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ABSTRACT 

3 

T U R N E R ,  R .  R . ,  and S.  E. L I N D B E R G .  1976. Interlaboratory 
comparison of trace metal analyses by graphite furnace 
( f  1 amel ess )  atomic absorption spectroscopy. ORNL/TM-5422. 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. 20 pp .  

The analytical sens i t iv i ty ,  precision, and accuracy of trace metal 
( P b ,  Cd, Cry C u ,  Fey and Mn) analyses on aqueous samples performed a t  
ORNL using a flameless graphite furnace atomic absorption system was 
evaluated i n  comparison t o  analyses performed by three independent lab- 
oratories using similar systems. All  laboratories analyzed replicates 
of the same five samples which included twice d i s t i l l ed  water, two U.S.  
E P A  reference trace metal standards and two natural water samples ( ra in  
and stream water). 
range of concentrations t o  be expected none were informed of the nature 
of the samples t o  be analyzed. 

Analyses performed a t  ORNL were generally superior with respect t o  
sensi t ivi ty  and precision t o  those performed elsewhere. Approximate 
l imits of detection, as indicated by analyses of the d i s t i l l ed  water 
performed a t  O R N L ,  were close t o  those claimed by the instrument manu- 
facturer.  No one laboratory reported values which were consistently 
more accurate t h a n  those reported by the others and from some labora-  
tor ies  replicate values for the reference standards varied considerably. 
The best overall combination of precision and accuracy on the reference 
sample w i t h  the lowest concentrations (0 .2 - 2.8 pg/1) was exhibited by 
O R N L .  I n  contrast ,  ORNL exhibited the poorest combination of precision 
and accuracy on the reference sample with the highest concentration 
( 2  - 28 p g / l ) .  
inaccuracy of lead analyses performed by ORNL on one of the reference 
samples. However, subsequent analyses of new reference standards by 
ORNL indicated accurate values for  lead. 

. 
Although the laboratories were informed of the 

This reversal occurred largely because of apparent 
. 

Results reported for the natural water samples suggested t h a t  
a l t h o u g h  the flameless atomic absorption method i s  suff ic ient ly  sensit ive 
t o  quantitatively detect  concentrations of selected trace metals i n  
na tura l  water w i t h o u t  preconcentration procedures, the method may be too  
imprecise in some cases i f  small natural variations (on the order of 
20-50%) in concentration are to  be detected. 

i i i  
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i INTRODUCTION 

, 

. 

I n  January 1975 t h e  Environmental Sciences D i v i s i o n  (ESD) acqu i red  a 
Perkin-Elmer Model 503 Atomic Absorp t ion  Spectrophotometer w i t h  a Model 
2100 Heated Graph i te  Atomizer system which i s  now be ing  operated by Analy- 
t i c a l  Chemistry D i v i s i o n  (ACD) personnel  i n  t h e  Environmental Ana lys is  
Laboratory .  The v e r y  h i g h  s e n s i t i v i t y  (sub-ppb f o r  many t r a c e  elements),  
t h e  smal l  sample volume requirements (10 t o  100 m i c r o l i t e r s )  and semi- 

d e c i s i o n  t o  a c q u i r e  t h i s  ins t rument  f o r  t r a c e  element research w i t h i n  t h e  
ESD. I n  our  p a r t i c u l a r  s t u d i e s  o f  r a i n f a l l  i n p u t s  and s t reamf low outpu ts  
o f  t r a c e  meta ls  f rom Walker Branch Watershed (WBW) t h i s  ins t rument  
appeared t o  o f f e r  a s o l u t i o n  t o  longs tand ing  d i f f i c u l t i e s  i n  t h e  a n a l y s i s  
o f  d i s s o l v e d  t r a c e  elements i n  r e l a t i v e l y  u n p o l l u t e d  n a t u r a l  waters  by 
n o t  r e q u i r i n g  p r e c o n c e n t r a t i o n  procedures which have an i n h e r e n t  poten- 
t i a l  f o r  contaminat ion and/or losses  o f  t r a c e  elements. 

automat ic f e a t u r e s  o f  t h e  a n a l y t i c a l  procedure were major  f a c t o r s  i n  the  < 

To eva lua te  t h e  ins t rument  f o r  i t s  a p p l i c a b i l i t y  t o  our  p r o j e c t s  we 
conducted a smal l  q u a l i t y  assurance exper iment i n v o l v i n g  ORNL and t h r e e  
independent l a b o r a t o r i e s .  We were a l s o  i n t e r e s t e d  i n  e v a l u a t i n g  t h e  com- 
p e t i t i v e n e s s  o f  ACD's c o s t s  and turnaround t i m e  f o r  t r a c e  element analyses 
u s i n g  t h i s  ins t rument  w i t h  o t h e r  l a b o r a t o r i e s  u s i n g  t h e  same o r  c l o s e l y  
r e l a t e d  ins t ruments .  F i n a l l y ,  and most i m p o r t a n t l y  i n  o u r  view, we needed 
t o  e s t a b l i s h  e a r l y  i n  o u r  c u r r e n t  s t u d i e s  t h a t  our  o v e r a l l  a n a l y t i c a l  p re-  
c i s i o n ,  i n c l u d i n g  sample hand l ing  and s to rage p r i o r  t o  submission f o r  
analyses, i s  s u f f i c i e n t l y  h i g h  f o r  us t o  d i s t i n g u i s h  t r u e  v a r i a b i l i t y  i n  
the  environments o f  s tudy.  The low c o n c e n t r a t i o n  l e v e l s  expected i n  our  
aqueous samples r e q u i r e d  "non-rout ine"  methods and each o u t s i d e  l a b o r a t o r y  
was in formed o f  t h e  "expected" range o f  concent ra t ions  and requested t o  
use g r a p h i t e  fu rnace atomic a b s o r p t i o n  spectroscopy. 
t o r i e s ,  i n c l u d i n g  ORNL, was in formed t h a t  they  were be ing  t e s t e d  w i t h  
r e p l i c a t e  r e f e r e n c e  samples i n  t h e  hope t h a t  r e p o r t e d  r e s u l t s  would more 
t r u l y  r e f l e c t  t h e  a n a l y t i c a l  s e n s i t i v i t y ,  p r e c i s i o n  and accuracy o f f e r e d  
by each l a b o r a t o r y .  

