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ABSTRACT 

A more d e t a i l e d s o i l survey than had p r e v i o u s l y been c a r r i e d out 
i n the Tamar V a l l e y area of South West England confirmed higher 
than normal background l e v e l s of a r s e n i c , copper and l e a d . These 
e l e v a t e d background l e v e l s are a t t r i b u t e d t o the weathering of 
m i n e r a l i z e d bed r o c k . Anomalous v a l u e s were found d i r e c t l y above 
m i n e r a l i z e d v e i n s and i n areas of past m i n i n g a c t i v i t y . E f f e c t s 
of a e r i a l p o l l u t i o n are i n d i c a t e d by the combination of sodium 
d i t h i o n i t e and n i t r i c a c i d e x t r a c t i o n t e c h n i q u e s , from which 
elemental a s s o c i a t i o n w i t h secondary i r o n and s u l p h i d e m i n e r a l s 
may be determined. Enhanced l e v e l s r e s u l t i n g from a e r i a l p o l l u t i o n 
were found i n a zone a few hundred metres around mine s i t e s . T h i s 
work has i n v e s t i g a t e d elemental a s s o c i a t i o n s i n s o i l s . Using w a t e r , 
a c e t i c a c i d , EDTA and sodium d i t h i o n i t e e x t r a c t i o n methods, s o l u b l e 
copper and l e a d were found to be a s s o c i a t e d w i t h exchangeable weak 
i n o r g a n i c complexes, w h i l s t a r s e n i c i s a s s o c i a t e d w i t h secondary-
i r o n . When s e l e c t i n g a s i n g l e e x t r a c t i o n technique f o r the 
q u a n t i f i c a t i o n of p o t e n t i a l l y s o l u b l e copper and l e a d EDTA i s 
recommended, whereas f o r a r s e n i c sodium d i t h i o n i t e should be used. 
Tiie three elements f o l l o w the order a r s e n i c > copper > l e a d f o r 
complexation w i t h i n o r g a n i c s a n d secondary i r o n , w h i l s t l e a d > copper 
> a r s e n i c f o r o r g a n i c a s s o c i a t i o n s . An HPLC/UV/GFAAS i n t e r f a c e was 
c o n s t r u c t e d and used t o separate and d e t e c t organo-copper and - l e a d 
species i n s o i l pore waters. Up t o 90% of the s o l u b l e copper and 
l e a d was found a s s o c i a t e d w i t h low m o l e c u l a r weight p o l a r d i s s o l v e d 
o r g a n i c compounds, e s p e c i a l l y c i t r i c and m a l i c a c i d s . A r s e n i c 
s p e c i e s were separated and d e t e c t e d on a HPLC/FAAS h y d r i d e g e n e r a t i o n 
i n t e r f a c e . In a e r o b i c s o i l s arsenate was the predominant s o l u b l e 
species i n the pore water. Where m i n e r a l i z a t i o n and mining a c t i v i t i e s 
have e l e v a t e d a r s e n i c l e v e l s a r s e n i t e and monomethylarsonic a c i d 
were found. In anaerobic s o i l s the a r s e n i t e s p e c i e s predominates. 
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INTRODUCTION 

1.1 The Tamar V a l l e y 

The R i v e r Tamar f l o w s over and through v a r i o u s g e o l o g i c a l and 
g e o g r a p h i c a l f e a t u r e s from i t s source some 60 k i l o m e t r e s n o r t h of 
Plymouth ( F i g s . 1.1, 1.2, 1.3). T h i s p r o j e c t i s based on a study 
area of approximately 30 square k i l o m e t r e s , where the r i v e r f l o w s 
through a s t e e p l y s l o p i n g v a l l e y ( F i g . 1.2). Today t h e r e i s e x t e n s i v e 
market gardening and a f f o r e s t a t i o n i n the a r e a , but h i s t o r i c a l l y i t 
was a s i t e of i n t e n s i v e mining f o r m e t a l l i f e r o u s m i n e r a l s ( 1 ) . 

The Upper Devonian sediments and Lower Ca r b o n i f e r o u s r o c k s u n d e r l y i n g 
most of the area have been t h e r m a l l y metamorphosed by the g r a n i t i c 
b a t h o l i t h i c i n t r u s i o n s of Bodmin Moor and Dartmoor ( F i g . 1.3). 
M e t a l l i f e r o u s d e p o s i t s or l o d e s have f r a c t u r e - f i l l e d the country r o c k 
i n p a r a l l e l b e l t s of g e n e r a l l y east-west o r i e n t a t i o n ( F i g . 1.4). These 
i n i t i a l d e p o s i t s were f o l l o w e d l a t e r by n o r t h - s o u t h i n t r u s i o n s ( F i g . 1.4) 
as f o l d r e l a x a t i o n o c c u r r e d ( 2 ) . The sequence of m i n e r a l d e p o s i t i o n i s 
c o n t r o l l e d by (a) the magma temperature and p r e s s u r e , and (b) the 
c r y s t a l l i z a t i o n temperature of i n d i v i d u a l m i n e r a l s . The r e s u l t i n g 
lode d e p o s i t i o n sequence produced zones of m i n e r a l i z a t i o n w i t h a r s e n i c 
d e p o s i t e d i n the h o t t e r i n n e r r e g i o n s , f o l l o w e d by copper and f i n a l l y 
l e a d m i n e r a l i z a t i o n i n the c o o l e r outer zones ( 1 ) . Of the 205 r e p o r t e d 
a r s e n i c m i n e r a l s (3) A r s e n o p y r i t e , FeAsS, or m i s p i c k e l was the o n l y 
economic form of a r s e n i c t o be e x t r a c t e d i n South West England ( 1 ) . 
M i s p i c k e l c o n t a i n s up t o 46% a r s e n i c and i s g e n e r a l l y found i n l o d e s 
w i t h east-west t r e n d s . A r s e n o p y r i t e was u s u a l l y processed on s i t e , the 
ore being crushed, r o a s t e d , and the vapours condensed as a r s e n i c o x i d e s , 
A S 2 O 3 , A S 2 O 5 , on the w a l l s of f l u e s ; t h i s process y i e l d i n g a 99% pure 
compound. The r u i n e d remains of these processes are e v i d e n t at Gawton 
and Devon Great Consols mines ( F i g . 1.4) where f l u e s , chimneys and 
s p o i l t i p s are s t i l l p r e s e n t . Copper forms some 225 m i n e r a l s ( 4 ) , but 
o n l y c h a l c o p y r i t e , C u F e S 2 , was e x t r a c t e d i n the south west ( 1 ) . The 
ores were smelted i n South Wales a f t e r c o n c e n t r a t i o n on s i t e by v a r i o u s 
g r a v i t y s e p a r a t i o n methods. Lead, which forms 235 m i n e r a l s ( 5 ) , was 
e x t r a c t e d p r i n c i p a l l y as g a l e n a , PbS, which contained s m a l l q u a n t i t i e s 
of s i l v e r . The l e a d / s i l v e r l o d e s were d e p o s i t e d i n a north-south t r e n d 
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at a l a t e r time than the a r s e n i c and copper. The l e a d , e x t r a c t e d s i n c e 
Roman t i m e s , was o f t e n smelted on s i t e ( 6 ) . 

The s o i l s r e f l e c t the g e o l o g i c a l , t o p o g r a p h i c a l and c l i m a t i c c o n d i t i o n s 
of the a r e a , being m a i n l y t y p i c a l brown e a r t h s of the Highweek and 
T a v i s t o c k s o i l s e r i e s (7) renamed the Denbigh and Trusham s e r i e s 
( F i g . 1.5). G e n e r a l l y , the s o i l s are s h a l l o w , having a rock dominant 
h o r i z o n a t approximately 50cm, and are i n t e r s p e r s e d w i t h s m a l l patches 
of g l e y e d brown e a r t h s of the I v y b r i d g e s e r i e s . T y p i c a l p o d z o l i c s o i l s 
of the P a r t i n g t o n s e r i e s , renamed the Manod s e r i e s , dominate the steep 
v a l l e y s l o p e s where g l e y i n g i s a l s o e v i d e n t . The v a l l e y f l o o r c o n s i s t s 
of pockets of Conway, Y e o l l a n d Park and Exe (renamed the Wharfe) s e r i e s 
s o i l s ( F i g . 1.6). The m i n e r a l i z a t i o n of the area has l e d to n a t u r a l l y 
e l e v a t e d l e v e l s of some non-ferrous metals i n the s o i l s w i t h f u r t h e r 
l o c a l enhancement of these l e v e l s due to the v a r i o u s m i n i n g and 
e x t r a c t i v e a c t i v i t i e s which have occurred i n h i s t o r i c a l times ( 8 - 1 8 ) . 

1.2 Elemental m o b i l i t y i n s o i l s 

The ease or r e l a t i v e m o b i l i t y w i t h which elements move i n s o i l s can be 
d i v i d e d i n t o v a r i o u s chemical and p h y s i c a l p r o c e s s e s . The major 
environmental f a c t o r s c o n t r o l l i n g m o b i l i t y i n the aqueous phase are 
a c i d i t y (pH) and redox (Eh) c o n d i t i o n s . L e v i n s o n (19) and G a r r e l s and 
C h r i s t (20) g i v e d e t a i l e d accounts on the c o n s t r u c t i o n and a p p l i c a t i o n s 
of Eh-pH diagrams and t h e i r importance to e l e m e n t a l m o b i l i t y . 
A s s o c i a t e d w i t h Eh and pH i s the a d s o r p t i o n of metals by the hydrous 
oxides of i r o n and manganese, t h i s mechanism i s again f u l l y d i s c u s s e d 
by Levinson (19). I n a d d i t i o n to the v a r i a b l e s mentioned above, 
m o b i l i t y i s a l s o r e l a t e d t o ( i ) the presence and a c t i v i t y of m i c r o 
organisms, ( i i ) the s o l u b i l i t y of compounds and complexes which m e t a l s 
form w i t h anions and o r g a n i c m a t t e r , ( i i i ) the presence of d i s s o l v e d 
gases such as CO2 and O 2 , and ( i v ) the mechanical f a c t o r s such as 
p e r m e a b i l i t y , p o r o s i t y , g r a i n s i z e , s o i l water and ground water 
movements. 

The r e l a t i v e m o b i l i t y and s p e c i a t i o n of s o l u b l e elements i n s o i l s , 
t ogether w i t h the s o l i d / l i q u i d e q u i l i b r i a , are important f a c t o r s i n 
the mechanisms of elemental p l a n t uptake (2 1 , 22). 
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1.3 D e t e r m i n a t i o n of elements a s s o c i a t e d w i t h s o i l phases 

The numerous phases present i n s o i l s f o r e l e m e n t a l r e t e n t i o n such as 
weakly and s t r o n g l y sorbed i o n s , metal carbonates, s u l p h i d e s , s u l p h a t e s , 
o x i d e s , hydroxides and o r g a n o m e t a l l i c compounds, makes d e t e r m i n a t i o n of 
elements i n i n d i v i d u a l phases d i f f i c u l t . The problem i s f u r t h e r 
c omplicated by the f a c t t h a t many phases are not c r y s t a l l i n e , but are 
amorphous or adsorbed s u r f a c e l a y e r s (23-27). Rather than attempting 
to c h a r a c t e r i z e each s o i l phase, the r e l a t i v e e x t r a c t a b i l i t y o f v a r i o u s 
reagents has been d e f i n e d as the type of chemical l e a c h i n g necessary t o 
l i b e r a t e a f r a c t i o n of a p a r t i c u l a r element. Using t h i s approach s o i l s 
and t h e i r a s s o c i a t e d t r a c e elements can be c h a r a c t e r i z e d by a 
comparative degree of s u s c e p t i b i l i t y to chemical c o n d i t i o n s r a t h e r 
than by the r e l a t i v e amounts of s p e c i f i c e lemental forms w i t h i n each 
phase. Many chemical reagents have been used f o r the e x t r a c t i o n of 
elements, e s p e c i a l l y heavy m e t a l s , from s p e c i f i c s o i l f r a c t i o n s such 
as o r g a n i c m a t t e r , c l a y s , s i l i c a t e s and s e s q u i o x i d e s (28-34). The 
purpose of these techniques has been t o i d e n t i f y the d i s t r i b u t i o n of 
elements w i t h r e f e r e n c e t o s o l u b i l i t y , m o b i l i t y , a v a i l a b i l i t y , 
exchangeable, r e s i d u a l and t o t a l l e v e l s . Commonly these terras are 
ambiguous and the i n t e r comparison of methods i s not f e a s a b l e , however, 
gene r a l trends are seen t o e x i s t . 

1.4 D e t e r m i n a t i o n of s o i l water s o l u b l e / d i s s o l v e d f r a c t i o n s 

Few authors (35-40) determine the s o l u b l e or d i s s o l v e d elemental 
c o n c e n t r a t i o n s i n s o i l s as the r e l a t i v e c o n c e n t r a t i o n of the d i s s o l v e d 
f r a c t i o n compared to exchangeable o r t o t a l l e v e l s . Commonly most 
techniques are based on d r y s o i l s . S o i l s o l u t i o n c o n c e n t r a t i o n s and 
elemental s p e c i a t i o n are of i n t e r e s t i n the study of m o b i l i z a t i o n and 
p l a n t a v a i l a b i l i t y mechanisms, and are thus r e l e v a n t t o such problems 
as p l a n t uptake s e l e c t i v i t y , f u n c t i o n a l m e t a b o l i c r o l e and t o x i c i t y 
p a t t e r n s of elements ( 3 5 ) . Two methods a t p r e s e n t used to e x t r a c t pore 
waters d i r e c t l y are (a) low p r e s s u r e squeezing ( 3 5 ) , and (b) c e n t r i -
f u g a t i o n (36-40). Pressure squeeze techniques r e q u i r e presoaking of 
s o i l s f o r 24 hours p r i o r to e x t r a c t i o n , t h i s w i l l however a l t e r redox 
p o t e n t i a l s ( 1 9 ) , i n t r o d u c e c o n t a m i n a t i o n i n t o the samples ( 3 6 ) , and 
a l l o w m i c r o b i a l r e d u c t i o n to occur (19, 4 1 ) , a l l u n d e s i r a b l e i n 
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s p e c i a t i o n s t u d i e s . The sample y i e l d by c e n t r i f u g a t i o n w i l l be 
dependent on water content and s o i l s t r u c t u r e . F luorocarbon s o l v e n t 
e x t r a c t i o n methods have been demonstrated t o achieve s u b s t a n t i a l l y 
i n c r e a s e d y i e l d on sand type s o i l s ( 3 6 ) . 

C e n t r i f u g a t i o n was considered t o o f f e r a r a p i d and simple method 
of o b t a i n i n g s o i l pore waters on s i t e . These samples may be 
preserved f o r s o l u b l e s p e c i a t i o n a n a l y s i s by immediate f i l t r a t i o n 
(0.45 pxa f i l t e r ) . 

