A s ,  Mn, Cr, Se,  Mo, W and V f r o m  water  so lut ions .

13) The v ar ie ty  of  e l e m e n t s  p recon cen tra tab le  fro m  rock s  i s  m ore  

l im i ted  than for w ater  so lu t ions .  E le m en ts  m u st  ad sorb  onto the ion 

exchange  r e s i n  ( f ro m  dilute  HF solut ion) as  w e l l  as the g l a s s  beads,  

for rock a n a ly s i s .  T here  a re  s e v e r a l  m e ta l s  that are  known to adsorb  

onto both the D o w e x - 50 cation exchange  r e s in  and the g la s s  beads  

that we  did not study, including Mn, Ag and Cd (D a n ie l s so n ,  1965).

Hg and Eu a re  a l s o  l ik e ly  to  a d so r b  onto both s u b s tr a te s ,  but no 

conf irm in g  data is  ava i lab le .

14) The util ity of the method m ay be i n c r e a s e d  by using Dowex-1  

anion exchange  r e s in  m ixed  with the D o w e x - 50 cat ion exchange  res in .  

Dowex-1 a d s o r b s  Mo,  Nb, Sb, Sn, Ta,  Ti, V, W and Zr, f r o m  dilute 

H F  solution (D a n ie l s so n ,  1965) .  F u r th e r  r e s e a r c h  can co n f irm  the  

p o s s i b i l i t y  of  pre con centra ting t h e s e  e l e m e n t s .



T -2 1 93  90

A P P E N D IX  I

Si ly la t ion  R eact ion  -  P r o c e d u r e

Appendix  I d e s c r i b e s  the s i ly la t io n  rea c t io n  to p r e p a r e  the

g l a s s  beads  for  e x tr a c t io n s .  The rea c t io n  a t taches  an a lko x y s i la n e

compound, containing am ino  funct ional  groups ,  onto c o n tr o l l e d -p o r e

g l a s s  beads  (E le c t r o - N u c l e o n ic s  I n c . ,  #CPG 240).  The g l a s s  beads
o

a r e  2 0 0 /4 0 0  m e s h ,  have  a m ea n  pore  d ia m eter  of 259 A with a pore  

s i z e  d is tr ibut ion  of 8 . 2%, a pore  v o lu m e  of 1. 31 c c / g ,  and a 

s u r fa c e  area  of 118 m ^ /g .  The a lk o x y s i la n e  compound i s  

N -  a minoethy  la minopr  opy Itr im eth  oxy s i la  n e , or D ow -C orning  Z-6020  

(PCR R e s e a r c h  C h e m ic a l s ,  I n c . , # 3 4 0 7 0 -3 ) .

St ir  ten g r a m s  of g l a s s  beads  for  four hours  in 200 m l  of 1:1 

HNOg. C o l lec t  the beads  in a Buchner  f i l t e r  funnel.  U se  100 m l  of 

d e io n ize d  w a ter  to r in s e  the HNOg f r o m  the beads .  P r e p a r e  a so lut ion  

of three  drops  of a c e t i c  ac id  and ten m l  of the a lk o x y s i la n e  in 9 0  m l  

of d e ion ized  w ater .  Add the g l a s s  beads  to  the so lut ion ,  and s t ir  

the m ix tu re  for  one hour at 80°  C. P a s s  the so lut ion through a f i l t e r  

to r e c o v e r  the beads ,  and r in s e  the e x c e s s  so lut ion f r o m  the beads  

with 100 m l  of d e ion ized  w ater .  Wash p o ly m e r iz e d  s i la n e  compound  

f r o m  the beads with 100 m l  of to luene.  Fi f ty  m l  of i so p r o p y l  a lcoho l  

w ash  r e m o v e s  e x c e s s  to luene.  Cure the beads  at  80°  C for  e ight h o u rs .  