None o f  t h e  labora-  

With t h e  above o b j e c t i v e s  i n  mind we assembled a s e t  o f  aqueous Sam- 
p l e s  prepared i n  t r i p 1  i c a t e  r e p r e s e n t i n g  ( 1  ) r e f e r e n c e  standards prepared 
i n  concentrated form by t h e  U.S. Environmental P r o t e c t i o n  Agency and d i -  
l u t e d  by us, ( 2 )  t y p i c a l  r a i n  and streamwater samples c o l l e c t e d  on Wa4ker 
Branch Watershed (WBW) and ( 3 )  d i s t i l l e d  water  f rom our  l a b o r a t o r y  supply.  
I t  was a n t i c i p a t e d  t h a t  a l l  o f  these would h e l p  us eva lua te  a n a l y t i c a l  
p r e c i s i o n ,  t h a t  t h e  r e f e r e n c e  standards would h e l p  us eva lua te  accuracy 
and t h a t  t h e  d i s t i l l e d  water  samples would h e l p  us es t imate  p r a c t i c a l  
l i m i t s  o f  q u a n t i t a t i v e  d e t e c t i o n  f o r  aqueous samples. The r a i n  and 
streamwater samples were sub jec ted  t o  our  normal hand l ing  and p r e s e r v a t i o n  
procedures b u t  were s t o r e d  somewhat longer  than usual  p r i o r  t o  submission 
f o r  a n a l y s i s .  The a n a l y t i c a l  r e s u l t s  r e p o r t e d  here f o r  these samples 
probab ly  b e s t  r e p r e s e n t  our o v e r a l l  p r e c i s i o n  i n  measuring t r a c e  element 
concent ra t ions  on WBW. A l though we f r e q u e n t l y  measure c o n c e n t r a t i o n s  o f  
o t h e r  t r a c e  meta ls ,  those i n c l u d e d  i n  t h i s  exper iment were r e s t r i c t e d  t o  
copper, lead, manganese, z inc ,  chromium and cadmium. 
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METHODS 

The sample s e t  c o n s i s t e d  o f  f i v e  separate aqueous samples: 

( 1 )  A streamwater sample ( h e r e i n a f t e r  r e f e r r e d  t o  as stream sample) 
c o l l e c t e d  i n  t h e  WBW west stream on 3/13/75, f i l t e r e d  w i t h i n  2 hours of  
c o l l e c t i o n  through a 0.4 1-1 Nuclepore membrane, and preserved i n  a 1 l i t e r  
po lye thy lene b o t t l e  w i t h  t h e  a d d i t i o n  o f  5 m l  o f  reagent  grade 16 N HN03 
per  l i t e r  o f  sample; 

r a i n  gauge #1 i n  a Wong sampler f rom 3/6/75-3/13/75 and preserved as above; 
a l though t h e  o r i g i n a l  sample was n o t  f i l t e r e d ,  c a r e  was taken t o  ensure 
t h a t  p a r t i c u l a t e  m a t t e r  had s e t t l e d  o u t  b e f o r e  subsampling was done; 

( 3 )  A doubl e - d i  s t i  11 ed water  sample prepared on 7/10/75 and preserved 
i n  a 2 l i t e r  Pyrex g l a s s  b o t t l e  w i t h  t h e  a d d i t i o n  o f  1.5 m l  o f  U1 t r e x  16 N 
HN03 per  l i t e r  o f  sample; 

re ference sample #1 ( h i g h  r e f e r e n c e  s tandard)  prepared as p r e s c r i b e d  i n  
l i t e r a t u r e  p rov ided by EPA u s i n g  t h e  ac id-preserved,  d o u b l e - d i s t i l l e d  
water  descr ibed above as t h e  d i l u e n t ;  

by 1/10 o r  1 t o  10 u s i n g  t h e  ac id-preserved d o u b l e - d i s t i l l e d  water  as t h e  
d i l u e n t  ( h e r e i n a f t e r  r e f e r r e d  t o  as low r e f e r e n c e  s tandard) .  

( 2 )  A p r e c i p i t a t i o n  sample ( r a i n w a t e r  sample) c o l l e c t e d  i n  WBW a t  

( 4 )  A U.S. Environmental  P r o t e c t i o n  Agency aqueous t r a c e  meta l  

( 5 )  The same U.S. EPA r e f e r e n c e  sample descr ibed i n  ( 4 )  b u t  d i l u t e d  

On 7/10/75 a l l  samples were separated i n t o  12 i n d i v i d u a l  75 m l  a l i -  
quots  and p laced i n  c l e a n  125 m l  p o l y e t h y l e n e  b o t t l e s .  
precleaned as f o l l o w s :  
s i n g l e - d i s t i 1 , l e d  water  and d o u b l e - d i s t i l l e d  water ,  then l e a c h i n g  w i t h  2 N 
HN03 f o r  12 hours i n  a r e c i p r o c a t i n g  shaker, f o l l o w e d  by r i n s i n g  w i th  
d o u b l e - d i s t i l l e d  water  f o r  12 hours i n  a r e c i p r o c a t i n g  shaker. 
r e p l i c a t e s  f o r  each sample were then separated i n t o  4 s e t s  o f  3 r e p l i c a t e s  
each, numbered randomly, and submi t ted  t o  f o u r  i n d i v i d u a l  a n a l y t i c a l  
l a b o r a t o r i e s .  