1.5 De t e r m i n a t i o n of a v a i l a b l e and exchangeable elemental l e v e l s 
i n s o i l s 

Table 1.1 summarizes many of the reagents which have been used f o r the 
de t e r m i n a t i o n of elements a s s o c i a t e d i n a v a i l a b l e or exchangeable 
forms. These terms are o f t e n i l l - d e f i n e d and as can be seen from 
Table 1.1, IM ammonium a c e t a t e i s used f o r both a v a i l a b l e (30, 42-44) 
and exchangeable e x t r a c t i o n s (39, 45, 4 6 ) . The two most common 
reagents used f o r a v a i l a b l e d e t e r m i n a t i o n s are EDTA ( 3 1 , 32, 42, 43, 
45, 47, 48) and a c e t i c a c i d (42, 47, 48) w i t h the range of elements 
covered by these e x t r a c t a n t s b e i n g e x t e n s i v e . Comparisons c a r r i e d 
out on e x t r a c t i o n methods f o r p l a n t a v a i l a b l e forms i n d i c a t e 0.05M 
EDTA pH7 (42, 43) i s the most r e p r e s e n t a t i v e , w i t h the pH and EDTA 
c o n c e n t r a t i o n b e i n g c r i t i c a l (32, 45). I n d i v i d u a l reagents f o r s p e c i f i c 
elements have been r e p o r t e d (47, 4 8 ) , but these do not appear t o be 
s i g n i f i c a n t l y d i f f e r e n t from those f o r the EDTA methods. D e t e r m i n a t i o n 
of exchangeable forms i s achieved most s u c c e s s f u l l y w i t h IM ammonium 
ac e t a t e (39, 40, 45, 49, 5 0 ) . Where c o n c e n t r a t i o n s of v a r i o u s elements 
are low, s o l v e n t e x t r a c t i o n techniques may be i n c o r p o r a t e d as a 
c o n c e n t r a t i o n step (30, 47, 51, 52). 

1.6 Determination of t o t a l elemental l e v e l s i n s o i l s 

Table 1.2 summarizes the v a r i o u s reagents used t o determine t o t a l 
elemental c o n c e n t r a t i o n s i n s o i l s . S i n g l e a c i d s and v a r i o u s m i x t u r e s 
are r e p o r t e d t o e x t r a c t 95% t 10% of most elements. Comparative s t u d i e s 
by independant workers (10, 55-57) gave c l o s e agreement of e x t r a c t i o n 
e f f i c i e n c i e s (36, 55-59), i n d i c a t i n g the data o b t a i n e d f o r s o i l 
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Table 1.1 
A v a i l a b l e and exchangeable e x t r a c t i o n methods f o r elements from s o i l m a trices 

A v a i l a b l e 
Reagents Elements Ref. 

0.05M EDTA (pH7) Cu, Zn, Mn, Pb, Fe, Mo 30-32, 41, 
(pH4) Cu 48 

0.02M EDTA Cu 43 
0.02M EDTA + 5% ammonium c h l o r i d e Cu 43 
IM ammonium c h l o r i d e As, Fe 37, 53 
2.5% a c e t i c a c i d (pH7) Cu, Zn, Mn, Co, Pb 42, 47, 54 
5% a c e t i c a c i d Pb, Zn, Cu, Cd 6 
0.5M a c e t i c a c i d Zn 48 
0.005 DTPA + O.IM ca l c i u m c h l o r i d e (pH 7.3) Zn, Fe, Mn, Cu, Pb, Zn, Fe, Mn; 42, 47 
IM ammonium c h l o r i d e As 37 
IM ammonium n i t r a t e Mg 48 
IM ammonium acetate Pb, Cu, Cd, Co, Mg, N i , Pb, Zn, Mo 30, 42-44 
0.5M HCl A l , Fe, Mn, Cu, Co, N i 69 
O.IM HCl Fe, As, Cd, Cu, Pb, Zn 57 

Exchangeable 

IM ammonium acetate 
IM ammonium acetate + 0.5M magnesium acetate 
0.05M calcium c h l o r i d e 

Zn, Cu, Cr, Hg, Fe, N i , Pb 
Zn, Pb, Cu, Cd, Mn, Fe 
Cu 

39, 45, 46, 50 
49 
29 



Table 1.2 

T o t a l e x t r a c t i o n of elements from s o i l m a t r i c e s 

Reagents Elements Ref. 

I 

P e r c h l o r i c 
H y d r o f l u o r i c 
N i t r i c 
N i t r i c + cimmonium bromide 
H y d r o c h l o r i c sealed tube 
H y d r o c h l o r i c 
P e r c h l o r i c / H y d r o f l u o r i c 
P e r c h l o r i c / N i t r i c 
P e r c h l o r i c / S u l p h u r i c 
N i t r i c / H y d r o f l u o r i c 
N i t r i c / S u l p h u r i c 
N i t r i c / H y d r o c h l o r i c 
S l u r r i e s 
Ammonium o x a l a t e 

Cd, Cu, Pb, Zn, As, N i 
Cu 
Cu, N i , Cd, Zn, Pb, As 
Cr, Cu, Fe, Mg, Mn, Mo, N i , P, Pb, Zn 
As, Sb, B i 
As 

Cu, Pb, Zn, N i , Cd, Cr 
As 
Cu, Pb 
As, A l , Fe, Zn, Cr, Cu, Pb, N i 
Pb 
Cr, Cu, Mn, Zn, N i , Pb, As 

10, 43, 44, 74 
29 
18, 42, 56-60 
60, 74, 75 
61, 62 
59, 63 
47, 69 
56, 58, 61, 69, 76 
77 
55, 72 
56, 58, 78, 79 
42, 55 
49, 66, 67 
43 



p r o p e r t i e s and s p e c i f i c elemental content i s of s i g n i f i c a n c e when 
u s i n g these t e c h n i q u e s . 

I t should be noted t h a t Karumanos (42) showed t h a t IM n i t r i c a c i d 
c o u l d e x t r a c t 98% l e a d from one s o i l t y p e , whereas 6M n i t r i c a c i d 
was r e q u i r e d f o r o t h e r s o i l s . Other authors have r e p o r t e d t h a t the 
e x t r a c t i o n e f f i c i e n c i e s of reagents v a r i e s w i t h the elements bei n g 
i n v e s t i g a t e d ; thus Luoma (57) showed t h a t hot c o n c e n t r a t e n i t r i c 
a c i d e x t r a c t e d 100% l e a d , copper and z i n c from one s o i l type s t u d i e d , 
w h i l s t B r a d l e y (60) used the same procedure t o e x t r a c t 80% l e a d , 
60-80% copper and 100% z i n c from d i f f e r e n t s o i l s . 

T o t a l a r s e n i c e x t r a c t i o n by h y d r o c h l o r i c a c i d i s f a v o u r e d by many 
authors (58, 61-63) p r i o r t o h y d r i d e g e n e r a t i o n . I n t e r f e r e n c e s w i t h 
h y d r i d e f o r m a t i o n by other a c i d s have been r e p o r t e d (64, 65), but are 
c o n s i d e r e d of minor importance. In c o n t r a s t to the a c i d d i g e s t i o n 
methods d i r e c t s l u r r y a n a l y s i s has been r e p o r t e d t o be a comparable 
technique (58, 66, 6 7 ) , being both s i m p l e , cheap and r a p i d . 

1.7 S e q u e n t i a l e x t r a c t i o n methods f o r e l e m e n t a l a s s o c i a t i o n s i n s o i l s 

The p r i n c i p l e of s e q u e n t i a l s o i l a n a l y s i s was d e s c r i b e d by Jackson (68) 
as p a r t of h i s procedures f o r the d i s p e r s i o n of s o i l m i n e r a l s . V a r i o u s 
authors (28, 29, 33, 34, 46, 49, 50, 69) have used s e q u e n t i a l e x t r a c t i o n 
to q u a n t i f y elemental l e v e l s a s s o c i a t e d w i t h v a r i o u s d e f i n e d s o i l 
f r a c t i o n s or s i t e s . Exchangeable and t o t a l e x t r a c t i o n methods have 
been d i s c u s s e d p r e v i o u s l y . Organic f r a c t i o n s are r e p o r t e d to be 
e x t r a c t e d f u l l y by hydrogen pe r o x i d e (29, 49, 50, 7 0 ) , and pyrophosphate 
(34, 46, 70) methods. The r o l e p l a y e d by i r o n and manganese o x i d e s as 
scavengers of heavy metals has l e d t o v a r i o u s e x t r a c t i o n techniques 
s p e c i f i c f o r these oxides (28, 33, 71-73). Hydrous o x i d e s of i r o n and 
manganese are u b i q u i t o u s i n s o i l s as c o a t i n g s on o t h e r m a t e r i a l s and as 
c o l l o i d a l p a r t i c l e s , and t h e i r s t r o n g chemical i n f l u e n c e as scavengers 
i s f a r out of p r o p o r t i o n t o t h e i r c o n c e n t r a t i o n ( 3 3 ) . Table 1.3 shows 
t y p i c a l methods used i n f r a c t i o n i n g i r o n and manganese forms. None of 
these m.ethods are r e p o r t e d t o remove p y r i t e or o t h e r s u l p h i d e m i n e r a l 
forms ( 7 2 ) . Comparative s t u d i e s i n d i c a t e o x a l a t e e x t r a c t i o n s are 
s i m i l a r t o the 0.25M hydroxylamine h y d r o c h l o r i d e method ( 3 3 ) , f o r the 
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Table 1.3 

E x t r a c t i o n reagents used f o r s p e c i f i c i r o n and manganese e x t r a c t i o n s 

Mn oxides O.IM hydroxylamine h y d r o c h l o r i d e 
O.IM hydroxylamine h y d r o c h l o r i d e i n O.OIM n i t r i c a c i d 

39, 45, 46, 50 

43 

Fe and Mn oxides O.IM hydroxylamine h y d r o c h l o r i d e and a c e t i c a c i d 34 

I Amorphous Fe oxides 

I 

C r y s t a l i n e Fe 

0.25M hydroxylamine h y d r o c h l o r i d e 
Ammonium oxa l a t e 

Sodium d i t h i o n i t e 
Sodium d i t h i o n i t e ( C i t r a t e B u f f e r ) 
C i t r a t e - d i t h i o n i t e - bicarbonate 

43, 49, 57 
28, 43, 57, 68, 75 

29, 33, 73 
43 
28 

Free Fe 5% sodium h y d r o s u l p h i t e i n 0.15M sodium c i t r a t e 
0.05M calcium c h l o r i d e 

68, 72 
71 



d e t e r m i n a t i o n of amorphous i r o n o x i d e s . The r e s u l t s of these 
e x t r a c t i o n methods may f i n d use i n i n d i c a t i n g metal anomalies t h a t 
are not r e l a t e d to m i n e r a l i z a t i o n , but are caused by e i t h e r the 
scavenging a c t i o n of i r o n and manganese o x i d e s or the anthropogenic 
i n p u t s of elements i n t h e i r o x i d e forms. 

1.8 S i t e s a s s o c i a t e d w i t h a r s e n i c , copper and l e a d i n s o i l s 

A r s e n i c , copper and l e a d i n the s o i l occurs e i t h e r n a t u r a l l y through 
weathering of rock e f f e c t e d by m i n e r a l i z a t i o n or by anthropogenic 
i n p u t s ( 6 , 80). The demand f o r a r s e n i c a l p e s t i c i d e s n o t a b l y 
monomethylarsonic a c i d (MMAA) and d i m e t h y l a r s i n i c a c i d (DMAA) has 
r e s u l t e d i n s i g n i f i c a n t accumulations of a r s e n i c i n some s o i l s (81-88). 
The predominant mechanism f o r a r s e n i c r e t e n t i o n or f i x a t i o n i n s o i l s 
(> 90%) i s s o r p t i o n a s s o c i a t e d w i t h c l a y s (77, 89), and/or s e q u i o x i d e s 
(28, 41, 90) (Table 1.4). The a d d i t i o n of phosphorous to s o i l s has 
been shown to ( i ) have no e f f e c t on a r s e n i c s o r p t i o n ( 9 1 ) , ( i i ) cause 
enhancement ( 9 2 ) , or ( i i i ) produce s u p p r e s s i o n (93, 94). The mechanisms 
by which these v a r i o u s e f f e c t s on s o l u b i l i t y of a r s e n i c l e v e l s may 
occur do not appear t o have been e x p l a i n e d s a t i s f a c t o r i l y . Copper i s 
adsorbed by manganese oxides (29, 5 4 ) , i r o n o x i d e s (95, 9 6 ) , o r g a n i c 
matter (29, 97), and c l a y m i n e r a l s (98, 99). McLaren and Crawford (29) 
have shown s o r p t i o n onto s o i l c o n s t i t u e n t s f o l l o w s the o r d e r , manganese 
oxides > o r g a n i c matter > i r o n oxides > c l a y m i n e r a l s . Accumulation 
of copper i n upper o r g a n i c h o r i z o n s of s o i l p r o f i l e s i s s i g n i f i c a n t 
where s u r f a c e humus has developed (100, 101). The h i g h e s t c o n c e n t r a t i o n s 
of l e a d i n the s o i l p r o f i l e s g e n e r a l l y occur i n the s u r f a c e h o r i z o n s 
(11, 102-104), probably due t o b i o l o g i c a l c y c l i n g and/or atmospheric 
f a l l o u t (105). Dust from mine s p o i l t i p s has been shown to contaminate 
surface s o i l s ( 9 , 11, 106, 107). A d s o r p t i o n of l e a d onto manganese 
and i r o n oxides (108, 109), and enrichment i n the s o i l c l a y f r a c t i o n 
(71, 109-111) have been r e p o r t e d . The r o l e of o r g a n i c matter i s 
considered t o be the p r i n c i p a l mechanism i n l e a d f i x a t i o n i n s o i l s 
(71, 111) due to the h i g h s t a b i l i t y constant of the Pb̂ "'' i o n w i t h 
c h e l a t i n g groups (112). I n v e s t i g a t i o n i n t o the a s s o c i a t i o n of l e a d 
w i t h humic (113) and f u l v i c a c i d s (114-119) have confirmed the 
s t a b i l i t y of these complexes which are pH and i o n i c s t r e n g t h dependent 
(113). 
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Table 1.4 

C o r r e l a t i o n of the s t a b i l i t y p a r t i t i o n c o e f f i c i e n t s of a r s e n i c 
onto v a r i o u s sediments and s o i l s (90) 

KS 

1 X 10-

1 X 10^ 

1 X 10-

1 X 102 

1 X 10^ 

1 X 10^ 

A r s e n i t e 

F e r r i c Oxide 

A c t i v a t e d Alumina 
A c t i v a t e d Bauxite 

I l l i t e 

Dodecanethiol-Sand Mixture 

M o n t m o r i l l o n i t e 

K a o l o n i t e 

Mason Sand 

Arsenate 

A c t i v a t e d Alumina 

F e r r i c Oxide 
Aluminum Oxide 

A c t i v a t e d Carbon 
Octadecylamine-Sand Mixture 

K a o l i n i t e (ph5-7) 
I l l i t e (pH5-9) 
M o n t m o r i l l o n i t e (pH5-9) 

Monomethylarsonic a c i d 

F e r r i c Oxide 

Octadecylamine-Sand Mixture 

A c t i v a t e d Carbon Sand-Red Clay Mixture 
Red R i v e r C l a y ; M i s s i s s i p p i Clay 
I l l i t e ; West Baton Rouge S o i l 

A l e x a n d r i a Sand; M o n t m o r i l l o n i t e ; 
K a o l i n i t e ; Thompson Creek Sand; Fine Sand 

K a o l i n i t e (pH9) 

No s o r p t i o n observed 

S t e a r i c Acid-Sand Mixture 
Octadecylamine-Sand Mixture 

No s o r p t i o n observed 

Mason Sand 
S t e a r i c Acid-Sand Mixture 
Dodecanethiol-Sand Mixture 

No s o r p t i o n observed 

S t e a r i c Acid-Sand Mixture 
Dodecanethiol-Sand Mixture 

Ks = s t a b i l i t y p a r t i t i o n c o e f f i c i e n t 



1.9 Organo-complexes of a r s e n i c i n s o i l s o l u t i o n s and aqueous systems 

The s p e c i a t i o n of t r a c e elements i n n a t u r a l waters i s important i n 
the processes of d i s s o l u t i o n , accumulation and t h e i r r e t e n t i o n i n the 
aqueous phase, thus e f f e c t i n g the o v e r a l l m o b i l i t y and a v a i l a b i l i t y 
of such elements t o f l o r a and fauna (120-122). 