T h e -s i ly la te d  g la s s  beads  a re  s tab le ,  and can be s to r ed  at r o o m  

t e m p e r a tu r e .
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A P P E N D IX  II

Iron R e m o v a l  f r o m  Rock Sam p les

This  p r o c ed u r e  i s  only for r o ck  s a m p l e s ,  and i t  s e r v e s  two  

p u r p o s e s .  F i r s t ,  it r e m o v e s  e l e m e n t s  that m a y  in t e r f e r e  with the 

ex tra c t io n  p r o c ed u r es  (Appendix III). Second,  i t  p la c e s  the m eta ls  

of i n t e r e s t  into a w ater  so lut ion .  The ex tract ion  p ro ced u re  r eq u ir e s  

the m e ta l s  to be in  a w ater  so lut ion .

P r e p a r e  a co lum n for  the ion exchange  r e s in ,  and a s s o c ia t e d  

apparatus ,  as  shown in F ig u r e  12 and 13. The th ree  inch long column  

i s  m ade f r o m  1 / 4  inch i.  d, po lyeth y lene  tubing. A 1 / 4  inch p iece  of 

the tubing i s  p laced  in s id e  the co lum n,  to support the m a t e r i a l  ins ide  

the co lumn.  Fi f ty  mg of te f lon  w oo l  (Supelco,  Inc. #2 -0 5 9 7 )  r e s t s  

on the support and preven ts  r e s i n  f r o m  washing  out of the co lum n.

The co lum n a ttaches  to the s t e m  of a f ive  c m  p la s t i c  B uchner  f i l ter  

funnel (S argen t -W elch ,  # S - 3 5 6 2 0 -C ) ,  which in s e r t s  through a s ing le  

hole  rubber s topper .  R e m o v e  the funnel r e s e r v o i r  f r o m  the funnel  

s t e m ,  and i n s e r t  the apparatus into a 500 m l  p las t ic  f i l ter in g  f la sk  

(Sargent-  Welch, #S- 3 4 3 8 0 -E ) ,  A rubber h o s e  connec ts  the f i l ter ing  

f la sk  to a vacuum  so u r ce .  P l a c e  three  g r a m s  of Dowex-SOW ion  

exchange  r e s in  (Sigma C h em ica l  Go. , #50X8-200)  into the funnel  

s t e m .  The r e s i n  i s  100 /200  m e s h ,  fo rm ,  8 % c r o s s  l inked cation  

exchange  r e s in .  Wash the r e s i n  into the co lumn with de io n ized  water .
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■
i
IIPa
K

Filter funnel stem

Polyethylene tube

Ion exchange resin 
(or silylated glass beads)

Teflon wool 

Plastic support

F i g u r e  12 - I o n -e x c h a n g e  r e s i n  c o lu m n  for i r o n  r e m o v a l  ( c r o s s  - 
s e c t io n ) . The c o l u m n  is  a l s o  u s e d  for the g l a s s  bead  
c o l u m n  e x t r a c t i o n  by r e p l a c i n g  the r e s i n  with  s i l y l a t e d  
g la s s  b e a d s .
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F il te r  funnel re s e rv o ir

F il te r  fu n n e l s tem

O n e -h o le  ru b b e r  s to p p e r

R esin colum n

To vacuum  so u rce

P la s t i c  f i l te r  f la s k

T e s t  tu b e  (for H N O , co lle c tio n )

F i g a r e  13 - I o n - e x c h a n g e  c o l u m n  a p p a r a t u s  f o r  i r o n  r e m o v a l .
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and i n s e r t  the funnel r e s e r v o i r  onto the funnel s te m .  This c o m p le te s  

the con s tru c t ion  of the apparatus req u ired  for the iron  r e m o v a l  

p ro ced u re .  S e v e r a l  s e t s  of apparatus can be made to prepare  s e v e r a l  

r o ck  s a m p le s  s im u lta n eo u s ly .