These b o t t l e s  were 
thorough r i n s i n g  w i t h  t a p  water  f o l l o w e d  ,by 

These 12 

The l a b o r a t o r i e s  a r e  h e r e i n  r e f e r r e d  t o  b y  number b u t  c o n s i s t e d  o f  
t h e  f o l l o w i n g :  t h e  ORNL A n a l y t i c a l  Chemistry D i v i s i o n  Environmental  Anal-  
y s i s  Labora tory  (M. Ferguson, d i r e c t o r ;  K. T a l b o t t ,  a tomic a b s o r p t i o n  ana- 
l y s t )  which i s  des ignated h e r e a f t e r  as ORNL-EAL; two p r i v a t e  a n a l y t i c a l  
s e r v i c e  l a b o r a t o r i e s ,  and one u n i v e r s i t y - a s s o c i a t e d  research  c e n t e r .  
These l a t t e r  t h r e e  were randomly ass igned numbers 2, 3 and 4. 
nent  i n f o r m a t i o n  r e g a r d i n g  ins t ruments ,  a n a l y t i c a l  techniques,  r e l a t i v e  
costs ,  and turnaround. t imes a r e  summarized i n  Table 1. R e l a t i v e  c o s t s  f o r  
ORNL-EAL a r e  based on an annual sample l o a d  w h i l e  c o s t s  f o r  t h e  p r i v a t e  
l a b o r a t o r i e s  a r e  based on t h e  s i n g l e  sample s e t  o f  90 analyses which com- 
p r i s e d  t h i s ,  t e s t .  
p r i c e  p e r  a n a l y s i s , w o u l d  decrease i f  based on a commitment o f  a g i v e n  
number o f  analyses over  a l o n g e r  t i m e  p e r i o d  (I\J 1 y e a r ) .  

The p e r t i -  

D iscuss ions w i t h  t h e  p r i v a t e  l a b s  r e v e a l e d  t h a t  t h e  
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T b l e  1. Comparison o f  a n a l y t i c a l  methodologies and r e l a t e d  i n fo rm t i o n  f o r  the  f o u r  l abo r  t o r i e s  t e  ted. 

LAB # 

Parameter 1 
( ORNL-EAL ) 

2 3 4 

' Ins t rument  

Tec hn i  que 

Turnaround Time: 
Shipping requested - 
Recieved by labora-  

Resu l ts  t r a n s m i t t e d  - 
Cost pe r  Ana lys i  s1 
R e l a t i v e  t o  Lab #1 

t o r y  - 

Perk in  Elmer AAS Model 
503 w i t h  Heated Graph i te  
Atomizer Model 21 00 

Method o f  Standard 
Add i t ions  , each sample 
i n j e c t e d  i n  d u p l i c a t e  

56 days 
7/10/75 

7/10/75 
9/4/75 

1 .o  

Pe rk in  Elmer AAS 
Model 360 w i t h  
Heated Graph i te  
Atomizer Model 
21 00 

Method o f  Standard 
Curve, each sample 
i n j e c t e d  i n  d u p l i -  
ca t e  

14 days 
7/10/75 

8/8/75 
8/ 22/7 5 

0.7 

Perk in  Elmer AAS 
Model 503 w i t h  
Heated Graphi te  
Atomizer Model 
21 00 

Method o f  Standard 
Curve, each sample 
i n j e c t e d  i n  t r i p l i -  
cate;  checked w i t h  
reference standards 

43 days 
7/10/75 

8/13/75 
9/25/75 

1.4 

Perk in  Elmer AAS 
Model 403 w i t h  Heated 
Graphi te  Atomizer 
Model 2100 

Method o f  Standard 
Add i t ions ,  10% o f  
samples a re  i n j e c t e d  
i n dupl i c a t e  

32 days 
7/10/75 

8/4/75 
9/5/75 

2.9 

W 

'An a n a l y s i s  i s  one t r a c e  metal de termina t ion  on one sample. 
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RESULTS AND DISCUSSION 

Concentrations of the six trace elements reported by each laboratory 
for each sample t r e  given i n  Appendices A t h r o u g h  E .  
range of concentrations reported by each laboratory fo r  each sample are 
also shown graphically i n  Figures 1 t h r o u g h  5 a long  w i t h  e i ther  the inter-  
laboratory average (d i s t i l l ed  water, stream and r a i n  samples) or the con- 
centration value given by the U.S. EPA (reference samples). Concentrations 
reported as ' ' less than" by any laboratory were construed as being the prac- 
t i ca l  lower l imit  of detection for a given element and presented some 
problems, particularly w i t h  respect to  b l a n k  corrections. 
ignore the ' ' less t h a n "  prefix and assume that  the reported value i s  the 
actual concentration (e .g . ,  <0.5 equal t o  0 .5)  or assume t h a t  the actual 
concentration i s  zero (<0.5 equal t o  0 .0) .  Neither of  these options i s  
very r e a l i s t i c .  
and observe how each assumption changes the conclusions. 
rections were deemed absolutely necessary, as w i t h  the reference samples, 
we applied b o t h  assumptions i n  calculating the s t a t i s t i c s  presented sub- 
sequently. 
was ignored ( i . e . ,  the reported value was assumed t o  be the actual 
concentration). 

The average and 

One can e i ther  

One solution i s  t o  compare resu l t s  using both assumptions 
Where b l a n k  cor- 

I n  a l l  other calculations and plots the " less  t h a n "  prefix 

Concentrations of each trace element reported by each l abora to ry  for  
our HN03 preserved double-distilled water were assumed t o  represent b l a n k  
values for  the reference s t a n d a r d s ,  since that  solution was used a s  the 
diluent i n  the preparation of the EPA standards, and were subtracted pr ior  
to analysis of the concentration d a t a .  No b l a n k  corrections were made to  
the d i s t i l l ed  water, r a i n  and stream d a t a ,  as we had n o t  determined blanks 
for the concentrated HN03 used as a preservative i n  these samples. 

Sensit ivity 

Analytical sens i t iv i ty  i s  ordinarily defined as the mass, or concen- 
t r a t i o n ,  of  an element t h a t  produces an instrument response which i s  d i s -  
t i nc t  from instrument noise. In  flameless atomic absorption spectroscopy 
the mass of an element deposited on the atomizer can be varied considerably 
by varying the volume of  aqueous sample injected. Under normal, program- 
controlled, operating conditions 100 microli ters i s  the maximum injection 
volume for  the Perkin-Elmer system used by a l l  laboratories in th i s  study. 
Thus sens i t iv i ty  i s  determined on t h i s  system by the lowest concentration 
t h a t  can be detected unambiguously i n  a 100 microli ter sample. 
could n o t  provide solutions w i t h  lower trace metal concentrations t h a n  
those i n  our twice d i s t i l l e d  water and  d i d  n o t  wish t o  divulge our  purpose 
t o  the participating laboratories by requesting calibration curves or other 
specific analytical de ta i l s ,  our  evaluation of sens i t iv i ty  i s  of necessity 
operational. As used here sens i t iv i ty ,  or approximate l imi t  of detection, 
i s  defined as the lowest concentration value reported by a laboratory for  
a particular element. 
t o  be actual lower l imits of detection for  the reporting laboratory. 
actual concentrations were reported for  a d i s t i l l e d  water constituent the 

Since we 

"Less t h a n "  Val ues, where reported, were interpreted 
Where 

I 



.-. 