The chemical s p e c i e s of a r s e n i c present i n aqueous media depend on 
p h y s i c a l and chemical c h a r a c t e r i s t i c s of the s o i l , and s o i l w a t e r , 
e.g. pH, Eh, d i s s o l v e d oxygen, o r g a n i c s and phosphorus c o n c e n t r a t i o n s , 
c l a y and s e s q u i o x i d e abundance. F i g . 1.7 shows an Eh-pH diagram f o r 
a r s e n i c (123). Under a e r o b i c c o n d i t i o n s arsenate ( A s ( V ) ) p r e v a i l s , 
whereas under anaerobic c o n d i t i o n s the predominant aqueous s p e c i e s i s 
a r s e n i t e ( A s ( I I I ) ) . Bohn (124) suggests t h a t the boundaries g i v e n i n 
the diagram are l e s s r i g i d than i l l u s t r a t e d due to k i n e t i c hinderance 
r e s u l t i n g from m a t r i x e f f e c t s ( i . e . o r g a n i c s , phosphorus, e t c . ) , thus 
a r s e n a t e , once i t has formed, occupies a l a r g e r area than t h a t shown. 
P o r t e r and Peterson (18) i n d i c a t e t h a t arsenate predominates i n s o i l 
water e x t r a c t s w i t h a r s e n i t e r e p r e s e n t i n g u s u a l l y l e s s than 10%. 

The b i o m e t h y l a t i o n of i n o r g a n i c a r s e n i c a l s and the r e d u c t i o n of a l k y l 
a r s e n i c a l s by s o i l microorganisms t o form v o l a t i l e a l k y l a r s i n e s are 
r e p o r t e d (41, 125-129) ( F i g . 1.8). The r e l e a s e of a l k y l a r s i n e s from 
s o i l s by v o l a t i l i z a t i o n i s r e p o r t e d by H i l t b o l d (130) t o be 40-60%, 
whereas a more c o n s e r v a t i v e estimate of 17-35% i s g i v e n by Sandberg and 
A l l e n (131). The m i c r o b i a l a c t i v i t y i n s o i l s have been demonstrated 
to be of s i g n i f i c a n c e i n the m e t h y l a t i o n and thus removal of a r s e n i c 
from the s o i l system (131-133). A d d i t i o n a l l o s s e s from s u r f a c e s o i l s 
by l e a c h i n g of i n o r g a n i c and o r g a n i c a r s e n i c a l s i n t o ground and s u r f a c e 
waters i s most marked f o r sandy s o i l s (74, 134). The r e l a t i v e 
s o l u b i l i t i e s of the s p e c i e s w i l l e f f e c t the l e a c h i n g process w i t h the 
s u l p h i d e s being more r e s i s t a n t than the oxide forms (135), however, 
Tammer (136) r e p o r t s the weathering o f s u l p h i d e s to the oxide forms 
may occur. 

The s e p a r a t i o n of i n o r g a n i c ( a r s e n a t e , a r s e n i t e ) and methylated 
d e r i v a t i v e s (monomethylarsonic a c i d , d i m e t h y l a r s i n i c a c i d and 
t r i m e t h y l a r s i n e o x i d e ) are w e l l r e p o r t e d i n the l i t e r a t u r e . The 
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F i g . 1.7 
Eh-pH diagram f o r a r s e n i c a t 250c and 1 atmosphere (123) 
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F i g . 1.8 
Proposed m i c r o b i o l o g i c a l c y c l e of a r s e n i c (129) 

OH 
I 

HQ — As — OH 
II 
0 

ar senate 

2e CH3 

b a c t e r i a 

As — OH 
II 
0 b a c t e r i a 

^ HO — As — OH 
II 
0 

a r s e n i t e methyl a r s o n i c d imethy l a r s i n i c 
a c i i d ( M M A A ) a c i d 

l y i a r s i n 
(DMAA) 

SOIL 
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techniques d e s c r i b e d i n c l u d e s e l e c t i v e r e d u c t i o n (76, 137, 138), c a t i o n 
(37, 38, 85, 139-141), ani o n (88, 142, 143), and combined i o n exchange 
(144, 145), paper chromatography ( 1 4 6 ) , column chromatography ( L C ) j 
c a t i o n (102), anion (97, 102, 103), and r e v e r s e phase (147-149), 
high-performance l i q u i d chromatography (HPLC); c o l d t r a p h y d r i d e 
g e n e r a t i o n (150-153); gas chromatography (GC) (154-159), and a c i d / 
s o l v e n t e x t r a c t i o n s (144, 160-163). 

Methods of d e t e c t i o n f o r a r s e n i c have been e x t e n s i v e l y reviewed 
(164-169), these i n c l u d e g r a p h i t e f u r n a c e atomic a b s o r p t i o n 
spectrometry (GFAAS), d i r e c t and i n d i r e c t flame atomic a b s o r p t i o n 
spectrometry (FAAS), c o l o u r m e t r i c a n a l y s i s (162, 170, 171), neutron 
a c t i v a t i o n , emission spectrometry and i n d u c t i v e l y coupled plasma 
(172, 173), e l e c t r o m e t r i c methods (174-176), x - r a y procedures and 
atomic f l u o r e s c e n c e spectrometry. I n s p e c i a t i o n s t u d i e s v a r i o u s 
methods f o r c o u p l i n g s e p a r a t i o n w i t h d e t e c t i o n techniques have been 
i n v e s t i g a t e d . S e p a r a t i o n by LC/HPLC has been coupled ( i ) d i r e c t l y w i t h 
GFAAS (147, 173, 177, 178), and h y d r i d e g e n e r a t i o n (88) methods u s i n g 
i n t e r f a c e s which a l l o w continuous f l o w , and ( i i ) i n d i r e c t l y by f r a c t i o n 
c o l l e c t i o n w i t h subsequent GFAAS or h y d r i d e g e n e r a t i o n a n a l y s i s (38, 76, 
141, 170, 172, 179). Cold t r a p s e q u e n t i a l h y d r i d e g e n e r a t i o n techniques 
have been d e s c r i b e d (150-153, 168, 180), these may i n c o r p o r a t e the use 
of s i l i c a tubes suspended i n the FAAS o p t i c a l path t o i n c r e a s e e l e m e n t a l 
r e s i d e n c e time (38, 88, 174, 181). T y p i c a l d e t e c t i o n l i m i t s f o r the 
methods d e s c r i b e d above are 0.1-1 ng a r s e n i c . I n a comparative study 
by Freeman et_ al_ (182), GFAAS and hy d r i d e g e n e r a t i o n methods were 
found to g i v e s i m i l a r accuracy and p r e c i s i o n , however, i n t e r f e r e n c e s 
w i t h the h y d r i d e technique by c e r t a i n m a t r i c e s are r e p o r t e d (38, 76, 
153, 180-183), but Hinners (153) i n d i c a t e s these may be i n s i g n i f i c a n t 
w i t h c o l d t r a p methods. A n a l y s i s of s o i l samples w i t h LC (38, 141, 184) 
and HPLC (142, 147, 148, 179) s e p a r a t i o n coupled GFAAS d e t e c t i o n has 
i n d i c a t e d the presence of a r s e n a t e , monomethylarsonic a c i d (MMAA) and 
d i m e t h y l a r s i n i c a c i d (DMAA). Takanatsu e t a l (84) has r e p o r t e d t h a t 
i n a d d i t i o n to ar s e n a t e , MMAA and DMAA, two other u n i d e n t i f i e d organo-
a r s e n i c compounds, are pr e s e n t i n s o i l e x t r a c t s . 
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1.10 Organo-complexes of copper and l e a d i n s o i l s o l u t i o n s and 
aqueous systems 

To date s t u d i e s on organo-copper, - l e a d complexes i n s o i l s and 
n a t u r a l waters have been concerned w i t h humic (185-188) and f u l v i c 
a c i d s (189-191). Humic and f u l v i c a c i d s are d e r i v e d from the l e a c h a t e 
of s o i l s and decaying p l a n t s . They are u s u a l l y d e s c r i b e d as poljrmeric 
p o l y e l e c t r o l y t e s of i l l - d e f i n e d c o m p o s i t i o n (192). Humic a c i d s have 
been d i s c u s s e d e x t e n s i v e l y (193-195) and t h e i r a s s o c i a t i o n w i t h 
metals i n c l u d i n g the f o r m a t i o n of o r g a n o - m e t a l l i c complexation has 
been i n v e s t i g a t e d (196-199). F u l v i c a c i d s have been i s o l a t e d by 
v a r i o u s workers and s e m i - c h a r a c t e r i z e d (200, 201) w i t h t h e i r m o l e c u l a r 
weights e s t i m a t e d t o range from 300-2000 w i t h an average of 633 (202). 
Humic and f u l v i c a c i d complexes w i t h copper and l e a d are r e p o r t e d t o 
have h i g h s t a b i l i t y c o n s t a n t s (203), these being g r e a t e r f o r f u l v i c 
complexation (204-206). These h i g h l y s t a b l e organo complexes are 
b e l i e v e d t o r e p r e s e n t over 90% of the a v a i l a b l e copper i n s o i l systems 
(207, 208). D e t a i l e d i n f o r m a t i o n on the chemical nature of the 
compounds r e f e r r e d to as f u l v i c a c i d s has not t o date been o b t a i n e d , 
consequently l i t t l e i s known about the s t r u c t u r e of the compounds 
covered by t h i s d e f i n i t i o n (209). V a r i o u s authors (210-216) have 
shown t h a t the chemistry of d i s s o l v e d t r a c e metals i n aqueous systems 
i s s i g n i f i c a n t l y e f f e c t e d by the presence of low m o l e c u l a r weight 
(< 1000) o r g a n i c compounds. B l o o m f i e l d and Sanders (205) r e p o r t t h a t 
the s m a l l s o l u b l e m o l e c u l a r weight o r g a n i c compounds have a g r e a t e r 
h o l d i n g c a p a c i t y f o r metals w h i l s t Renhold e t a l (217) conclude t h a t 
amino a c i d s , f o r example c o p p e r - p r o l i n e complexes, are important i n 
( i ) the s o l u b i l i z a t i o n of copper i n s o i l s , and ( i i ) promote m o b i l i z a t i o n 
i n r o o t zone a r e a s , thus e f f e c t i n g p l a n t uptake (218). 

To evaluate o r g a n o - m e t a l l i c i n t e r a c t i o n s i n aqueous systems i t i s 
necessary to know ( i ) the amount of o r g a n i c matter p r e s e n t , ( i i ) the 
m o l e c u l a r and chemical nature of the d i s s o l v e d o r g a n i c compounds, and 
( i i i ) some i n d i c a t i o n o f the nature of the o r g a n o - m e t a l l i c i n t e r a c t i o n s . 
Models based on t h e o r e t i c a l and to a l e s s e x t e n t e x p e r i m e n t a l d a t a 
have been used t o determine s p e c i a t i o n i n a q u a t i c systems (219-226). 
These s t u d i e s have i n d i c a t e d t h a t s p e c i a t i o n c a l c u l a t i o n s based on 
s t a b i l i t y constant data d i f f e r s i g n i f i c a n t l y from both the c o n c e n t r a t i o n s 
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and s p e c i e s observed under environmental c o n d i t i o n s (210, 211-214, 
227-230). Such models can, however, i n d i c a t e the most l i k e l y s p e c i e s 
of copper and l e a d to be p r e s e n t (210, 229, 231). L i t t l e i s known 
about the k i n e t i c s of f o r m a t i o n of these complexes. They are r e p o r t e d 
t o be l a b i l e (211) w i t h e q u i l i b r a t i o n r a t e s between metals and f u l v i c 
a c i d s not a p p r e c i a b l y slower than f o r those of c o n v e n t i o n a l aqueous 
m i x i n g , w i t h the r e a c t i o n s being r e a d i l y r e v e r s i b l e . Pagenkopf (232) 
s t a t e s t h a t the l i f e time of a metal complex i n a hetrogeneous system 
i s c o n t r o l l e d by the r a t e of complex f o r m a t i o n , d i s s o c i a t i o n and 
exchange w i t h the s o l i d phase w i t h f i r s t order d i s s o c i a t i o n r a t e 
constants f o r copper c h e l a t e s estimated t o be approximately 2 sec"-^. 

Often t o t a l o r g a n i c carbon (TOC) v a l u e s are o b t a i n e d f o r aqueous 
systems, however, the l i m i t a t i o n s on i n f o r m a t i o n w i t h r e s p e c t t o the 
f r a c t i o n o f the TOC which occurs i n p a r t i c u l a t e form r a t h e r than i n 
the d i s s o l v e d f r a c t i o n have been i l l u s t r a t e d ( 227). Attempts to o b t a i n 
i n f o r m a t i o n on the d i s s o l v e d o r g a n i c matter (DOM), namely t h a t which 
w i l l pass through a 0.45 ;jm f i l t e r pore s i z e , and p a r t i c u l a t e o r g a n i c 
matter have been made (227, 233, 234). Physiocheraical methods have 
been used t o f r a c t i o n a t e t r a c e metal s p e c i e s i n aqueous systems i n t o 
t h e i r charge, s i z e , s t a b i l i t y o r s t r u c t i o n a l c h a r a c t e r i s t i c s , these 
have i n c l u d e d u l t r a f i l t r a t i o n (235-239) d i f f e r e n t i a l spectrophotometry 
(238), d i a l y s i s (239, 2 4 0 ) , i o n exchange (241, 242), g e l chromatography 
(45, 228, 243), s o l v e n t e x t r a c t i o n (244-246), i o n - s e l e c t i v e e l e c t r o d e s 
(ISE) (247-250), and anodic s t r i p p i n g voltammetry (ASV) (244, 251-253). 