B eg in  s a m p le  d ig es t io n  by powdering the rock  sa m p le  in a ba ll  

m il l .  Heat  sa m p le  in oven at 105°  C for  four hours and place  in  

d e s i c a t o r  until  weighing.  /Accurately weigh one to ten g r a m s  of  

s a m p le  and p lace  in  teflon beaker .  F o r  each g r a m  of sa m p le ,  add 

the fo llowing proport ion of c on cen tra ted  ac ids  to d ig e s t  the powder.  

Add two m l  HNO^ and five m l  HCIO^ to sam p le .  W arm  m ix tu re  on 

hot plate for  30 m inutes  and a llow to cool .  Add 20 m l  HF and rep lace  

beaker  on hot plate,  allowing the ac id s  to s lo w ly  evaporate  overnight .  

Add 100 m l  IN HF to the r e s id u e ,  r e g a r d l e s s  of or ig ina l  sam p le  s i z e ,  

and s t i r  for  one hour.

The iron  r e m o v a l  proced ure  u s e s  the following amounts  of  

a c id s ,  independent of or ig in a l  s a m p le  s i z e .  P la c e  a five  c m  f i l ter  

paper  in the f i l t er  funnel,  and apply a vacuum  to the f i l ter ing  flask.  

P ou r  the IN HF solut ion ,  containing the rock  sam p le ,  into the funnel  

r e s e r v o i r  and adjust the vacuum  to a ch ieve  a flow rate  through the 

column of two m l / m i n u t e .  The r e s in  adsorbs  the m e ta ls  of in tere s t .  

After  the solution p a s s e s  through  the column, wash  any re s id u e  on 

the f i l t er  paper  with s m a l l  quanti t ies  of IN HF, and allow the washings  

to p ass  through the column. R em ove  f i l ter  paper  and res idu e  fro m  

the funnel. Add 50 m l  IN  H F to the funnel r e s e r v o i r  and allow the
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acid  to p a s s  through the column. The ac id  w a sh es  e x c e s s  iron f r o m  

the r e s in .  D iscon t inu e  vacuum  and r e m o v e  f i l ter ing  funne l -co lum n  

apparatus f r o m  the f i l ter ing  flask .  D i s c a r d  the dilute HF solut ion,  

and place  a la r g e  t e s t  tube in the f i l ter ing  f lask .  Replace  fi l ter ing  

f u n n e l -c o lu m n  apparatus into the f i l ter ing  flask ,  so  the co lum n  

d rains  into the t e s t  tube. Apply a vacu um  to the f i l ter ing  f la sk ,  and 

add 50 m l  4N HNOg to the funnel r e s e r v o i r .  Allow the acid  to pass  

through co lum n and c o l l e c t  in the t e s t  tube. The HNO3  e lu tes  the 

m e ta l  ions  fr o m  the r e s in .  Wash the r e s i n  with a few m l  of de ionized  

H2 O and add the wash  to the n i tr ic  ac id  solution.

To tr a n s fe r  the cat ions  in the ac id  so lut ion into a w ater  solut ion,  

put the HNO^ solut ion in a 1 0 0  m l  g l a s s  beaker  and place  it on a hot 

plate  to evaporate  the ac id  solution. Take precautions  not to "burn" 

the r e s id u e  that r e m a in s  in the beaker .  -The res id u e  c o n s i s t s  of  

nitrate  s a l t s  of the t r a c e  m e ta l s  and overheat ing  m ay ox id ize  the 

sa l t s  to f o r m  in so lu b le  m e ta l  o x id es .  Add 50 m l  de ion ized  w ater  to 

the n itrate  sa l t  r e s id u e  and heat the so lut ion  to d i s s o lv e  the s a l t s .  The 

solution i s  ready  for  pre concent  ration by the batch ex tract ion  procedure.