U' 

5 

O R N L - D W G  7 6 - 5 2 2 0  

---- I N T E  RLABORATORY AVERAGE 

INDICATES ONE O R  MORE'  V A L U E S  R E P O R T E D  

REPORTED R E L A T I V E  D E T E C T I O N  L I M I T S  B Y  
P E R K I N  E L M E R  

2.4 

2.2 

2 .o 

1.8 

4.6 

c 
L 
0 
c = j.4 
\ 
m - 
g 4.2 - 
c 
E 
t- 

W 
u z 
0 
u 

a 

z 1.0 

0.8 

0.6 

0.4 

0.2 

0 
4 2 3 4  4 2 3 4  ( 2 3 4  

c u  P b  M n  

AVERAGE AND RANGE 

I I 

4 2 3 4  4 2 3 4  4 2 3 4  
ZnxO.1  C r  C d  

M E T A L  A N D  LABORATORY N U M B E R  

Fig.  1 .  Average and range of t race metal concentrations reported by each 
laboratory for  double-distilled water w i t h  1.5 ml Ultrex HNO3 per 
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a c t u a l  l i m i t  o f  d e t e c t i o n  was o b v i o u s l y  equal t o ,  o r  b e t t e r  than, t h e  
l owes t  r e p o r t e d  va lue  f o r  t he  c o n s t i t u e n t .  

Based on comparison o f  r e s u l t s  r e p o r t e d  f o r  t h e  d i s t i l l e d  water  p l u s  
HN03 (Appendix A, F i g u r e  1 )  ORNL-EAL appeared t o  o f f e r  t h e  b e s t  o v e r a l l  
approximate d e t e c t i o n  l i m i t s  which were i n  f a c t  c l o s e  t o  those c la imed by 
t h e  manufacturer.  A l l  o f  t h e  l a b o r a t o r i e s  except ORNL-EAL r e p o r t e d  ' ' l ess  
than" values f o r  a t  l e a s t  one c o n s t i t u e n t  i n  t h e  d i s t i l l e d  water b u t  a l l  
achieved sub-pg/l  (ppb) l e v e l s  o f  d e t e c t i o n  f o r  a l l  elements except z inc .  
Except f o r  z inc ,  ORNL-EAL a l s o  appeared t o  have t h e  b e s t  a n a l y t i c a l  p re -  
c i s i o n  f o r  t h e  d i s t i l l e d  water samples a l though  t h e  abundance of " l e s s  
than" va lues  r e p o r t e d  by the  o t h e r  l a b o r a t o r i e s  p rec ludes  any r i g o r o u s  
compari son. 

Accuracy 

According t o  t h e  U.S. EPA t h e  " i n f o r m a t i o n "  c o n c e n t r a t i o n s  o f  each 
t r a c e  element i n  t h e i r  d i l u t e d  r e f e r e n c e  samples a r e  based on a c c u r a t e l y  
weighed amounts o f  s p e c t r o g r a p h i c a l l y  pure  me ta l s  o r  meta l  compounds d i s -  
so lved i n  r e d i s t i l l e d  n i t r i c  a c i d .  
checked and v e r i f i e d  f o r  s t a b i l i t y  and accuracy o f  t h e  concen t ra tes  by  
repeated analyses over  a p e r i o d  o f  months before t h e  U.S. EPA re leases  
the samples f o r  use i n  a n a l y t i c a l  q u a l i t y  c o n t r o l  t e s t i n g .  The U.S. EPA 
has a1 so conducted a n a l y t i c a l  round- rob ins  i n v o l v i n g  many independent 
l a b o r a t o r i e s  u s i n g  t h e i r  aqueous r e f e r e n c e  samples b u t  t o  d a t e  have n o t  
pub l i shed  the  r e s u l t s .  For l a c k  o f  a b e t t e r  va lue  we must accept  t h e  
" i n fo rma t ion "  c o n c e n t r a t i o n  values g i v e n  by t h e  U.S. EPA as t r u e  va lues  
i n  t h e  f o l l o w i n g  comparison o f  a n a l y t i c a l  accuracy. 

These r e f e r e n c e  samples a r e  tho rough ly  

F igu res  2 and 3 compare t h e  r e s u l t s  r e p o r t e d  by each l a b o r a t o r y  f o r  
each t r a c e  element f o r  t h e  h i g h  and low  re fe rence samples w i t h  t h e  i n f o r -  
ma t ion  values g i v e n  by t h e  U.S. EPA. 
f i g u r e s  t h a t  no one l a b o r a t o r y  i s  c o n s i s t e n t l y  more accu ra te  t h a n  another  
and t h a t  f o r  some elements and l a b o r a t o r i e s  r e p l i c a t e  analyses v a r y  cons id -  
e rab ly .  
s imp le  s t a t i s t i c  which can be used t o  s e l e c t  t h e  l a b o r a t o r y  o f f e r i n g  t h e  
b e s t  combina t ion  o f  accuracy and p r e c i s i o n  f o r  each t r a c e  element based 
on analyses r e p o r t e d  f o r  each r e f e r e n c e  sample. C l e a r l y ,  w i t h  t h e  da ta  
s e t  l i m i t e d  t o  t r i p l i c a t e  analyses by each l a b  f o r  each sam l e  we d i d  n o t  
feel1 c o n f i d e n t  i n  e l i m i n a t i n g  o u t l i e r s  (extreme data  va lues  P . The s t a t i s -  
t i c  i s  t h e  square r o o t  of t h e  sum of t h e  squares ( s s )  of d e v i a t i o n s  o f  
r e p o r t e d  c o n c e n t r a t i o n s  f rom t h e  i n f o r m a t i o n  va lue ,  o r  