ASV has been the most p o p u l a r technique used i n metal s p e c i a t i o n s t u d i e s 
f o r elements such as copper, l e a d , cadmium and z i n c , and has been 
e x t e n s i v e l y reviewed (244, 251-253). Problems w i t h the technique 
have been r e p o r t e d from s u r f a c e a c t i v e compounds such as humic, f u l v i c 
a c i d s and c o l l o i d s e f f e c t i n g metal a d s o r p t i o n onto the mercury 
e l e c t r o d e (254-256), and s i g n a l enhancement r e s u l t i n g from tensammetric 
waves (257, 258). I n a d d i t i o n i t i s necessary to ( i ) c o n t r o l the i o n i c 
s t r e n g t h of a sample by e i t h e r adding a b u f f e r s o l u t i o n or b u b b l i n g 
carbon d i o x i d e through i t , and ( i i ) remove d i s s o l v e d oxygen from the 
system by b u b b l i n g n i t r o g e n and/or carbon d i o x i d e through the sample. 
ASV has been u s e f u l i n o b t a i n i n g i n f o r m a t i o n on the r e l a t i v e amounts of 
l a b i l e metals present i n an aqueous sample o f t e n r e f e r r e d t o as the 
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b i o a v a i l a b l e forms (248, 259). T o t a l metal l e v e l s are obtained by-
such a system a f t e r sample treatment w i t h a c i d (260) or u l t r a v i o l e t 
i r r a d i a t i o n (245), however, d e t a i l e d i d e n t i f i c a t i o n of o r g a n i c compounds 
a s s o c i a t e d w i t h the l a b i l e metals have not been o b t a i n e d by t h i s 
technique. 

Ion exchange s e p a r a t i o n of v e r y l a b i l e , moderately l a b i l e , s l o w l y 
l a b i l e and i n e r t f r a c t i o n s have been r e p o r t e d (231). These r e l a t i v e 
ambiguous d i v i s i o n s i n d i c a t e l i t t l e of the chemical nature of the 
complexed m e t a l s , however. Gamble et al_ (241) i n d i c a t e s t h a t copper-
f u l v i c a c i d complexes are based on c a r b o x y l i c group i n t e r a c t i o n s . 

Ion s e l e c t i v e e l e c t r o d e s (ISE) have been w i d e l y used i n t i t r a t i o n 
s t u d i e s on the metal o r g a n i c complexing a b i l i t y , and f o r o b t a i n i n g 
s t a b i l i t y constant data (247-249). The complex m a t r i x e f f e c t s 
experienced w i t h environmental samples have r e s u l t e d i n v a r i o u s 
r e p o r t s of non-Nernstain responses when an ISE has been used f o r 
metal d e t e r m i n a t i o n s (261-263). 

The methods i n d i c a t e d and d i s c u s s e d above c u r r e n t l y used i n organo-
m e t a l l i c s p e c i a t i o n s t u d i e s s u f f e r from at l e a s t one of the f o l l o w i n g 
problems (a) poor s e n s i t i v i t y , (b) a d s o r p t i o n of m etal or o r g a n i c 
matter onto working s u r f a c e s , ( c ) l e n g t h y , r e p e t i t i v e procedures, 
(d) i n c l u s i o n of complexed metal i n r e s u l t s f o r uncomplexed m e t a l , 
(e) d i s r u p t i o n of e q u i l i b r i u m c o n d i t i o n s , ( f ) r e s t r i c t i o n t o o n l y a 
few metal elements, and (g) r e s t r i c t i o n on working pH o f t e n somewhat 
d i f f e r e n t from those of the raw sample. The use of r e v e r s e phase 
chromatography (264-266) f o r the s e p a r a t i o n of p o l a r d i s s o l v e d o r g a n i c 
compounds (PDOCs) suggests t h a t w i t h s u i t a b l e s p e c i f i c d e t e c t o r s 
many of the r e s t r i c t i o n s of o t h e r methods i n d i c a t e d above can be 
e l i m i n a t e d or minimized. Lee (266) r e p o r t s the s e p a r a t i o n of d i s s o l v e d 
o r g a n i c compounds i n t o v a r i o u s s i z e f r a c t i o n s and i n d i c a t e s t h a t p o l a r 
low m o l e c u l a r weight f u l v i c type compounds are s i g n i f i c a n t i n copper 
complexation. M i l l s and Quinn (264, 265) suggest t h a t 50-70% copper 
i n sea water i s a s s o c i a t e d w i t h d i s s o l v e d o r g a n i c carbon of m o l e c u l a r 
weights < 1000, and t h a t the nature of the exchange s i t e s undergo 
r a p i d c y c l i n g , i n d i c a t i n g the c o m p l e x i t y of the k i n e t i c r e a c t i o n s 
between copper and o r g a n i c b i n d i n g s i t e s . Copper a n a l y s i s i n the 
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above s i t e d work (164-166) was achieved by f r a c t i o n c o l l e c t i o n of post 
column a l i q u o t s , w i t h subsequent d e t e c t i o n by g r a p h i t e furnace atomic 
a b s o r p t i o n spectroscopy (GFAAS). The r e s u l t s o b t a i n e d from these 
s t u d i e s (264-266) suggest t h a t PDOCs are of g r e a t e r importance i n the 
complexation of l a b i l e metals than humic a c i d s i n the s o l u b l e phase 
of s o i l waters (267). T e t r a a l k y l forms of l e a d have been s t u d i e d 
u s i n g coupled GC/FAAS (178) and HPLC/GFAAS (268) t o separate and 
d e t e c t t e t r a and t r i a l k y l l e a d s p e c i e s , however, these compounds are 
r a p i d l y degraded i n the environment (167, 269). Brinckman et a l ( 1 4 9 ) . 
used HPLC/GFAAS t o separate and d e t e c t m i x t u r e s of o r g a n o - m e t a l l i c 
compounds c o n t a i n i n g h e x a p h e n y l d i l e a d . The m e t h y l a t i o n of l e a d i n 
s o i l s (270), and l e a c h i n g i n a c i d s o i l s (271) are r e p o r t e d to be 
i n s i g n i f i c a n t i n l e a d removal from the system. 

1.11 The presence of p o l a r d i s s o l v e d o r g a n i c compounds i n s o i l s 

The f i l m of c a p i l l a r y water w i t h i n s o i l aggregates and on the s u r f a c e 
of s o i l p a r t i c l e s c o n t a i n s r e l a t i v e l y h i g h c o n c e n t r a t i o n s of o r g a n i c 
a c i d s (272) a s s o c i a t e d w i t h the p r o l i f e r a t i o n of microorganisms 
around r o o t s due t o the e x u d a t i o n of s u b s t r a t e s (273-275). The 
complexation c a p a c i t y of these low m o l e c u l a r weight a c i d s i n c r e a s e s 
w i t h the presence of -OH, -NHj, and a d d i t i o n a l -COOH f u n c t i o n a l groups 
i n the order shown i n Table 1.5, thus c i t r i c > m a l i c > l a c t i c > f o r m i c 
a c i d i n coraplexation a b i l i t y . The presence of these a c i d s i n the 
r h i z o s p h e r e and l e a f l i t t e r of s o i l s (276-281) has been a s s o c i a t e d 
w i t h b a c t e r i a , f u n g i , algae and l i c h e n s , which are r e p o r t e d to r e l e a s e 
such compounds (Table 1.6). Species of p a r t i c u l a r importance are 
b a c t e r i a of the genus Pseudomonas and B a c i l l u s , and f u n g i of the genus 
A s p e r i g i l l u s and P e n i c i l l i u m (267, 282, 283). Suggestions are t h a t 
many of these a c i d s are a s s o c i a t e d w i t h the Krebs c y c l e (284) and t h a t 
o f t e n the b u i l d - u p of v a r i o u s compounds such as m a l i c a c i d occurs when 
the c y c l e i s blocked by i n h i b i t o r s such as a r s e n i c (285). P u b l i s h e d 
c o n c e n t r a t i o n s f o r these a c i d s i n s o i l pore waters are few, P u t i l i n a 
and Varentsor (286) r e p o r t c o n c e n t r a t i o n s f o r c i t r i c , o x a l i c , f o r m i c , 
l a c t i c and m a l i c a c i d s i n the range 0.01-10 mg I"-'-, whereas m.ore 
s p e c i f i c v a l u e s f o r c i t r i c 1.6-2.7 mg 1"-^, m a l i c 0.2-4.8 mg l "-"-, 
l a c t i c 1.4-5.9 mg 1"^ and f o r m i c 0.3 ;ug 1"^ are g i v e n by Bonneau 
and Souchier (287) and Robert and Rozzague-Karimi (288). 
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Table 1.5 , 

C a r b o x y l i c a c i d s 

cc-amino a c i d s 

Organic a c i d s - c l a s s i f i c a t i o n by f u n c t i o n a l groups (267) 

General formula A c i d s i n v e s t i g a t e d i n t h i s study 

-hydroxy a c i d s 

J& -hydroxy a c i d s 

oC-keto a c i d s 

D i c a r b o x y l i c a c i d s 

P o l y c a r b o x y l i c hydroxy a c i d s 

R - COOH 

^ 
R2 - C - COOH 

I 
NHo 

R - CH - COOH 
I 
OH 

R - CH - CHp - COOH 
i n 

R - C - COOH 
II 
0 

R 

^ COOH 

•^COOH 

OH 
RT - C - COOH 
^ I 

R2 - C - COOH 
R3 

Formic, a c e t i c , p r o p i o n i c , b u t y r i c , 
o l e i c , benzoic 

A s p a r t i c 

G l y c o l i c , l a c t i c , g l u c o n i c , a s c o r b i c 

S a l i c y l i c , g l u c u r o n i c , g a l a c t u r o n i c 

P y r u v i c , 2 k e t o g l u c o n i c 

O x a l i c , malonic, s u c c i n i c , g l u t a r i c , 
f u m a r i c , p h t h a l i c 

C i t r i c , m a l i c , t a r t a r i c 



Table 1.6 

Microbes r e p o r t e d t o cause b i o d e g r a d a t i o n and m e t a b o l i c products (267) 

Acid-producing microbes M e t a b o l i c product 

B a c t e r i a 
Pseudomonas f l u o r e s c e n s 
Pseudomonas aeruginosa 
Pseudomonas s t r i a t a 
Other Pseudomonas sp e c i e s 
C l o s t r i d i i o m pasteurianum 
E r w i n i a f r e u n d i i 
Achromobacter s p e c i e s 
B a c i l l u s m u c i l a g i n o u s , subsp. s i l i c e u s 
B a c i l l u s megatherium De Bary 
B a c i l l u s o l i g o n i t r o p h i l u s 
B a c i l l u s s a l i v a r i u s 
B a c i l l u s cereus 
B a c i l l u s polymyxa 
B a c i l l u s l i c h e n i f o r m i s 
B a c i l l u s c i r c u l a n 
Undefined b a c t e r i a l s p e c i e s 

2 k e t o g l u c o n i c a c i d 

2 k e t o g l u c o n i c a c i d 

l a c t i c a c i d 

( f o r m i c a c i d 
( a c e t i c a c i d 
( b u t y r i c a c i d 
( l a c t i c a c i d 

Actinomycetes 
N o c a r d i a s p e c i e s 
Other s p e c i e s 

s u c c i n i c a c i d 

Fungi 

A s p e r g i l l u s n i g e r 

A s p e r g i l l u s f l a v x i s 
A s p e r g i l l u s awamori 
Other A s p e r g i l l u s s p ecies 
P e n i c i l l i u m notatum 
P e n i c i l l i u m s i m p l i c i s s i m u m 
P e n i c i l l i u m s p e c i e s 
Schwanniomyces o c c i d e n t a l i s 

S p i c a r i a s p e c i e s 

B o t r y t i s s p e c i e s 
Cephalosporium s p e c i e s 
Trichoderma s p e c i e s 
Fusarium s p e c i e s 
Hormodendrom s p e c i e s 
Muco species 
Margarinomyces species 

( o x a l i c a c i d 
( f u m a r i c a c i d 
( c i t r i c a c i d 
( g l y c o l i c a c i d 
( g l u c o n i c a c i d 
( s u c c i n i c a c i d 

c i t r i c a c i d 
c i t r i c a c i d 

( o x a l i c a c i d 
( a c e t i c a c i d 
( f o r m i c a c i d 

c i t r i c a c i d 
c i t r i c a c i d 
c i t r i c a c i d 
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INSTRUMENTATION AND METHODS 

2.1 Atomic a b s o r p t i o n t h e o r y 

Atomic a b s o r p t i o n spectrometry (AAS) i s an a n a l y t i c a l method f o r the 
de t e r m i n a t i o n of elements based upon the a b s o r p t i o n of r a d i a t i o n by 
f r e e atoms. The s u b j e c t has been the theme o f v a r i o u s books (289-291) 
and the l i m i t a t i o n s and advantages of t h i s technique have been c l e a r l y 
d i s c u s s e d (292-295). An atom i s s a i d t o be i n the ground s t a t e when 
i t s e l e c t r o n s are a t t h e i r lowest energy l e v e l s , when energy i s 
t r a n s f e r r e d to a p o p u l a t i o n of such atoms by means of thermal o r 
e l e c t r i c a l e x c i t a t i o n , t r a n s f e r takes p l a c e by means of c o l l i s i o n 
p r o c e s s e s . The amount of energy t r a n s f e r r e d may v a r y c o n s i d e r a b l y 
from atom t o atom, r e s u l t i n g i n a number of d i f f e r e n t e x c i t a t i o n s t a t e s 
throughout the p o p u l a t i o n . The subsequent e m i s s i o n spectrum produced 
c o n t a i n s a number o f d i f f e r e n t f r e q u e n c i e s and hence a complex spectrum. 
The r e v e r s e process of a b s o r p t i o n a l s o occurs i f l i g h t of any of these 
f r e q u e n c i e s i s passed through a vapour c o n t a i n i n g s p e c i f i c atoms, 
thus the e l e c t r o m a g n e t i c r a d i a t i o n w i l l be absorbed i n performing 
the process of e x c i t a t i o n . As atomic a b s o r p t i o n corresponds t o 
t r a n s i t i o n s from low t o h i g h e r energy s t a t e s of ground s t a t e atoms, 
the degree of a b s o r p t i o n w i l l depend on the p o p u l a t i o n i n the lower 
s t a t e . When thermodynamic e q u i l i b r i u m p r e v a i l s the p o p u l a t i o n of a 
giv e n l e v e l i s determined by Boltzmann's law: 

Nm = Nn gm exp C-(Em-En)] (1) 
gn kT 

where: 
N = the number of atoms i n the ground (n) and e x c i t e d (m) 

s t a t e s w i t h e n e r g i e s En and Em 
gn and gm = the s t a t i s t i c a l weights of the ground and mth s t a t e 

atoms r e s p e c t i v e l y where g = 2m + 1 
k = the Boltzmann constant 
T = the temperature i n K e l v i n 

A low p r o p o r t i o n of atoms e x i s t s i n the f i r s t e x c i t e d s t a t e even a t 
temperatures of 3000K, i n d i c a t i n g t h a t absorbance o f r a d i a t i o n o t h e r 
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than t h a t o r i g i n a t i n g from a t r a n s i t i o n from ground s t a t e would be 
very s m a l l . A b s o r p t i o n s i n v o l v i n g the ground s t a t e are known as 
the resonance l i n e s . One of the main advantages of atomic a b s o r p t i o n 
i s t h a t the a b s o r p t i o n s p e c t r a i s r e l a t i v e l y s i m p l e , u n l i k e the 
complex s p e c t r a f o r e m i s s i o n . 