The i o n - e x c h a n g e  r e s i n  i s  s l o w l y  a t ta c k e d  by the a c i d s .  We. 

f e e l  the r e s i n  s h o u ld  be r e p l a c e d  a f t e r  e v e r y  a n a ly s i s .  H owever ,  

D a n i e l s s o n  (1965)  r e p o r t s  the r e s in  is  s t i l l  u s a b l e  a f ter  t h r e e  m on ths  

of da i ly  u s e ,  u s in g  a s i m i l a r  i r o n  s e p a r a t i o n  p r o c e d u r e .
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A P P E N D IX  III

V

Batch and Column E xtract ion  P r o c e d u r e s

Appendix  III d e s c r ib e s  the ex tra c t io n  (preconcentrat ion)  of  the 

m e ta l s  f r o m  solut ion onto the g la s s  beads .  This s tep  is  n e c e s s a r y  

for  a l l  rock  and w ater  s a m p le s .  U se  the batch ex tract ion  p roced ure  

when the so lut ion containing the cat ions  i s  l e s s  than 100 m l .  For  

so lut ions  la r g e r  than 1 0 0  m l ,  u s e  the co lumn extract ion  proced ure .

Batch E xtract ion

P l a c e  the w ater  so lut ion containing cat ions  in a 250 m l  p las t ic  

beak er .  If the so lut ion v o lum e  i s  l e s s  than 50 m l ,  dilute  the solution  

to 50 m l  with de ion ized  w ater .  Adjust  the so lut ion  to 8 . 0 h  0. 1 pH 

with dilute NaOH or dilute  HNO 3 . Use  of pH buffer can r e p la c e  the 

a c i d - b a s e  pH ad ju s tm en ts ,  h o w ev er ,  the buffer m ay r e a c t  to fo r m  a 

prec ip i ta te ,  and a l s o  contam inate  the so lut ion . Add 75 mg s i ly la ted  

g l a s s  beads  ( s e e  Appendix I) to the solution.  Add a m agn et ic  s t ir  

bar and s t ir  the m ix ture  for ten m in u te s .  Monitor the so lut ion  pH 

throughout the s t i r  per iod  and maintain  the pH at 8 . 0. P r e p a r e  the 

beads into a s a m p l e  p e l l e t  im m e d ia t e ly  after  the s t ir  per iod, according* 

to the in s tru c t io n s  in Appendix IV.

Column E xtract ion

P r e p a r e  a co lumn with the s a m e  m a t e r ia l  and d im en s io n s  as
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the ion-exchange  co lum n (F igure  12), R ep lace  the ion exchange  r e s in  

with 75 mg of s i ly la te d  g l a s s  beads .  Attach the column onto the s t e m  

of a 200 m m  p la s t ic  f i l ter in g  funnel (Gelman, #4203) (f igure 14), 

containing a 25 m m ,  0. 65 u m  pore  s i z e  f i l t e r ,  (M il l ipore ,  #DAWP  

025 00),  The funnel s t e m  has  a s in g le - h o l e  rubber s topper  that  

in s e r t s  into a 500 m l  f i l ter ing  flask.  Connect  the f la sk  to a vacuum  

h o se  with a rubber  h o s e .  The co lum n apparatus  is  ready for m eta l  

ion ex tract ion .

P l a c e  the w a ter  so lut ion containing m e t a l  ions  into a large  

beaker .  Adjust  the so lut ion  to 8 . 0 +_ 0. 1 pH with dilute NaOH or 

HNOg. Al low s e v e r a l  m inutes  for  pH to s ta b i l i z e .  We do not rec o m m e n d  

the u se  of pH buffer for the co lumn ex tract ion  proced u re .  P l a c e  the 

so lut ion  in the r e s e r v o i r  of the f i l ter in g  funnel, and apply suff ic ient  

v acu u m  to the f i l ter in g  f la s k  to obtain a flow rate  of 10 to 50 m l  per  

minute .  After  en t ire  so lut ion p a s s e s  through the column, prepare  

s a m p le  p e l l e t  accord in g  to in s tru c t ion s  in Appendix TV.
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^ 9 - Filter funnel reservoir