I t  i s  r e a d i l y  apparent f rom these 

I n  an e f f o r t  t o  be as o b j e c t i v e  as p o s s i b l e  we have dev ised a 

where X i  r ep resen ts  r e s u l t s  o f  t h e  r e p l i c a t e  analyses and Y i s  t h e  i n f o r -  
ma t ion  value. The s t a t i s t i c  w i l l  assume a minimum v a l u e  when r e p o r t e d '  
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.i r e p l i c a t e  va lues e x h i b i t  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  
b i l i t y  ( h i g h  p r e c i s i o n )  and ( 2 )  p r o x i m i t y  t o  t h e  i n f o r m a t i o n  va lue  (good 
accuracy) .  Reported rep1 i c a t e  values which average c l o s e  t o  t h e  in forma- 
t i o n  va lue  b u t  d e v i a t e  i n d i v i d u a l l y  f rom t h e  i n f o r m a t i o n  va lue  w i l l  o b v i -  
o u s l y  r e s u l t  i n  a l a r g e r  va lue  f o r  t h i s  s t a t i s t i c  than i f  t h e  analyses 
were a l s o  h i g h l y  p r e c i s e .  
concent ra t ions  equal o r  exceed r e p o r t e d  concent ra t ions  f o r  a re fe rence 
sample. Such s i t u a t i o n s  a r e  des ignated by N.A. ( n o t  a p p l i c a b l e )  i n  Table 2 
where t h e  c a l c u l a t e d  s t a t i s t i c  i s  summarized f o r  t h e  two r e f e r e n c e  samples. 

( 1 )  low v a r i a -  

The s t a t i s t i c  w i l l  be meaningless when b lank  

Comparing t h e  c a l c u l a t e d  s t a t i s t i c  f o r  samples which were b lank  c o r -  
r e c t e d  revea led  ORNL-EAL o f f e r e d  t h e  b e s t  o r  second b e s t  o v e r a l l  accuracy 
and p r e c i s i o n  f o r  a l l  elements s t u d i e d  i n  t h e  EPA low r e f e r e n c e  sample 
(Table 2 ) .  
r e s u l t s  i n  l i n e  w i t h  t h e  o t h e r  l a b s  f o r  o n l y  t h r e e  elements (Cu, Zn and 
Cd) w h i l e  i t  e x h i b i t e d  t h e  w o r s t  r e s u l t s  f o r  Pb, Mn and C r .  The e f f e c t  o f  
" l e s s  than" b lank  va lues being considered as equal t o  zero i s  n o t  i l l u s -  
t r a t e d  here s i n c e  t h e  use o f  t h i s  assumption had l i t t l e  e f f e c t  on bo th  the  
i n d i v i d u a l  c a l c u l a t i o n s  and t h e  r e l a t i v e  r a t i n g s  o f  the  f o u r  l a b o r a t o r i e s ,  
whether they  r e p o r t e d  " l e s s  than"  va lues o r  n o t .  
l a b  comparisons a r e  based on t h e  r e s u l t s  ob ta ined by i g n o r i n g  " l e s s  than"  
p r e f i x e s ,  keeping i n  mind t h e  obvious disadvantage o f  " l e s s  than"  va lues.  
Under these assumptions t h e  l a b s  rank, i n  o r d e r  o f  decreas ing o v e r a l l  
accuracy and p r e c i s i o n ,  as f o l l o w s :  

However, f o r  t h e  h i g h  re fe rence sample ORNL-EAL e x h i b i t e d  

Therefore,  the  l a b  t o  

low EPA r e f e r e n c e  standard:  1 2 4,2,3 

h i g h  EPA r e f e r e n c e  standard:  3,4 'L 2,l 

The pr imary  reason f o r  t h e  r e l a t i v e l y  low performance r a t i n g  o f  ORNL-EAL 
on t h e  h i g h  EPA s tandard was t h e  poor accuracy ( b u t  good p r e c i s i o n )  
achieved f o r  t h e  Pb s tandzrd (see F i g u r e  3 ) .  Repeated analyses o f  these 
samples by ORNL-EAL revea led  c o n c e n t r a t i o n s  t h a t  a r e  i n  l i n e  w i t h  those 
found e a r l i e r  ( s t i l l  36% h i g h e r  than t h e  r e p o r t e d  EPA v a l u e ) .  A new s e t  
o f  EPA standards was r e c e n t l y  ob ta ined and s e n t  t o  ORNL-EAL f o r  f u r t h e r  
e v a l u a t i o n  o f  Pb values i n  t h e  20-50 pg/1 range. Resu l ts  o f  analyses on 
these standards i n d i c a t e d  c l o s e  agreement ( *  5 % )  w i t h  t h e  U.S. EPA 
i n f o r m a t i o n  value. 

The element Zn e x h i b i t e d  g r e a t e s t  i n t e r l a b o r a t o r y  c o e f f i c i e n t  o f  
v a r i a t i o n s  f o r  3 o f  t h e  5 sample s e t s  analyzed ( rang ing  f rom ? 60% t o  
200% o f  t h e  mean). I n  a d d i t i o n ,  f o r  each l a b o r a t o r y  t h e  poores t  accuracy 
was f o r  z i n c  i n  t h e  low EPA standard.  T h i s  i s ,  i n  p a r t ,  due t o  the  over -  
l a p  o f  r e p o r t e d  va lues f o r  t h e  low EPA s tandard w i t h  b lank va lues thus  
p r e c l u d i n g  any meaningful  a n a l y s i s  o f  t h e  r e s u l t s .  We have suspected a Zn 
contaminat ion problem f o r  some t ime, b u t  can o n l y  specu la te  on i t s  source. 
Z inc i s  n e a r l y  a u n i v e r s a l  contaminant o c c u r r i n g  i n  r e l a t i v e l y  h i g h  con- 
c e n t r a t i o n s  i n  numerous i tems used i n  o u r  o r  any o t h e r  l a b o r a t o r y  (e.g., 
% 5 vg/1 i n  our  double d i s t i l l e d  water,  13 p g / l  i n  reagent  grade concen- 
t r a t e d  HNO,, 40 ppm i n  Nuclepore f i l t e r s ,  28 ppb i n  p o l y e t h y l e n e  b o t t l e s ,  



Tab le  2. S t a t i s t i c  d e f i n e d  as t h e  square r o o t  o f  t h e  sum o f  squares o f  d e v i a t i o n s  
o f  i n d i v i d u a l  concent ra t ions  f rom EPA r e f e r e n c e  va lues.  The l o w e s t  va lue  
o f  t h e  s t a t i s t i c  i s  i n t e r p r e t e d  as i n d i c a t i n g  t h e  b e s t  combinat ion o f  
p r e c i s i o n  and accuracy. 
" l e s s  than" b lank values occur red  t h e  r e p o r t e d  va lues were assumed t o  be .  
t h e  a c t u a l  values ( i . e . ,  ~ 0 . 5  = 0.5).  