Atomic a b s o r p t i o n shows an e x p o n e n t i a l r e l a t i o n s h i p between the 
i n t e n s i t y I of t r a n s m i t t e d l i g h t and the a b s o r p t i o n path l e n g t h 1, 
s i m i l a r t o Beer-Lambert's law i n m o l e c u l a r a b s o r p t i o n s p e c t r s c o p y : 

I = I Q exp ( - k v l ) (2) 

where I Q i s the i n t e n s i t y of the i n c i d e n t l i g h t beam and k</is the 
a b s o r p t i o n c o e f f i c i e n t of frequency (/. I n q u a n t i t a t i v e spectroscopy 
absorbance A i s d e f i n e d by: 

A = Log d o / I ) (3) 

Thus from Beer-Lambert's law and the absorbance eq u a t i o n we o b t a i n 
the l i n e a r r e l a t i o n s h i p (2 + 3 ) : 

A = k a l l o g g i / (4) 
= 0.4343 kcrl 

The v a l i d i t y of making a b s o r p t i o n measurements depends on the 
r e l a t i o n s h i p between a b s o r p t i o n and the c o n c e n t r a t i o n of the a b s o r b i n g 
atoms. This r e l a t i o n s h i p f o l l o w s the c l a s s i c a l d i s p e r s i o n theory: 

kv d(/ = i r e ^ N<̂ f (5) 
mC 

where: 
kv = the a b s o r p t i o n c o e f f i c i e n t a t frequency u 

m = e l e c t r o n i c mass 
e = e l e c t r o n i c charge 
N = the nimiber of atoms per ml capable of absorbing energy i n the 

range V to (/ + dv 
f = the o s c i l l a t i o n s t r e n g t h , t h a t i s the e f f e c t i v e number of f r e e 

e l e c t r o n o s c i l l a t o r s per atom of s p e c i f i c element r e s p o n s i b l e 
f o r the a b s o r p t i o n e f f e c t produced by the i n c i d e n t r a d i a t i o n 
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I n p r a c t i c a l terms kv i n e q u a t i o n 5 i s the p r o p o r t i o n a l number of atoms 
per m l , t h e r e f o r e absorbance A i n e q u a t i o n 4 i s p r o p o r t i o n a l to a n a l y t e 
c o n c e n t r a t i o n . 

As atomic a b s o r p t i o n and atomic e m i s s i o n l i n e s have the same wavelength, 
the narrowness (« 0.002nm) of atomic l i n e s i s a p o s i t i v e advantage, 
as the chances of an a c c i d e n t a l o v e r l a p of an atomic a b s o r p t i o n l i n e 
of one element w i t h an atomic e m i s s i o n l i n e of another i s almost 
n e g l i g i b l e . The uniqueness of o v e r l a p s o f t e n known as the 'lock and 
key' e f f e c t s (296) i s r e s p o n s i b l e f o r the v e r y h i g h s e l e c t i v i t y 
enjoyed by atomic a b s o r p t i o n s p e c t r o s c o p y . The amount of r a d i a t i o n 
i s o l a t e d by the c o n v e n t i o n a l monochromator, and thus viewed by the 
d e t e c t o r , i s not s i g n i f i c a n t l y reduced by the v e r y narrow atomic 
a b s o r p t i o n s i g n a l , t h e r e f o r e the amount of atomic a b s o r p t i o n seen 
u s i n g a continuum source i s n e g l i g i b l e . The major disadvanatages 
of AAS when u s i n g a l i n e source such as a h o l l o w cathode lamp are 
a b s o r p t i o n from m o l e c u l a r s p e c i e s and s c a t t e r i n g of r a d i a t i o n from 
p a r t i c u l a t e s . The l a t t e r known as n o n - s p e c i f i c a b s o r p t i o n i s a 
p a r t i c u l a r problem at s h o r t e r wavelengths (< 250nm) and can l e a d t o 
p o s i t i v e e r r o r s . A second beam of continuum r a d i a t i o n t o c o r r e c t 
f o r non-atomic a b s o r p t i o n i s w i d e l y used. When u s i n g a continuum 
source (e.g. a. deuterium a r c or a hydrogen h o l l o w cathode lamp) the 
amount of atomic a b s o r p t i o n observed i s n e g l i g i b l e , but the same amount 
of n o n - s p e c i f i c a b s o r p t i o n i s seen. Thus i f the s i g n a l observed w i t h 
the continuum source i s s u b t r a c t e d from t h a t observed w i t h the l i n e 
source the e r r o r i s c o r r e c t e d f o r . Background c o r r e c t i o n i s now 
g e n e r a l l y a simultaneous, automated f e a t u r e on commercial i n s t r u m e n t s . 

2.2 E l e c t r o t h e r m a l a t o m i z a t i o n 

The t h e o r y and p r a c t i c e of e l e c t r o t h e r m a l a t o m i z a t i o n f o r AAS has 
been d i s c u s s e d i n d e t a i l by numerous authors (289-291, 297). The 
e l e c t r o t h e r m a l a t omizer i s g e n e r a l l y a s m a l l c y c l i n d r i c a l carbon 
furnace or c e l l which can be r a i s e d t o a h i g h temperature by r e s i s t i v e 
h e a t i n g . In order t o atomize sample m a t e r i a l such f u r n a c e s must be 
capable of being r a i s e d to temperatures i n excess of 2000°C f o r most 
elements, and up t o 3000OC f o r the s o - c a l l e d r e f r a c t o r y elements. 
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The g r e a t s e n s i t i v i t y of e l e c t r o t h e r m a l atomizers i n AAS a r i s e s from 
t h e i r a b i l i t y t o r e t a i n a s u b s t a n t i a l p r o p o r t i o n of the atomized 
a n a l y t e element i n the o b s e r v a t i o n zone f o r a l o n g e r p e r i o d of time 
than f o r a flame. S e n s i t i v i t y i s t h e r e f o r e i n c r e a s e d when the 
f o r m a t i o n of atoms i n the o p t i c a l path o c c u r s a t a g r e a t e r r a t e 
than t h e i r removal. This e f f e c t f o l l o w s a t y p i c a l maximum minimum 
p r o f i l e , w i t h the h i g h r a t e of atom f o r m a t i o n showing a peak, a f t e r 
which time the f o r m a t i o n of atoms drops below t h a t f o r t h e i r removal. 
At the absorbance maximum: 

i f N i s the number of atoms at time t , dN/dt i s the r a t e of change of 
the number of atoms. 

The mechanism by which f r e e atoms are produced i n such a c e l l depends 
on a number of f a c t o r s . These i n c l u d e the compounds being present i n 
the c e l l a t time of a t o m i z a t i o n , the m a t e r i a l from which the f u r n a c e 
tube i s made, the atmosphere p r e s e n t i n the c e l l , the r a t e of i n c r e a s e 
and f i n a l temperature of the c e l l . 

The f a s t e r the r a t e of h e a t i n g the h i g h e r the d e n s i t y of the atoms 
which w i l l be formed i n the t r a n s i e n t atomic c l o u d . T h i s l e a d t o 
improved a n a l y t i c a l s e n s i t i v i t y , i n a d d i t i o n , e l e c t r o t h e r m a l a t o m i z e r s 
do not s u f f e r from the poor n e b u l i z a t i o n e f f i c i e n c i e s , r a p i d d i l u t i o n 
i n the expanding flame gases and s h o r t r e s i d e n c e times of a c o n v e n t i o n a l 
flame a t o m i z a t i o n system. Improvements i n d e t e c t i o n l i m i t s w i t h 
e l e c t r o t h e r m a l atomizers over flame atomizers are i n the range 100-1000 
f o l d , w i t h d e t e c t i o n l i m i t s t y p i c a l l y 0.1-1 ng m l ' l . The power sup p l y 
c o n t r o l l i n g the furnace can be programmed so as to d r y the sample a f t e r 
i n j e c t i o n , ash a t an i n t e r m e d i a t e temperature (« 600^0) and atomize i t . 
The temperature and d u r a t i o n of each of these steps can be c o n t r o l l e d 
over a wide range. O p t i m i z i n g the o p e r a t i n g c o n d i t i o n s of the f u r n a c e 
i s e s s e n t i a l , d r y i n g must be achieved w i t h o u t problems from ' s p i t t i n g ' , 
a s h ing of any o r g a n i c matter must be complete w i t h minimal l o s s of 
v o l a t i l e a n a l y t e , and a t o m i z a t i o n temperatures which produce a r a p i d 
peak should be s e l e c t e d . The f u r n a c e should be operated w i t h background 

f o r m a t i o n removal 
(6) 
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c o r r e c t i o n as background a b s o r p t i o n caused by broad band a b s o r p t i o n 
of r a d i a t i o n by molecules and the presence of a l k a l i metals i s o f t e n 
a t the 90% l e v e l i n f u r n a c e s . 

Commercial e l e c t r o t h e r m a l a t o m i z e r s are c o n s t r u c t e d t o accept s m a l l 
10-100 yil d i s c r e t e l i q u i d samples and the h e a t i n g of such d e v i c e s i s 
t y p i c a l l y not c o n t i n u o u s . Thus when the a n a l y t i c a l f e a t u r e s of a 
furnace are r e q u i r e d w i t h a continuous f l o w system, such as the 
e l u a t e from a chromatographic system, an i n t e r f a c e capable of e l u a t e 
storage i s r e q u i r e d . 

2.3 Hydride g e n e r a t i o n 

A number of elements such as a r s e n i c are d i f f i c u l t t o analyse f o r by 
flame AAS due t o the i n t e r f e r e n c e s a t the low wavelengths of t h e i r 
primary resonance l i n e s (164-169). The g e n e r a t i o n of the v o l a t i l e 
c o v a l e n t hydride by r e a c t i o n w i t h borohydride s o l u t i o n r e p l a c e s the 
i n e f f i c i e n t n e b u l i z a t i o n of the c o n v e n t i o n a l flame a t o m i z a t i o n system 
and separates the atoms from t h e i r l i q u i d m a t r i x , thus improving the 
d e t e c t i o n l i m i t f o r most elements. A r s i n e g e n e r a t i o n w i l l vary 
a c c o r d i n g to v a l e n c e s t a t e , the +5 s t a t e g i v i n g poorer responses 
than the +3 s t a t e . P r a c t i c a l l y t h i s problem i s minimized by e n s u r i n g 
a r s e n i c i n the sample i s a l l i n the +3 s t a t e , t h i s i s u s u a l l y a c h i e v e d 
by making the sample up t o 6M H C l . The use of a narrow-bore s i l i c a 
tube mounted c o a x i a l l y w i t h the resonance beam over an a i r - a c e t y l e n e 
flame i n t o which the h y d r i d e i s f l u s h e d and decomposed, i n c r e a s e s even 
more the s e n s i t i v i t y of t h i s method by i n c r e a s i n g the r e s i d e n c e time 
of atoms i n the o p t i c a l p a t h . A t r a n s v e r s e f l o w of n i t r o g e n at the 
ends of the tube t o ensure t h a t l i b e r a t e d hydrogen does not burn i n 
the l i g h t path i s a l s o a d e s i g n f e a t u r e of t h i s method (298). I n t e r -
elemental i n t e r f e r e n c e e f f e c t s have been r e p o r t e d on the a c t u a l h y d r i d e 
f o r m a t i o n s t e p . Elements e a s i l y reduced by sodium borohydride 
(e.g. s i l v e r , g o l d , copper, n i c k e l ) g i v e r i s e t o the g r e a t e s t 
s u p p r e s s i o n s . I n t e r f e r e n c e s i n the a c t u a l atom c e l l have not been 
documented. A l t h o u g h most instruments now operate w i t h simultaneous 
background c o r r e c t i o n , t h i s i s not necessary u s i n g the narrow-bore 
s i l i c a tube method. 
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2.4 High performance l i q u i d chromatography theory 

High performance l i q u i d chromatography (HPLC) l i k e o t h e r forms of 
chromatography (299-301) i n v o l v e s the s e p a r a t i o n o f the components 
of a mixture by v i r t u e of d i f f e r e n c e s i n the e q u i l i b r i u m d i s t r i b u t i o n 
(K) of the components between two phases: 

^ _ c o n c e n t r a t i o n of component i n s t a t i o n a r y phase 
c o n c e n t r a t i o n of component i n mobile phase 

The b a s i c HPLC system c o n s i s t s of f o u r components, a pump to move 
the s o l v e n t through the system, an i n j e c t o r f o r d e p o s i t i n g the sample 
at the head of the column, a column f i l l e d w i t h a s u i t a b l e packing 
m a t e r i a l , and a d e t e c t o r or d e t e c t o r s t o v i s u a l i z e the e l u t e d components. 

I n normal and r e v e r s e phase chromatography the s e p a r a t i o n i s c a r r i e d 
out by a l i q u i d mobile phase w i t h e i t h e r a s o l i d s t a t i o n a r y phase o r 
a l i q u i d phase bonded t o a s o l i d support which r e v e r s i b l y sorbs the 
s o l u t e m o l e c u l e s . I n normal chromatography the s t a t i o n a r y phase i s 
p o l a r (e.g. s i l i c a g e l , porous g l a s s beads or a l u m i n a ) , the mobile 
phase being r e l a t i v e l y non-polar (e.g. hexane or c h l o r o f o r m ) . The 
s o l v e n t molecules i n the mobile phase compete w i t h the s o l u t e m o l e c ules 
f o r s i t e s on the s t a t i o n a r y phase or adsorbent. I n order t h a t a 
s o l u t e molecule can be adsorbed onto the s t a t i o n a r y phase a s o l v e n t 
molecule must f i r s t be d i s p l a c e d from the s u r f a c e . I f the adsorbent 
possesses a p o l a r s u r f a c e non-polar groups w i l l have l i t t l e a f f i n i t y 
f o r the s u r f a c e and w i l l not d i s p l a c e the s o l v e n t m o l e c u l e s , t h e r e f o r e 
they w i l l not be r e t a i n e d . P o l a r f u n c t i o n a l groups or groups capable 
of hydrogen bonding w i l l have a s t r o n g a f f i n i t y f o r the su r f a c e and 
w i l l be s t r o n g l y r e t a i n e d . I n r e v e r s e phase chromatography the 
s t a t i o n a r y phase i s non-polar (e.g. o c t a d e c y l s i l a n e C18 coated polymer 
beads) and a p o l a r mobile phase (e.g. w a t e r , e t h a n o l , d i l u t e a c i d ) 
would be used. The s e p a r a t i o n i s based on a l i q u i d - l i q u i d p a r t i t i o n 
and depends on the comparative s o l u b i l i t y of the sample molecules i n 
the s o l v e n t and i n the l i q u i d c o a t i n g on the s o l i d support. Thus non-
p o l a r compounds are r e t a i n e d more s t r o n g l y than those w i t h p o l a r 
c h a r a c t e r i s t i c s . 
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Ion exchange i n v o l v e s the s u b s t i t u t i o n of one i o n i c s p e c i e s f o r 
another. The s t a t i o n a r y phase c o n s i s t s of a r i g i d m a t r i x , the s u r f a c e 
of which c a r r i e s e i t h e r a ne g a t i v e charge ( c a t i o n exchange) o r a 
p o s i t i v e charge (a n i o n exchange). For example i n anion exchange the 
p o s i t i v e i o n exchange s i t e s w i l l a t t r a c t and h o l d n e g a t i v e counter 
i o n s (Y~) and sample anions (X~) may exchange w i t h these c o u n t e r - i o n s 
( Y ~ ) . The complementary process occurs f o r c a t i o n exchange 
chromatography. Ion exchangers can be f u r t h e r d i v i d e d i n t o weak 
or s t r o n g , anion or c a t i o n exchangers a c c o r d i n g t o the nature of 
the f u n c t i o n a l groups i n the r e s i n . C a r b o x y l i c a c i d (-COOH) f u n c t i o n a l 
groups and t e r t i a r y amine (-CH2N'*HMe2 OH) groups are used f o r weak a c i d 
and weak base a n i o n exchangers r e s p e c t i v e l y , w h i l s t s t r o n g c a t i o n 
exchanges would c o n t a i n s u l p h o n i c a c i d ( - S O 3 H ) groups f o r an a c i d i c type 
exchanger, or tetra-alkylammonium ( -CH2NMe2 CI) groups f o r a s t r o n g 
b a s i c type exchanger. 