F ilter and filter  support

O n e-tio le  stopper

To vacuum source

Glass bead column 
(rem ove for pellet synthesis)

Filter flosk

F igure .  14 - tus for c o l u m n  e x t r a c t i o n s  and
p e l l e t  s y n t h e s i s .
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A P P E N D IX  IV

Sam ple  P e l l e t  Syn thes is  - P r o c e d u r e  and Equipment

Appendix IV d e s c r i b e s  our method of making s a m p le  p e l le t s  

f r o m  the g la s s  beads .  It i s  p o s s ib l e  to e l im in ate  this p ro ced u re  by 

u s e  of another  sa m p le  p e l le t  preparation . - U s e  the s a m e  equipment  

for  the pe l le t  preparat ion  as  for the co lumn ex tract ion ,  e x cep t  rem o v e  

the ex tract ion  co lum n f r o m  the f i l t er  funnel s t e m  (F igu re  14) and place  

a new 25 m m  f i l t er  paper in the f i l t er  funnel.

P l a c e  the g l a s s  beads  f r o m  the column extract ion  into a beaker  

with 50 m l  of de io n ized  w ater .  The g la s s  beads f r o m  a batch extract ion  

a r e  a lr ea d y  in this  f o r m  and this  s tep  i s  not n e c e s s a r y .  P ou r  the g l a s s  

b e a d - w a t e r  m ix tu re  into the f i l ter  funnel.  Wash r e s id u a l  beads from  

the beaker  into the funnel with s m a l l  quantit ies of d e io n ize d  water.

Apply a va cu u m  to the f i l ter in g  f la sk  to has ten  bead r e c o v e r y  from  

the w ater  so lution. Wash beads  f r o m  funnel s id es  onto the f i l ter  with  

d e io n ized  w ater  and discont inue  vacuum. O bserve  the beads to see  

i f  they d is tr ibute  even ly  over  the f i l ter  su r fa ce .  C o r re c t  any uneven  

dis tr ibution  by applying a s t r e a m  of de ionized  water  to the beads .

About 5 m l  of w ater  r ed i s t r ib u te s  the beads even ly  when they set t le .  

M om en tar i ly  reapply  the vacuum  to drain the w ater  into the flask.

The f i l t e r in g  funnel s ep a r a t e s  at the f i l ter  support; r e m o v e  the top 

(funnel) portion of the f i l ter in g  funnel to e x p o se  the f i l t er  and beads .
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Wedge a f la t r a z o r  blade under the f i l t er  and r e m o v e  the f i l t er ,  

taking c a r e  not to d is turb  the bead dis tr ibution on the f i l t e r .  P l a c e  

f i l t e r  on th e ' s a m p le  support d isk  apparatus (F igure  15).

The s a m p le  support d isk  apparatus  inc ludes  one thin and one 

th ick  m e ta l  d isk . The d isk  i s  the p r im a ry  support  disk,  and has a 

rubber s e a l  around the d ia m e t e r .  We c a l l  the thin d isk  the seco nd a ry  

support d i sk  or the radia t ion enhancer .  P l a c e  the support  d isk  

apparatus ,  with the f i l t e r  and beads  res t in g  on top, into a 105°  C 

oven to dry for  15 to 20 m in u te s .  Longer drying per iods  m ay  cur l  

the f i l t e r  paper ,  resu l t in g  in bead d is turbance .  Cover the g la s s  

b e a d -su p p o r t  d isk  apparatus with 3 inch x  3 inch x  0. 5 m i l .  p o ly ­

p ropy lene  f i l m  (Som ar,  # 3 7 5 0 -3 3 ) ,  P r e s s  the sa m p le  ho lder  s l ide  

o v er  the top of the support  d isk  apparatus to in s e r t  the s a m p le  into  

the ho ld er  (F igu re  16 and 17), T r i m  e x c e s s  po lypropylene  f i l m  to 

c o m p le te  the sa m p le  p e l le t  preparat ion .
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A)