A1 1 samples have been b lank  c o r r e c t e d .  Where 

A n a l y t i c a l  
L a b o r a t o r y  cu  Pb Mn Zn C r  Cd 

'1 
2 
3 
4 

LOW EPA REFERENCE 

0.55 1.4 0.20 NA 0.35 0.12 
. NA' 1 .4  4.0 NA 1.2 0.21 

0.99 4.4 0.87 52 1 .o 0.21 
0.41 1.4 0.41 NA 3.4 0.14 

H I G H  EPA REFERENCE 

2.7 35 4.1 7.2 . 4.3 
4.2 7.2 3.9 17.1 0.52 
2.9 3.2 3.8 6.4 0.52 . 

4.2 19 1.7 6.9 1.2 

1.2 
0.57 
1.3 
0.73 

'Not appl  i c a b l e :  (b lank  < measured v a l u e ) .  

L b 
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2 x l o 4  ppm i n  neoprene rubber,  and 1 ppm i n  b o r o s i l i c a t e  g lass;  
Carpenter, 1968, Anal .  Chem. 40: 1067). I n  a d d i t i o n ,  a r e c e n t  paper r e -  
p o r t e d  observ ing Zn contaminason i n  g r a p h i t e  furnace AAS analyses r e s u l t -  
i n g  f rom d isposab le  a u t o - p i p e t  t i p s .  New t i p s  when r i n s e d  w i t h  100 p1 o f  
1% HC1 s o l u t i o n s  were seen t o  r e l e a s e  f rom 0.1-20 p g / l  (X = 3.4 p g / l )  
which c o u l d  s i g n i f i c a n t l y  contaminate some n a t u r a l  samples. A s imple 
c l e a n i n g  procedure was suggested t o  reduce t h e  contaminat ion  ( t h r e e  r i n s e s  
i n  1% U l t r e x  HC1 f o l l o w e d  by one d o u b l e - d i s t i l l e d  water  r i n s e  reduced sub- 
sequent l e a c h i n g  t o  0-0.2 p g / l ;  e.g., see Sommerfield e t  a l . ,  1975, Atomic 
Abs. News - 14: 31) .  

I t  i s  apparent f rom our  r e s u l t s  t h a t  a s e r i o u s  Zn contaminat ion  
e x i s t s ,  a t  l e a s t  f o r  t h e  sample s e t  i n v o l v e d  i n  t h i s  q u a l i t y  c o n t r o l  t e s t .  
The same case may a l s o  h o l d  t r u e  f o r  t h e  elements Cu, Mn, and C r  (see 
F igure  l ) ,  a l though i n  each o f  these cases t h e  contaminat ion appears t o  
occur f o r  one i n d i v i d u a l  l a b o r a t o r y  and may a c t u a l l y  r e l a t e  t o  an analy-  
t i c a l  r a t h e r  than a sample h a n d l i n g  problem (e.g., Cu f o r  l a b  #3, Mn f o r  
l a b  k'2, Zn f o r  a l l  labs ,  and C r  f o r  l a b  # 4 ) .  

A n a l y t i c a l  P r e c i s i o n  on Natura l  Water Samples 

Averages and ranges o f  t r a c e  element c o n c e n t r a t i o n s  r e p o r t e d  by each 
l a b o r a t o r y  a long w i t h  t h e  i n t e r l a b o r a t o r y  averages f o r  t h e  WBW r a i n  and 
streamwater samples a r e  presented g r a p h i c a l l y  i n  F igures  4 and 5. 
a d d i t i o n ,  F i g u r e  6 d i s p l a y s  i n t r a l a b o r a t o r y  and i n t e r l a b o r a t o r y  c o e f f i -  
c i e n t s  o f  v a r i a t i o n  f o r  t h e  r a i n  and streamwater samples. Resu l ts  f o r  t h e  
r a i n  samples i n d i c a t e  t h a t  t h e  ORNL-EAL o f f e r s  t h e  b e s t  a n a l y t i c a l  p r e c i -  
s i o n  f o r  Pb (C.V. = 3%), Mn ( C . V .  = 1%) and Cd (C.V. = 2%) and second b e s t  
f o r  Cu (C.V. = 9%) and C r  (C.V. = 15%). Comparing i n t r a l a b o r a t o r y  aver-  
ages (N=3) w i t h  i n t e r l a b o r a t o r y  averages (N=12) f o r  each element i n  t h e  
r a i n  sample r e v e a l s  t h a t  the  ORNL-EAL i s  i n  b e s t  agreement w i t h  t h e  i n t e r -  
l a b o r a t o r y  averages f o r  Cu, Pb and C r .  Resu l ts  f o r  the  streamwater Sam- 
p l e s  i n d i c a t e  t h a t  t h e  ORNL-EAL o f f e r s  t h e  b e s t  a n a l y t i c a l  p r e c i s i o n  f o r  
C r  (C.V. = 25%) and t h e  second b e s t  p r e c i s i o n  f o r  Mn (C.V. = 3%), Zn 
(C.V. = 28%) and Cd (C.V. = 20%). Comparing t h e  i n t r a l a b o r a t o r y  averages 
w i t h  t h e  i n t e r l a b o r a t o r y  averages f o r  each element i n  t h e  streamwater 
sample r e v e a l s  t h a t  t h e  ORNL-EAL i s  i n  b e s t  agreement f o r  Cu, Mn and Zn 
and second b e s t  f o r  Pb and C r .  Thus t h e  ORNL-EAL o f f e r s  t h e  b e s t  o v e r a l l  
p r e c i s i o n  on t h e  n a t u r a l  water  samples and i n  most cases r e p o r t e d  va lues 
a r e  i n  l i n e  w i t h  those r e p o r t e d  by t h e  o t h e r  l a b o r a t o r i e s .  