M i g r a t i o n of component molecules may be assumed t o occur o n l y when 
the molecules are i n the mobile phase. The r a t e o f m i g r a t i o n of a 
component i s i n v e r s e l y p r o p o r t i o n a l t o i t s d i s t r i b u t i o n c o e f f i c i e n t . 
For example components w i t h a h i g h d i s t r i b u t i o n c o e f f i c i e n t i n the 
s t a t i o n a r y phase w i l l move more s l o w l y through, or be r e t a i n e d by the 
column, and hence be separated from the components w i t h a lower 
d i s t r i b u t i o n c o e f f i c i e n t i n the s t a t i o n a r y phase. Without t h i s 
d i f f e r e n c e i n d i s t r i b u t i o n and by i n f e r e n c e a d i f f e r e n t i a l r a t e of 
m i g r a t i o n , no s e p a r a t i o n can be achieved, thus bands of separated 
components move through the column a t r a t e s l e s s than the mobile phase 
v e l o c i t y . The r a t i o of the two v e l o c i t i e s i s known as the r e t a r d a t i o n 
f a c t o r ( R): 

R = r a t e of movement of the sample band (8) 
r a t e of movement of the mobile phase 

and i s r e l a t e d t o the e q u i l i b r i u m d i s t r i b u t i o n c o e f f i c i e n t . The time 
of e l u t i o n of the peak maximum i s c a l l e d the r e t e n t i o n t i m e , t h i s 
being a f u n c t i o n of the mobile phase v e l o c i t y . The volume of mobile 
phase r e q u i r e d t o e l u t e a component from the column, the r e t e n t i o n 
volume (Vjj), i s g i v e n by: 
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V R = F X tR (9) 

where F i s the volume f l o w r a t e of the mobile phase and t j ^ i s the 
r e t e n t i o n time. 

Column e f f i c i e n c y or number of t h e o r e t i c a l p l a t e s (N) of a chromato
g r a p h i c system may be d e f i n e d from a s i n g l e chromatographic band o r 
peak: 

where t ^ i s the r e t e n t i o n time and w i s the peak w i d t h a t the base 
l i n e measured i n u n i t s of ti m e . Often comparative column e f f i c i e n c i e s 
are expressed as the h e i g h t e q u i v a l e n t t o a t h e o r e t i c a l p l a t e o r p l a t e 
v a l u e H: 

where L i s the l e n g t h of the column and H measures the e f f i c i e n c y of 
the column per u n i t l e n g t h , s m a l l H v a l u e s i n d i c a t e s more e f f i c i e n t 
columns. V a r i o u s components c o n t r i b u t e t o the o v e r a l l t h e o r e t i c a l 
p l a t e d e t e r m i n a t i o n s , these a r e : 
(a) L o n g i t u d i n a l d i f f u s i o n - t h i s i s an e f f e c t o f column p a c k i n g , 

where d i f f u s i o n of a compound i s r e s t r i c t e d p h y s i c a l l y by the 
column pac k i n g m a t e r i a l . 

(b) S t a t i o n a r y phase mass t r a n s f e r - t h i s i s analogous to r e t e n t i o n 
on an a d s o r p t i v e s u r f a c e , i n t h a t a c e r t a i n average time i s 
r e q u i r e d to adsorb and desorb the molecule. 

(c) Mobile phase - ( i ) a moving f l o w of f l u i d through a packed 
bed undergoes eddy d i f f u s i o n and l a t e r a l mass t r a n s p o r t by 
d i f f u s i o n / c o n v e c t i o n , and ( i i ) where the mobile phase i s 
trapped i n porous s p h e r i c a l p a r t i c a l s and becomes s t a t i o n a r y . 

The s o l v e n t e f f i c i e n c y i s q u a n t i f i e d i n the terms of r e l a t i v e r e t e n t i o n 
(oc) f o r a two component system: 

N = 16(tR/w)2 (10) 

H = L/N (11) 

R2 - ^2 (12) 
t R l ^1 

- 34 -



where t ^ j ^ and t-^ are the r e t e n t i o n times of two compounds 1 and 2 f o r 
which t h e i r e q u i l i b r i u m constant i s g i v e n as and K2 r e s p e c t i v e l y . 

The r e l a t i o n s h i p t o the e q u i l i b r i u m c o n s t a n t s K-^ and K2 i n d i c a t e s the 
thermodynamic nature of the system which can be more fundamentally 
shown as: 

A ( A G ® ) = -RT Incc (13) 

where A ( A G ®) i s the d i f f e r e n c e i n f r e e e n e r g i e s of d i s t r i b u t i o n 
of the two components. 

The a b i l i t y f o r p a r t i c u l a r s t a t i o n a r y and mobile phases t o produce a 
s e p a r a t i o n or r e s o l u t i o n i s u l t i m a t e l y a f u n c t i o n of the thermodynamics 
and k i n e t i c s of the system. The degree of r e s o l u t i o n r e q u i r e d w i l l be 
determined t o some exten t by the nature of the chromatographic a n a l y s i s 
performed. 

2.5 HPLC/GFAAS i n t e r f a c e 

F i g s . 2.1 and 2.2 show the schematic r e p r e s e n t a t i o n s of the i n t e r f a c e as 
used f o r copper, l e a d ( F i g . 2.1) and a r s e n i c ( F i g . 2.2) d e t e r m i n a t i o n s . 
The HPLC system c o n s i s t s of a Waters 6000A s o l v e n t d e l i v e r y system, 
e i t h e r a Waters U6K or a Rheodyne 7125 i n j e c t i o n v a l v e f i t t e d w i t h 
1000 ^1 sample l o o p s , attached t o a p p r o p r i a t e columns. When r e q u i r e d a 
Pye-Unicam LC u l t r a - v i o l e t spectrophotometer was used. The column 
e l u a t e was then i n j e c t e d i n t o an I n s t r u m e n t a t i o n L a b o r a t o r i e s IL151 
Atomic A b s o r p t i o n Spectrophotometer. The IL555 furnace was m o d i f i e d 
so that an i n j e c t o r ( F i g . 2.3) c o u l d be f i x e d t o the f a c e p l a t e and 
a l i g n e d w i t h the c u v e t t e sample i n j e c t i o n opening. I n a d d i t i o n the 
v e r t i c a l access p o r t was r e p l a c e d by a b o r o s i l i c a t e g l a s s tube, which 
allowed n i t r o g e n t o be blown i n t o the chamber v i a a s t a i n l e s s s t e e l 
lance to speed up c o o l i n g . The i n c r e a s e d gas f l o w reduced the c o o l i n g 
time to about 20 seconds. 

The i n t e r f a c e c o n s i s t s of two A l t e x (4 way) s l i d e i n j e c t i o n v a l v e s 
w i t h pneumatic a c t u a t o r s . The sample (76.6 j u l ) and co-analyte (5 ;J1) 
loops were of 0.8mm I.D. T e f l o n Tubing cut t o a p p r o p r i a t e l e n g t h s . 
A l l other i n t e r - c o n n e c t i n g t u b i n g was of 0.33mm I.D. T e f l o n . I n the 
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F i g . 2.1 

Schematic diagram of HPLC/GFAAS inter£ace system f o r a n a l y s i s of copper 
and l e a d 
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F i g . 2.2 

Schematic diagram of HPLC/GFAAS i n t e r f a c e system f o r a n a l y s i s of a r s e n i c 
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F i g . 2.3 

IL 555 Flameless atomizer 
with auto-Injector (302) 
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case of a r s e n i c , d e l i v e r y of the c o - a n a l y t e and the sample was by 
n i t r o g e n pressure through a l / l 6 t h i n c h OD 316 s t a i n l e s s s t e e l tube 
a c t i v a t e d by a s o l e n o i d , the c o - a n a l y t e , by f o l l o w i n g the sample 
through the system i n t o the c u v e t t e , reduced the p o s s i b i l i t y of 
i n t e r - s a m p l e c o n t a m i n a t i o n . When d e t e r m i n a t i o n s were c a r r i e d out 
f o r copper and l e a d the c o - a n a l y t e loop remained empty. 

In the f i r s t i n s t a n c e the i n t e r f a c e was c o n t r o l l e d by an Ohio 
S c i e n t i f i c Super Board I I computer. This computer c o n t r o l l e d a l l 
aspects of the i n t e r f a c e and d a t a a c q u i s i t i o n . The computer was 
m o d i f i e d by the a d d i t i o n of two i n p u t and two output p o r t s . 

A l l e x t e r n a l f u n c t i o n s of the i n t e r f a c e were c o n t r o l l e d by the o u t p u t 
p o r t s v i a 24 v o l t r e l a y s . The e x t e r n a l f u n c t i o n s c o n t r o l l e d by the 
computer were: 

1) I n j e c t i o n of sample 
2) C o n t r o l of sampling v a l v e s 
3) A c t i v a t i o n of the atomic a b s o r p t i o n spectrometer 
4) C o n t r o l of c a s s e t t e r e c o r d e r f o r data storage 
5) R e s e t t i n g of the spectrometer and a c t i v a t i n g the N2 c o o l i n g v a l v e 
6) Operation of o n - l i n e p r i n t e r (Trend 800) 

I n t e r n a l f u n c t i o n s of the computer c o n t r o l l e d by the output p o r t s 
were c o n t r o l l e d d i r e c t l y through semiconductor b u f f e r s . The i n t e r n a l 
f u n c t i o n s were: 

1) S t a r t i n g analog t o d i g i t a l c o n v e r t e r (A/D) 
2) S e l e c t i o n of the analog i n p u t 

The two i n p u t p o r t s were used t o accept data from the A/D c o n v e r t e r 
and s t a t u s l i n e s . The A/D c o n v e r t e r a l l o w e d the d e t e r m i n a t i o n of peak 
area from atomic a b s o r p t i o n s i g n a l and the d e t e r m i n a t i o n of furnace 
temperature. The s t a t u s l i n e s were used to i n f o r m the computer of 
the f o l l o w i n g : 

1) Whether the f u r n a c e door was open and ready f o r next i n j e c t i o n 
c y c l e 
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2) When the a t o m i z a t i o n of the sample was about to occur so data 
a c q u i s i t i o n might b e g i n . 

The outputs from the UV d e t e c t o r and from the GFAAS were a l s o 
recorded on c h a r t r e c o r d e r s a t t a c h e d t o the r e s p e c t i v e systems. I t 
was thought t h a t because the computer was manufactured to be 
compatable w i t h the USA 60 Hz s u p p l y , t h i s must be the reason why 
i t was prone t o cut out when operated on the 5 0 Hz U.K. power s u p p l y . 
Thus the Ohio computer was r e p l a c e d w i t h an e l e c t r o n i c c o n t r o l system 
capable of performing the a n a l y s i s sequence o u t l i n e d p r e v i o u s l y , 
without however the data a c q u i s i t i o n f a c i l i t y . The r e s u l t s o b t a i n e d 
were recorded on standard c h a r t r e c o r d e r s and measurements of peak 
he i g h t were taken. 

Blowing the sample i n t o the hot c u v e t t e has a number of advantages, 
namely: 
(a) a l a r g e r volume o f sample can be accommodated by the cuve t t e as 

v a p o u r i s a t i o n of s o l v e n t occurs almost immediately, thus 
i n c r e a s i n g the e f f e c t i v e s e n s i t i v i t y ; 

(b) the a n a l y s i s sequence time f o r any one d e t e r m i n a t i o n i s 
reduced both by s h o r t e n i n g the d r y i n g time and d e c r e a s i n g 
the c o o l i n g range. These e f f e c t s p l u s the i n c r e a s e d r a t e of 
c o o l i n g achieved by i n t r o d u c t i o n of e x t r a n i t r o g e n c o o l a n t 
gas reduces the t o t a l c y c l e time from over three minutes to 
approximately 50 seconds; 

(c) s e n s i t i v i t y , as shown i n F i g . 2.4, passes through a maximum 
w i t h i n j e c t i o n temperatures between 100 and 150°C f o r a r s e n i c 
( I I I ) c h l o r i d e , 175-225°C f o r l e a d ( I I ) n i t r a t e , and 200 - 2 5 0 O C 

f o r copper ( I I ) n i t r a t e , a l l other instrument v a r i a b l e s being 
h e l d c o n s t a n t . 

The sample was i n t r o d u c e d i n t o the cuv e t t e a t 125°C t 10°C f o r a r s e n i c , 
and 180OC t 10°C f o r copper and l e a d . A l o s s of approximately 5% of 
the s i g n a l when u s i n g these temperatures was c o n s i d e r e d acceptable as 
the shape of the o p t i m i z a t i o n graphs a t the maximum p o i n t suggest a 
r a p i d l o s s i n s e n s i t i v i t y a t temperatures g r e a t e r than the maximum 
p o i n t . 
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F i g . 2.4 

Temperature i n j e c t i o n o p t i m i z a t i o n graphs f o r a r s e n i c copper and l e a d 
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C a l i b r a t i o n curves f o r a r s e n i c , copper and l e a d are shown i n F i g s . 2.5, 
2.6 and 2.7. T y p i c a l l i n e a r working ranges were 10 ng, 60 ng and 20 ng 
w i t h d e t e c t i o n l i m i t s of 0.5 jug 1"^, 0.4 ;ig 1"^ and 0.6 jug 1"^ f o r 
a r s e n i c , copper and l e a d r e s p e c t i v e l y , the d e t e c t i o n l i m i t s being 
based on two standard d e v i a t i o n s f o r t e n r e p l i c a t e d e t e r m i n a t i o n s . 
The blanks and standard a r s e n i c , copper and l e a d s o l u t i o n s were f e d 
t o the i n t e r f a c e sample l o o p by a p e r i s t a l t i c pump, r a t h e r than through 
a HPLC system. The programmes used, i n c l u d i n g manual c o n d i t i o n s used 
i n e a r l y development work, are g i v e n i n Table 2.1. 

2.6 HPLC/FAAS continuous h y d r i d e i n t e r f a c e 

F i g . 2.8 i l l u s t r a t e s the i n t e r f a c e used f o r a r s e n i c d e t e r m i n a t i o n s by 
continuous h y d r i d e g e n e r a t i o n . The HPLC system c o n s i s t s of a Waters 
6000A s o l v e n t d e l i v e r y system, and Waters U6K i n j e c t i o n v a l v e f i t t e d 
w i t h a 1000 pi sample l o o p , a t t a c h e d t o two anion exchange columns i n 
s e r i e s . A p e r i s t a l t i c pump f l o w r a t e 1.6 ml min"-'- and two b o r o s i l i c a t e 
g l a s s auto a n a l y s e r Y p i e c e s are used t o e n t r a i n the h y d r o c h l o r i c a c i d 
(6M) and borohydride s o l u t i o n ( 4 % i n O.IM sodium hydroxide s o l u t i o n ) 
i n t o the column e l u a t e f l o w 4 ml min"-'-. Reduction took place i n the 
s h o r t m i x i n g c o i l and the a r s i n e was l i b e r a t e d i n a g l a s s g a s - l i q u i d 
s e p a r a t o r , and f l u s h e d by n i t r o g e n i n t o a heated q u a r t z tube ( F i g . 2.8). 
D e t e c t i o n of a r s e n i c was achieved w i t h a Pye-Unicam SP9 Spectrometer 
f i t t e d w i t h a h o l l o w cathode lamp d e t e c t i o n wavelength 193.6nm, band 
pass Inm, w i t h background c o r r e c t i o n mode on. Peak h e i g h t and a r e a 
v a l u e s were c o l l e c t e d u s i n g a c h a r t r e c o r d e r and a Hewlett Packard 
r e p o r t i n g i n t e g r a t o r . 