Filter paper Glass beads

B)

Filter paper

Primary support disk

Glass beads

Secondary support disk 
(molybdenum radiation 
enhancer)

^  Rubber "o" ring

F i g u r e  15 - S a m p le  s u p p o r t  d i s k  ap p a ra tu s .  A) Top v i e w ,  
B) ex p and ed  s i d e  -view.
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A)

Aluminum

^  Sample slide

^ 27 7 7 7 7 7 7 :

Polypropylene film

Glass beads

Sample support 
disk apparatus

B)

F
Polypropylene film 
with beads underneath

Aluminum shield 
Sample slide

Polypropylene film 

Support disk apparatus

Fi-gure I d - S a m p le  sli.de and s u p p o r t  d isk  ap paratu s  ( c r o s s -  
s e c t i o n ) .  A) ...Sample su pp ort  d i s k  not i n s e r t e d ,
B) in s e r t e d .
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A )

Sample slide

R ota t ing  inner disk

Primary support disk

B)

Sam ple slide

Gloss b e a d s

Aluminum shield

F i g u r e  17 - S a m p le  h o ld e r  s l id e  with s a m p l e  support  d i s k
in s e r t e d ,  T op  v ie w ,  B) b o t tom  v iew  (an a lyz in g
s urfa c e ) .
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A P P E N D IX  V

Appendix  V g iv e s  ordering  in form at ion  for  s p e c ia l  equipment

u s e d  in th is  inves t igat ion .

1) E l e c t r o - N u c l e o n i c s ,  Inc.
368 P a s s a i c  Avenue  
F a ir f i e ld ,  New J e r s e y  07006 
(201) 2 2 7 -6 7 0 0

C o n tr o l le d -p o r e  gla ss beads ,  #CPG-240.

2) G e lm an  Instrument Co.
600 S. Wagner Road
Ann A rbor ,  Michigan 48106
(313) 665-0651

25 m m  f i l ter  funnel, #4203

3) M i l l ip o re  Corp.
Ashby Road
Bedford,  M a ss a c h u s e t t s  01730  
(617) 2 7 5 -8 8 0 0

25 m m  f i l t er  paper,  #DA WP 025 00.

4) PCR R e s e a r c h  C h e m ic a l s ,  Inc.
P .  O. Box  1778  
G a in es v i l l e ,  Florida 32602  
(904) 376 -8 9 4 6

Dow -Corning  Z - 6020 ( a l k o x y s i l a n e ) ,  # 3 4 0 7 0 - 3 .
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5) S a rg en t -W elch  S c ient i f ic  CoV 
P . O .  Box  7196  
4040 Dahlia Street  
D en v er ,  Colorado 80207  
(303) 399-8220

5. 6 cm ,  p la s t ic  Buchner  f i l t e r  funnel, # 5 - 3 5 6 2 0 -C.  

500 m l  p la s t ic  f i l ter ing  f la sk ,  # S - 3 4 3 8 0 -E ,

6) Sigma C h e m ic a l  Co.
P .  O. B ox  14508
St. Louis ,  M is s o u r i  63178
(314) 771 -5 7 5 0

D o w e x - 50W cation exchange  r e s in ,  # 5 0 X 8-200 .

7) S om ar  L a b o r a to r ie s ,  Inc.
P .  O. B ox  5234  
Grand C entra l  Station  
N. Y. New York 10017 
(212) 697-4351

S p e c t r o - f i l m  (polypropylene) ,  #37 5 0 -3 3

8) Supelco ,  Inc.
Supe lco  P a r k
B e l l e f o n te ,  Pen n sy lvan ia  16823  
(814) 3 5 9 -2 7 8 4

Tef lon wool,  #2 -0597
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