I n  

E a r l i e r  s t u d i e s  on t h e  n a t u r a l  v a r i a b i l i t y  i n  t r a c e  metal  concentra-  
t i o n s  i n  WBW streamwater over  a 15-month p e r i o d  have i n d i c a t e d  t h a t  over -  
a l l  a n a l y t i c a l  p r e c i s i o n  f o r  these meta ls  should be l e s s  than f 20% and 
p r e f e r a b l y  l e s s  than i: 10% i f  we a r e  t o  be a b l e  t o  adequate ly  d e t e c t  n a t -  
u r a l  v a r i a b i l i t y  i n  concent ra t ion .  I t  would appear f rom t h i s  q u a l i t y  
c o n t r o l  exper iment t h a t  t h e  a n a l y t i c a l  p r e c i s i o n  f o r  some elements (esp. 
Zn and Cr )  o f f e r e d  by even t h e  b e s t  o f  t h e  f o u r  l a b o r a t o r i e s  t e s t e d  i s  
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F i g .  6 .  Interlaboratory and intralaboratory coeff ic ients  of var ia t ion fo r  
t race  metal concentrations i n  precipi ta t ion and stream samples 
collected on Walker Branch Watershed. 
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marginal  t o  poor i n  r e l a t i o n  t o  t h e  expected n a t u r a l  v a r i a b i l i t y  i n  d i s -  
so lved concent ra t ions  i n  WBW streams. As i n d i c a t e d  e a r l i e r  we cannot be 
a b s o l u t e l y  c e r t a i n  t h a t  t h i s  poor p r e c i s i o n  i s  e n t i r e l y  a t t r i b u t a b l e  t o  
a n a l y t i c a l  procedures s i n c e  contaminat ion d u r i n g  h a n d l i n g  and s to rage o f  
r e p l i c a t e  samples c o u l d  a l s o  have c o n t r i b u t e d  t o  i m p r e c i s i o n .  
f u r t h e r  e v a l u a t i o n s  o f  t h e  source o f  t h i s  i m p r e c i s i o n  i n  n a t u r a l  analyses 

We p l a n  

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

CONCLUSIONS 

Analyses o f  aqueous t r a c e  metal  r e f e r e n c e  samples should be an 
i n t e g r a l  p a r t  o f  environmental  t r a c e  element s t u d i e s .  

"Less than" (<) values when r e p o r t e d  a r e  a disadvantage o f  any 
l a b o r a t o r y  as they  a r e  d i f f i c u l t  t o  i n t e r p r e t  and make s t a t i s t i c a l  
eva l  ua t i  ons tenuous. 

Lab 1 (ORNL Environmental A n a l y s i s  Labora tory )  has t h e  b e s t  sens i -  
t i v i t y  and b e s t  p r e c i s i o n  on v e r y  low (<1 pg/1)  c o n c e n t r a t i o n  
samples. Based on d o u b l e - d i s t i l l e d  water  analyses approximate 
d e t e c t i o n  l i m i t s  f o r  Lab 1 a r e  equal t o  o r  b e t t e r  than 0.10 p g / l  
f o r  Cu, 0.15 pg/1 f o r  Pb, 0.07 p g / l  f o r  Mn, 1.2 p g / l  f o r  Zn, 0.07 
p g / l  f o r  C r  and 0.04 pg/1 f o r  Cd. 

No one l a b  i s  c o n s i s t e n t l y  more accura te  than another  f o r  a l l  
elements and f o r  some rep1 i c a t e  analyses vary  cons iderab ly .  

A s imple s t a t i s t i c  (square r o o t  o f . t h e  sum o f  squares o f  d e v i a t i o n s  
o f  measured f rom r e p o r t e d  va lues)  was dev ised t o  determine t h e  b e s t  
o v e r a l l  p r e c i s i o n  and accuracy on h i g h  (2-28 p g / l )  and low (0.2-2.8 
pg/1)  r e f e r e n c e  samples. 
observa t ions  o f  s e n s i t i v i t y  revea led  t h e  f o l l o w i n g  l a b  rank ings  i n  
o r d e r  o f  decreas ing accuracy and p r e c i s i o n :  

Using t h e  s t a t i s t i c  i n  combinat ion w i t h  

low EPA r e f e r e n c e  - 1 'L 4,2,3 
h i g h  EPA r e f e r e n c e  - 3 , 4  2 2,l 

Contaminat ion o f  low l e v e l  aqueous samples e x i s t s  o v e r a l l  f o r  Zn and 
f o r  i n d i v i d u a l  l a b s  f o r  Cu (#3), Mn ( # 2 ) ,  and C r  (#4 ) .  The source 
o f  t h e  Zn may be bo th  i n  sample p r e p a r a t i o n  and a n a l y t i c a l  tech-  
niques. 
be ing  i n  a n a l y t i c a l  techniques. 

The sources o f  Cu, Mn and C r  contaminat ion a r e  suspected o f  

For n a t u r a l  aqueous samples c o n t a i n i n g  very  low concent ra t ions  o f  Cu, 
Pb, C r y  Zn, Mn, and Cd, such as s p r i n g  and stream waters f rom WBW, 
t h e  g r a p h i t e  fu rnace atomic a b s o r p t i o n  method i s  s u f f i c i e n t l y  sens i -  
t i v e  t o  q u a n t i t a t i v e l y  d e t e c t  concent ra t ions  w i t h o u t  p r e c o n c e n t r a t i o n  
b u t  may be t o o  imprec ise  f o r  some t r a c e  meta ls  t o  d e t e c t  smal l  
n a t u r a l  v a r i a t i o n s  (on  t h e  o r d e r  o f  20-50%) i n  concent ra t ions .  



Appendix A .  Resu l t s  o f  i n t e r l a b o r a t o r y  comparison o f  a n a l y s i s  of 2X d i s t i l l e d  water '  
w i t h  1 . 5  m l  16 N Ultrex HNOJliter. Decimal s i g n i f i c a n c e  a s  repor ted  by 
each labora tory .  Concentration. i n  pg/l.i ter .  