O p t i m i z a t i o n s u s i n g the u n i v a r i a t e technique (303) were c a r r i e d out 
f o r ( i ) the h y d r o c h l o r i c a c i d and borohydride c o n c e n t r a t i o n s 
( F i g . 2.9, 2.10), ( i i ) the f l o w s of a u x i l i a r y and f e e d n i t r o g e n gas 
( F i g . 2.11). C o n c e n t r a t i o n s of 6M h y d r o c h l o r i c a c i d and 4% borohydride 
were s e l e c t e d as they g i v e s i m i l a r peak h e i g h t s f o r a c c e p t a b l e l o s s e s 
i n s e n s i t i v i t y f o r a l l f o u r a r s e n i c s p e c i e s , and i n a d d i t i o n assured 
complete r e d u c t i o n f o r a wide range of a r s e n i c c o n c e n t r a t i o n s . A 
n i t r o g e n f e e d f l o w of 0.3 1min~-'- and an a u x i l i a r y f l o w of 15 1 min"-'-
were adopted as at these r a t e s a reasonable s i g n a l was obtained w i t h 
p r o t e c t i o n a g a i n s t sudden surges of hydrogen combusting w i t h i n the 
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F i g . 2.5 
C a l i b r a t i o n curve of peak area a g a i n s t weight of a r s e n i c standard 
w i t h 0.5% n i c k e l n i t r a t e c o - a n a l y t e 

6000 H 

peak area 
computer 

u n i t s 

4000 J 

2000—1 
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F i g . 2.6 
C a l i b r a t i o n 
standard 

curve of peak h e i g h t a g a i n s t weight of copper n i t r a t e 
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F i g . 2.7 

C a l i b r a t i o n curve of peak h e i g h t a g a i n s t weight of l e a d n i t r a t e s tandard 



Table 2.1 

Graphite furnace atomic a b s o r p t i o n spectrometer c o n d i t i o n s f o r the 

d e t e r m i n a t i o n of a r s e n i c copper and l e a d 

Element Lamp Wave l e n g t h Band pass 
nm nm 

A r s e n i c Hollow cathode 193.6 1 
Copper Hollow cathode 324.7 1 
Lead Hollow cathode 283.3 0.5 

(a) Manual i n j e c t i o n ( a r s e n i c copper and l e a d ) 

Temperature °C 75 100 350 700 1800 
Time seconds 20 25 25 25 5 

(b) I n t e r f a c e i n j e c t i o n 

A r s e n i c 

i n j e c t i o n : volume 76.6 p i + 5 >il 0.5% n i c k e l n i t r a t e , 
p ressure 16 p s i , temperature 125 t 10°C 

Temperature °C 175 270 1900 
Time seconds 10 5 5 

Copper 
i n j e c t i o n : volume 76.6 p i , p r e s s u r e 16 p s i , temperature 180 1 10°C 

Temperature °C 175 270 1900 
Time seconds 10 5 5 

Lead 
i n j e c t i o n : volume 76.6 p i , p r e s s u r e 16 p s i , temperature 180 t 10°c 

Temperature °C 175 350 700 2000 
Time seconds 10 5 5 5 
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F i g . 2.8 

Schematic diagram of HPLC/FAAS continuous f l o w i n t e r f a c e f o r the 
a n a l y s i s of a r s e n i c 
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T • M HCl • 
4 5 7 T 

F i g . 2.10 O p t i m i z a t i o n of sodiijm borohydride c o n c e n t r a t i o n 
— — — A r s e n i t e 
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F i g . 2.11 
O p t i m i z a t i o n of a u x i l i a r y and f e e d n i t r o g e n gas 
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q u a r t z tube, caused by decreases i n a r s i n e p r o d u c t i o n as a r e s u l t of 
v a r i a t i o n s i n sample c o n c e n t r a t i o n s . 

C a l i b r a t i o n curves f o r a r s e n i t e , a r s e n a t e , d i m e t h y l a r s i n i c a c i d and 
monomethylarsonic a c i d a t the o p t i m i z e d c o n d i t i o n s are shown i n 
F i g . 2.12. For a l l s p e c i e s the curves were found to be l i n e a r up t o 
80 ng of a r s e n i c , w i t h d e t e c t i o n l i m i t s of 1.2 pg 1~^ (0.12 n g ) , 
2.8 pg 1"^ (0.28 n g ) , 1.5 jug 1"! (0.15 ng) and 2.4 ;ug l'^ (0.24 ng) 
a r s e n i c f o r a r s e n i t e , d i m e t h y l a r s i n i c a c i d , monomethylarsonic a c i d 
and arsenate r e s p e c t i v e l y . Table 2.2 summarizes the optimum 
c o n d i t i o n s s e l e c t e d i n t h i s s e c t i o n of the work. 

The continuous h y d r i d e g e n e r a t i o n method was used i n p r e f e r e n c e t o 
FAAS because of i t s improved s e n s i t i v i t y and l a c k of i n t e r f e r e n c e 
problems. The r a p i d continuous f l o w a n a l y s i s o b t a i n e d by the h y d r i d e 
technique d e s c r i b e d , enabled HPLC f l o w r a t e s i n the o r der of 2-5 ml min' 
to be used, t h i s r e s u l t e d i n a more r a p i d and compatable method f o r 
i n t e r f a c i n g of the HPLC to AAS than c o u l d be o b t a i n e d by the GFAAS 
technique. 

A f u l l summary of the i n s t r u m e n t a t i o n , e l u t i o n systems, standards and 
reagents are i n c l u d e d i n Table 2.3. A n a l a r q u a l i t y chemicals and 
d e i o n i s e d d i s t i l l e d water was used throughout t h i s work. 

2.7 N i t r i c a c i d d i g e s t i o n 

One gram of a i r d r i e d s i e v e d s o i l (< 180 pm) was weighed i n t o a 
b o r o s i l i c a t e g l a s s tube and p l a c e d i n a T e c t a t o r D i g e s t i o n System 40 
w i t h a 1006 h e a t i n g u n i t and a 1008 c o n t r o l u n i t . T h i s system c o n s i s t s 
of an e l e c t r i c a l l y heated aluminium b l o c k capable of a c c e p t i n g 40 
samples. To each tube 15 ml of c oncentrated n i t r i c a c i d i s added and 
the temperature programmed to r i s e t o 145°C i n two h o u r s , i t then 
being h e l d constant f o r a f u r t h e r two hours. A f t e r d i g e s t i o n the 
contents of the tubes were f i l t e r e d through a Whatman ( Q u a l i t a t i v e 1) 
f i l t e r paper i n t o a 100 ml v o l u m e t r i c f l a s k and made up to volume. 
The hot n i t r i c a c i d d i g e s t i o n d e s c r i b e d above was found t o remove 100% 
1 2% a r s e n i c , 96% j ; 3% copper, 60% t 7% l e a d and 70% t 4% i r o n from 
c e r t i f i e d sediment samples (Table 2.4). Elements a s s o c i a t e d w i t h the 
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F i g . 2.12 
C a l i b r a t i o n curve of peak h e i g h t a g a i n s t weight of a r s e n i c standards 
on the continuous HPLC/FAAS i n t e r f a c e 
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Table 2.2 

Opera'ting c o n d i t i o n s f o r the a r s e n i c c a l i b r a t i o n curves u s i n g the 

FAAS i n t e r f a c e 

P e r i s t a l t i c Pump Rates 

Sample fe e d 2.4ml min~^ 

Sodium Borohydride (4%) 1.6ml min' 

H y d r o c h l o r i c a c i d (6M) 1.6ral min" 

Atomic A b s o r p t i o n Spectrometer C o n d i t i o n s 

L a m p : 

Band pass: 

Wave l e n g t h : 

Background c o r r e c t i o n : 

Hollow cathode (7 mV) 

Inm 

193.7nm 

ON 
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Table 2.3 

Summary of the i n s t r u m e n t a t i o n and equipment used i n t h i s work 

HPLC pumps and i n j e c t o r s 

Pumps 

Perkin-Elmer S e r i e s 2 

Waters S e r i e s 6000A s o l v e n t d e l i v e r y system 

I n j e c t o r s 

Waters U6K i n j e c t o r v a l v e 
Rheodyne 7125 i n j e c t o r v a l v e 

Samples were loaded u s i n g a SGE 100 p.1 s y r i n g e 

Columns 
H y p e r s i l o c t a d e c y l s i l a n e 5-7 jum: 
s l u r r y packed i n t o a s t a i n l e s s s t e e l Shandon 250mm x 5mm i d column 
H y p e r s i l o c t a d e c y l s i l a n e 3-5 pmi 
s l u r r y packed i n t o a s t a i n l e s s s t e e l Shandon 250mm x 5mm i d column 
Vydac 3021C46 anio n exchange 10 jum 
Perkin-Elmer 200mm x 5mm i d 
Strong a n i o n exchange BAXIO 5 pmi 
s l u r r y packed i n t o a s t a i n l e s s s t e e l Shandon 250mm x 5mm i d column 
( s u p p l i e r Benson Co. L t d . Nevada USA) 
Zipax ion-exchange 40 pm: 
s l u r r y packed i n t o a s t a i n l e s s s t e e l Shandon 100mm x 5mm i d column 
( s u p p l i e r Dupont) 
Hamilton PRP I o c t a d e c y l s i l a n e ( s t y r e n e based) 10 pm: 
s l u r r y packed i n t o a s t a i n l e s s s t e e l Shandon 100mm x 5mm i d column 

E l u e n t s 

0.02% orthophosphoric a c i d i n water 
0.002% orthophosphoric a c i d i n water 
0.0002% orthophosphoric a c i d i n water 
0.0004% orthophosphoric a c i d i n water 
0.1% f o r m i c a c i d i n water 
0.01% f o r m i c a c i d i n water 
0.02% f o r m i c a c i d i n water 
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E l u e n t s (continued) 

10~^% s u l p h u r i c a c i d i n water 
O.IM ammonium carbonate 
O.OIM ammonium formate 
O.OIM ammonium phosphate 
0.2% p r o p i o n i c a c i d i n water 
O.OIM sodium dihydrogen phosphate - O.IM disodium hydrogen phosphate 
0.05M sodium dihydrogen phosphate 
O.OIM sodium dihydrogen phosphate 
O.IM sodium sulphate 

UV d e t e c t o r s 

Perkin-Elmer LC75 w i t h scanning f a c i l i t y 
Pye LC UV 

Recorders 

Perkin-Elmer 023 
L i n s e i s LS 24 

I n t e g r a t o r 

3390A r e p o r t i n g i n t e g r a t o r Hewlett Packard 

Atomic a b s o r p t i o n spectrometers 

Pye-Unicam SP9 
Instrument L a b o r a t o r y 151 f i t t e d w i t h an instrument l a b o r a t o r y 555 
e l e c t r o t h e r m a l atomizer 
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Table 2.4 

E x t r a c t i o n e f f i c i e n c i e s of hot n i t r i c a c i d d i g e s t i o n on standard sediments 

A r s e n i c 
Pg g -1 

Copper 
US g -1 

Lead 

Pg g"-"-

I r o n 
% 

MESS-1 10.3 
10.6 
10.4 
10.4 
10.3 
10.5 

24.0 
24.0 
24.0 
25.0 
24.0 
24.0 

21.0 
20.0 
20.0 
19.0 
20.0 
20.0 

2.3 
2.3 
2.3 
2.3 
2.3 
2.3 

X 

SD 
C e r t i f i e d ' 
Recovery 

10.4 
0.11 

10.6 t 1.2 
( ?8%) 

24.1 
0.41 

25.1 1 3.8 
(96%) 

20.0 
0.63 

34.0 t 6.1 
(59%) 

2.3 
8.1 X 10-3 

3% 
(76%) 

BESS-1 11.2 18.0 10.5 2.5 
11.6 18.0 10,0 2.5 
11.4 18.0 10.0 2.5 
11.1 17.0 11,0 2.5 
11.0 18,0 11,0 2,5 
11.2 18.0 10,0 2,5 

X 11.2 17,8 10,4 2,5 
SD 0,21 0,41 0.5 8.1 x l O ' ^ 
C e r t i f i e d * 11.1 i 1.4 18.5 12.7 22,7 i 3,4 3,8% 
Recovery (101%) (96%) (46%) (66%) 

Nationa l R e s e a r c h C o u n c i l Canada Marine Sediment r e f e r e n c e m a t e r i a l s 
MESS-1 and BESS-1 
S u p p l i e d by the Marine A n a l y t i c a l Chemistry Standards Program, 
D i v i s i o n of Chemistry, N a t i o n a l Research C o u n c i l , Ottawa, Canada 
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i n e r t s i l i c a t e m a t r i x of the s o i l may not be removed by t h i s method 
( 6 9 ) , thus hot n i t r i c a c i d e x t r a c t i o n i s con s i d e r e d t o represent the 
t o t a l l e v e l s of environmental importance. 

2.8 Sodium d i t h i o n i t e e x t r a c t i o n 

H a l f a gram of a i r d r i e d s i e v e d s o i l (< 180 jam) was weighed i n t o a 
50 ml p l a s t i c c e n t r i f u g e tube, t o g e t h e r w i t h 0.5g sodium d i t h i o n i t e 
and 25 ml of c i t r a t e b u f f e r ( 7 2 ) . The cont e n t s were then shaken f o r 
30 minutes a t 50°C. A f t e r c e n t r i f u g a t i o n (3000 rpm 1000 x g, 2 minutes) 
the supernatant was t r a n s f e r r e d t o a 50 ml v o l u m e t r i c f l a s k , the 
re s i d u e being washed w i t h 10 ml of O.IM HCl by shaking f o r 10 minutes. 
The sample was once ag a i n c e n t r i f u g e d w i t h the supernatant being added 
to the v o l u m e t r i c f l a s k , which was then made up to volume. The sodium 
d i t h i o n i t e e x t r a c t i o n w i l l remove elements from s o i l s h e l d w i t h 
v a r y i n g degrees of complexation and those s p e c i f i c a l l y a s s o c i a t e d 
w i t h the hydrous oxide c o a t i n g s ( 7 3 ) , t o g i v e a measure of the s o l u b l e , 
i n o r g a n i c , o r i g i n a l l y complexed and c o - p r e c i p i t a t e d elements. Thus 
the p r o p o r t i o n of elemental l e v e l s s p e c i f i c a l l y a s s o c i a t e d w i t h 
secondary c r y s t a l l i n e p r e c i p i t a t e c o a t i n g s may be compared to those 
w i t h the r e s i d u a l i r o n e x t r a c t e d by n i t r i c a c i d . 