Analy t ica l  
Laboratory Copper Lead Manganese Zinc Chromi urn Cadmi urn 

1 
1 '  
1 

0.15 
0.26 
0.18 

0.07 
~0.11- 
-0.09 

4.1 
13.6 

1 .2  

0.07 
0.07 
0.06 

0.04 
0.04 
0.04 

0.11 
0.11 
0.11 

2 
2 
2 

<o. 1 
0.1 

<o. 1 

0.3 
0.1 
0.1 

5.8  
0.1 
0 .3  

2.4 
1 .4  
1.7 

<o. 1 
0.3 
0.7 

0.04 
<o. 02 

0.02 

0 . 8  
1 .o 
1 .9  

0.6 
0.7 
0.5 

eo. 5 
<O. 5 
<O. 5 

5.5  
,3 .5  
4.4 

~ 0 . 5  
<0.5 
~ 0 . 5  

0.2 
C 0 . 2  
<o. 2 

3 
3 
3 

<O. 5 
<O. 5 
<o. 5 

<5.0 
<5.0 
<5.0 

<2.4 
<o. 1 

2.7 

<0.1 
<o. 1 
<o. 1 

4 
4 
4 

<O. 3 
<O. 3 
~ 0 . 3  

4 . 5  
(0.5 
~ 0 . 5  

'House d i s t i l l e d  water from ORNL Bldg. 3017 r e d i s t i l l e d  i n  g l a s s  and passed 
through IWT Co. ion exchange c a r t r i d g e .  

i ? B i . 'r 
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Appendix B.  Results of i n t e r l a b o r a t o r y  comparison of a n a l y s i s  of EPA Reference Trace 
Metal Standard ( h i g h  re ference  s t anda rd )  by g raph i t e  furnace AA. Decimal 
s ign i f i cance  a s  reported by each l abora to ry  and uncorrected f o r  d i s t i l l e d  
water and ac id  blank. Concentration i n  y g / l i t e r .  

. 

Analy t ica l  
Laboratory Copper Lead Manganese Zinc Chromi um Cadmi urn. 

1 10.6 46.5 14.8 15.0 1 2 . 2  2.6 
1 10.8 47.9 16.9 21 .o 10.5 2.4 
1 10.5- 50.6 15.6 11 .o 12.3 2.5 

2 7.0 30.5 14.0 2.3 9.5 1 . 9  
2 6 .6  29.0 14.0 2.6 9.5 1 .4  
2 6 .5  35.0 11.5 1 .o 10.1 1 .4  

3 9.3 26.4 11.4 11.4 10.0 1 . 2  
3 2.0 31 .O 11.4 16 .0  10.0 1.1 
3 2.6 28.6 11.1 ' 9.2 10.0 1 .4  

8.7 39 14 11 9.6 2.0 
40 14 11 10.1 1 . 3  

4 

4 5.2 40 1 2  11 10.1 1 .5  
4 - 9.9 

EPA value 9.0 28 1-3 10 9.2 1 .8  



Appendix C .  Resul t s  of i n t e r l a b o r a t o r y  comparison of a n a l y s i s  o f  EPA Reference 
Trace Metal Standard (low reference  s t anda rd ) .  Not cor rec ted  f o r  
d i s t i l l e d  water and ac id  blank. Concentration i n  u g / l i t e r .  

Analy t ica l  
Laboratory Copper Lead Manganese Zinc Chromi um Cadmi um 

1 0.82 3.9 1 .2  4.0 1 .1  0.18 
1 0.68 3 .9  1.4 4.2 1.09 0.31 
1 0.67 3 .5  1.4 2.4 .1 . 3  0.28 

2 <o. 1 2 .5  1 .3  3.2 0.8 0.4 
2 <o. 1 1 .7  0.9 1.4 0.7 0.2 
2 <o. 1 2.8 0 .8  0.9 0.6 0.11 

3 1.6 7.7 1 . 3  3.3 2 . 2  0.2 
3 2.6 3.2 ' 1 . 3  57.0 2.0 0.3 
3 1.4 4.5 1 .3  3.3 1 . 7  0.3 

4 1 . 2  4.2 2 5 3.2 0.2 
4 1.1 3.7 2.1 5 5 .3  0.2 
4 0.8 4 .3  2 <5 4.7 0.2 

EPA va lue  0.9 2.8 1 .3  1 .o 0.92 0.18 

I i 
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Appendix D. Resul ts  of i n t e r l a b o r a t o r y  comparison of a n a l y s i s  o f  ra inwater  sample 
from Walker Branch Watershed. 

7 
Ana 1 y t  i ca  1 1 
Laboratory Copper Lead Manganese Zinc Chromium Cadrni um 

6.0 
5.5 
5.0 

6 . 3  
6.5 
6.2 

l l ' . 4  
11.5 
11.2 

15.4 
37.0 
22.4 

1.68 
1.38 
1.87 

2.5 
2.6 
2.6 

2 
2 
2 

3.4 
3.2 
3.9 

3 .6  
3 .4  
4.0 

12.0 
12.0 
3.8 

2.9. 
2.9 
2.5 

1.1 
1.1 
0.2 

2.2 
1.7 
1.4 

6.5 
6 .5  
6.6 

3 
3 
3. 

8.3 
5.8 
5 .4  

9.2 
9.0 
9.0 

20.0 
23.5 
18.0 

2.0 
2.0 
1 .7  

2.3 
1 . 5  
1.1 

4 
4 
4 

8 
5.9 
5.6 

6 . 8  
6.2 
6.0 

12 
12 
10  

19 
17 
32 

2.8 
7.8 
4 .9  

2 
1 .5  
1.6 



Appendix  E .  Results of interlaboratory comparison of analysis of streamwater from 
Walker Branch Watershed. 

Analytical 
Laboratory Copper Lead Manganese Zinc Chromium Cadmi um 

1 0.75 8.3 5.0 5.6 0.27 0.06 
1 0.65 7.6 5.0 5.7 0.26 0.04 
1 0.7 11.6 4.8 10 0.4 0.05 

2 <o. 1 3.5 3.1 
2 <o. 1 3.3 3.1 
2 <o. 1 4.0 3.2 

1.6 4 . 1  0.05 
1.2 0.3 0.05 
0.9 0.3 1.3 

3 2 .1  9.2 4.1 21 .o  0.9 0; 3 

3 1.9 9.2 4.4 5.1 <O. 5 0.2 
3 2.0 8.4 4.3 8.3 4 . 5  0.3 

4 0.5 9.4 8 6 6.3 <o. 1 
4 0.5 10 6 5 <o. 1 4 . 1  
4 0.6 9.7 8 21 3.9 .<o. 1 

Iu 
0 

3 i. 
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