2.9 A c e t i c a c i d e x t r a c t i o n 

F i v e grams of a i r d r i e d s i e v e d s o i l (< 180 ym) was weighed i n t o a 
p l a s t i c b o t t l e to which 40 ml of 5% a c e t i c a c i d was added and the 
contents shaken o v e r n i g h t . The samples were then f i l t e r e d through 
a Whatman ( Q u a l i t a t i v e 1) f i l t e r paper i n t o a 50 ml volum.etric f l a s k 
and made up to the mark w i t h water. This method w i l l d i s p l a c e 
(a) water s o l u b l e i o n s , (b) io n s h e l d on c a t i o n exchange s i t e s , 
e.g. c l a y s u r f a c e s , and (c ) weakly bound i n o r g a n i c complexes ( 6 ) . 

2.10 E t h y l e n e d i a m i n e t e t r a a c e t i c a c i d (EDTA) e x t r a c t i o n 

F i v e grams of a i r d r i e d s i e v e d s o i l (< 180 pm) was weighed i n t o a 
p l a s t i c 50 ml b o t t l e w i t h 20 ml of 0.05M (pH7) EDTA and shaken f o r 
one hour. The samples were then f i l t e r e d through a Whatman 
( Q u a l i t a t i v e 1) f i l t e r paper i n t o a 25 ml v o l u m e t r i c f l a s k and made 
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up to the mark w i t h water. T h i s method w i l l d i s p l a c e (a) water 
s o l u b l e i o n s , (b) i o n s h e l d on c a t i o n exchange s i t e s , e.g. clay-
s u r f a c e s , and ( c ) s t r o n g l y bound i n o r g a n i c and o r g a n i c complexes 
(30-32). 

2.11 Water e x t r a c t i o n 

F i v e grams of a i r d r i e d s i e v e d s o i l (< 180 pm) was weighed i n t o a 
50 ml p l a s t i c c e n t r i f u g e tube, t o which 25 ml of d i s t i l l e d water 
was added. The contents were then shaken f o r one hour and then 
c e n t r i f u g e d (3000 rpm 1000 x g, 2 m i n u t e s ) , the supernatant b e i n g 
c o l l e c t e d and used f o r elemental d e t e r m i n a t i o n s . T h i s e x t r a c t i o n 
removes the water s o l u b l e component of s o i l s i n accordance w i t h t h e i r 
r e l a t i v e s o l u b i l i t i e s . 

2.12 Repeated water e x t r a c t i o n s 

One gram of a i r d r i e d s i e v e d s o i l (< 180 pm) was weighed i n t o a 
p l a s t i c 50 ml c e n t r i f u g e tube, to which 10 ml of water was added and 
shaken f o r one hour, a f t e r which time i t was c e n t r i f u g e d (3000 rpm 
1000 X £, 2 minutes) and the supernatant removed and analysed f o r 
elemental c o n c e n t r a t i o n s . A f u r t h e r 10 ml of d i s t i l l e d water was 
added to the r e s i d u e and the procedure r e p e a t e d . The repeated e x t r a c t i o n 
technique i s designed t o g i v e an i n d i c a t i o n of the p o t e n t i a l l y a v a i l a b l e 
water s o l u b l e forms of elements p r e s e n t i n s o i l s . The repeated 
removal of the s o i l water s o l u t i o n and i t s replacement by f r e s h 
d i s t i l l e d water c o u l d be considered t o approximate to the removal 
of metal ions by organisms and p l a n t r o o t systems. Thus the subsequent 
d i s s o l u t i o n of the metal ions bound to v a r i o u s s o i l components r e p r e s e n t s 
the m o b i l i z a t i o n of the elements i n t o the s o l u b l e form. 

2.13 S o i l pore water e x t r a c t i o n 

Surface s o i l samples (0-lOcm) were p l a c e d i n a 100 ml p l a s t i c 
c e n t r i f u g e tube and c e n t r i f u g e d on s i t e (3000 rpm 1000 x £, 1 minute) 
to e x t r a c t a s u i t a b l e volume of pore water 0^ 0.5 m l ) . T h i s was then 
dra-wn up i n a p l a s t i c s y r i n g e and immediately f i l t e r e d (Whatman WON 
pore s i z e 0.45 pm) u s i n g a M i l l i p o r e Swinex apparatus i n t o an a c i d 
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washed v i a l and the pH taken. Samples were s t o r e d as soon as p o s s i b l e 
a t 40c i n the d a r k , w i t h the subsequent ele m e n t a l d e t e r m i n a t i o n s made 
w i t h i n 24 hours. 
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SOIL EXTRACTION METHODS AND SPATIAL DISTRIBUTION PATTERNS 
OF COPPER LEAD AND ARSENIC IN SOILS OF THE TAMAR VALLEY 

3.1 Comparison of d i f f e r e n t e x t r a c t i o n methods f o r copper, l e a d and 
a r s e n i c from s o i l s 

S o i l pore waters were e x t r a c t e d from t h i r t e e n s o i l samples, which were 
subsequently a i r d r i e d and sub d i v i d e d t o a l l o w f i v e e x t r a c t i o n 
procedures t o be c a r r i e d out on each sample (see methods s e c t i o n ) . 
The a i r d r i e d , s i e v e d (< 180 pm) samples were rewetted w i t h d i s t i l l e d 
water and shaken f o r one hour t o enable s o l u b l e forms of copper, l e a d 
and a r s e n i c to e q u i l i b r i a t e , the water was then e x t r a c t e d as the 
supernatant a f t e r c e n t r i f u g a t i o n and the elemental c o n c e n t r a t i o n s 
determined. Four s e l e c t e d samples (R, S, I , Q) r e p r e s e n t i n g a range 
of elemental s o i l c o n c e n t r a t i o n s were r e p e a t e d l y wetted and c e n t r i f u g e d 
t o remove the water over a 24 hour p e r i o d . A t each stage the d i s t r i b u t i o n 
between the s o l i d and s o l u b l e e l e m e n t a l forms was a l l o w e d t o r e a d j u s t . 
The summation of the data f o r these e x t r a c t i o n s r e p r e s e n t s the 
p o t e n t i a l l y s o l u b i l i z o b i e a v a i l a b l e forms o f copper, l e a d and a r s e n i c , 
these v a l u e s as a percentage of the t o t a l l e v e l s e x t r a c t e d can be 
compared t o those o b t a i n e d f o r s i n g l e e x t r a c t i o n procedures and may 
i n d i c a t e the r e l a t i v e s i g n i f i c a n c e of r e a g e n t s , such as a c e t i c a c i d 
(5%) and EDTA (0.05M pH7), when used as a one time e x t r a c t a n t f o r the 
de t e r m i n a t i o n of a v a i l a b l e forms. As i n d i c a t e d i n the methods s e c t i o n 
a c e t i c a c i d e x t r a c t s weakly bound i n o r g a n i c complexed i o n s , EDTA e x t r a c t s 
s t r o n g l y bound i n o r g a n i c / o r g a n i c complexed i o n s , and sodium d i t h i o n i t e 
e x t r a c t s s t r o n g l y bound i n o r g a n i c / o r g a n i c complexed and secondary 
c r y s t a l l i n e p r e c i p i t a t e d i r o n . Hot n i t r i c a c i d e x t r a c t i o n r e p r e s e n t s 
the t o t a l e x t r a c t a b l e elemental l e v e l s o f environmental importance. 

3.2 Copper and l e a d 

Table 3.1 summerizes the data f o r copper d e t e r m i n a t i o n s obtained from 
the v a r i o u s e x t r a c t i o n s p r e v i o u s l y o u t l i n e d . The water and a c e t i c a c i d 
e x t r a c t i o n s removed t e n to one hundred times the copper l e v e l s found i n 
pore waters. EDTA e x t r a c t i o n s removed one hundred to one thousand times 
the amount of copper found i n the pore w a t e r s . The repeated water 
e x t r a c t i o n s (Table 3,2, F i g , 3,1) i n d i c a t e the removal of r e a d i l y 
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Table 3.1 

Copper c o n c e n t r a t i o n s jug g ~ l o b t a i n e d by v a r i o u s e x t r a c t i o n techniques 

Sample 
No. 

Pore 
Water Water A c e t i c 

A c i d 

E x t r a c t i o n s 

EDTA Sodium 
D i t h i o n i t e 

N i t r i c 
A c i d 

G (w) O.OA 0.3 1,2 13 20 52 

H (p) 0.05 0,2 0,6 9 19 40 

I (p) 0.07 1.5 1,9 13 35 110 

J (w) 0.05 0.7 2,9 28 42 230 

K (p) - 1.4 2.0 12 15 49 

L (w) - 0.6 4.0 20 36 87 

M (w) - 1.5 3,5 21 29 88 

N (p) 0.09 1.4 3.4 19 26 82 

0 (w) 0,05 0,9 0,8 9 32 140 

P (p) 0.05 0.8 0.9 8 30 110 

Q (P) 0,1 1,4 2.2 16 28 140 

V (p) 0.06 0.4 1.3 52 43 130 

W (w) 0,08 0,08 120 400 726 1400 

p = permanent pasture 

w = woodland 
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Table 3.2 

Copper c o n c e n t r a t i o n s uR s" "1 f o r s o i l water e x t r a c t i o n s 

[ours R (w) Q (P) S (p) I 

1 1.2 1.7 1.7 2.8 

2 0.9 1.9 2.3 2.3 

3 0.9 0.5 1.9 2.3 

4 0.7 0.5 2.0 2.5 

5 0.8 0.3 2.0 0.8 

6 0.3 0.2 0.5 0.5 

7 0.3 0.2 0.5 0.4 

8 0.2 0.1 0.4 0.3 

9 0.2 0.1 0.4 0.3 

10 0.2 0.1 0.4 0.3 

12 0.2 0.1 0.4 0.4 

14 0.2 0.1 0.4 0.4 

16 0.2 0.1 0.5 0.3 

18 0.2 0.1 0.5 0.2 

20 0.1 0.2 0.4 0.2 

22 0.1 0.1 0.4 0.2 

24 0.1 0.1 0.3 0.2 

L 6.8 6.5 15.0 14.4 

p = permanent pasture 
w = woodland 
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F i g . 3.1 

A p l o t of copper e x t r a c t e d by repeated water e x t r a c t i o n s w i t h time 

Q EDTA e x t r a c t a b l e 

2 h 6 8 10 12 14 16 18 20 22 Z4 
Hours 



s o l u b l e forms of copper. When the weights of copper e x t r a c t e d by-
a c e t i c a c i d and EDTA are superimposed on the repeated water e x t r a c t i o n 
curves ( F i g . 3.1) the a c e t i c a c i d v a l u e s r e l a t e t o the steeper 
s e c t i o n of the c u r v e s , w h i l s t the EDTA v a l u e s correspond t o the 
t a i l i n g o f f r e g i o n of the graph where t h e r e i s a d e c l i n e i n the 
a v a i l a b i l i t y of s o l u b l e forms o f copper. T h i s suggests t h a t i n the 
r e g i o n of a c e t i c a c i d e x t r a c t i o n t h ere i s a good supply of r e a d i l y 
s o l u b l e forms of copper, which i s not apparent i n the EDTA e x t r a c t i o n 
r e g i o n . The i n d i c a t i o n from these r e s u l t s i s t h a t the r e a d i l y 
s o l u b l e forms of copper r e l a t e more c l o s e l y t o those removed by the 
a c e t i c a c i d , namely weakly bound i n o r g a n i c a l l y complexed, r a t h e r 
than the s t r o n g l y bound i n o r g a n i c and o r g a n i c complexed forms removed 
by EDTA. 

The e x t r a c t i o n of copper present w i t h secondary c r y s t a l l i n e i r o n 
i n d i c a t e d by the sodium d i t h i o n i t e e x t r a c t i o n was observed to be 
up t o t w i c e the EDTA v a l u e s and approximately h a l f the n i t r i c a c i d 
c o n c e n t r a t i o n s , s u g g e s t i n g the presence of c o n s i d e r a b l e amounts o f 
i n s o l u b l e copper w i t h secondary i r o n p r e c i p i t a t e s . 

Table 3.3 sijmmarizes the data f o r l e a d d e t e r m i n a t i o n s o b t a i n e d from 
the v a r i o u s e x t r a c t i o n methods. The water and a c e t i c a c i d e x t r a c t a b l e 
l e v e l s g i v e s i m i l a r v a l u e s , both being an order of magnitude g r e a t e r 
than those f o r the pore w a t e r s . The repeated water e x t r a c t i o n s 
(Table 3.4, F i g . 3.2) i n d i c a t e a t r e n d s i m i l a r t o copper, w i t h most 
of the s o l u b l e l e a d being r e l a t e d t o the weak i n o r g a n i c type complexes. 
The sodium d i t h i o n i t e e x t r a c t i o n suggests t h a t l i t t l e l e a d i s 
a s s o c i a t e d w i t h secondary i r o n as the EDTA e x t r a c t i o n removed s i m i l a r 
c o n c e n t r a t i o n s . 

The c o n c e n t r a t i o n s of copper and l e a d e x t r a c t e d by the EDTA method a r e 
g r e a t e r than those f o r the repeated water e x t r a c t i o n s . I n the case 
of copper a c l o s e a p p r o x i m a t i o n between the two methods i s found, t h i s 
confirms t h a t EDTA e x t r a c t i o n s are a good i n d i c a t o r of r e a d i l y 
a v a i l a b l e forms of copper. I n the case of l e a d the correspondence 
between the repeated water and EDTA e x t r a c t i o n s are not so good. 
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Table 3.3 

Lead c o n c e n t r a t i o n s jgg g ~ l o b t a i n e d by v a r i o u s e x t r a c t i o n techniques 

Sample 
No. 

Pore 
Water Water A c e t i c 

A c i d 

E x t r a c t i o n s 

EDTA Sodiijm 
D i t h i o n i t e 

N i t r i c 
A c i d 

G (w) 0.04 0.2 0.1 17 22 30 

H (p) 0.04 0.2 0.1 14 21 30 

I (p) 0.1 0.3 0.2 50 47 120 

J (w) 0.04 0.2 0.1 42 34 100 

K (p) 0.02 0.1 0.1 13 23 50 

L (w) 0.02 0.3 0.5 19 24 31 

M (w) 0.03 0.2 0.2 11 35 40 

N (p) 0.06 0.2 0.3 31 25 58 

0 (w) 0.05 0.1 0.1 29 31 90 

P (P) 0.05 0.2 0.2 20 32 110 

Q (P) 0.05 0.2 0.2 12 29 91 

V (p) 0.02 0.2 0.2 13 57 120 

W (w) 0.02 4.5 5.1 83 132 240 

p = permanent pasture 

w = woodland 
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Table 3.4 

Lead c o n c e n t r a t i o n s jag g-1 f o r s o i l water e x t r a c t i o n s 

^ours R (w) Q (P) S (p) I 

1 0.4 0.4 0.7 0.5 

2 0.3 0.3 0.7 0.6 

3 0.3 0.3 0.6 0.5 

4 0.3 0.3 0.6 0.5 

5 0.2 0.3 0.7 0.4 

6 0.2 0.3 0.7 0.3 

7 0.2 0.2 0.6 0.3 

8 0.2 0.3 0.7 0.4 

9 0.1 0.3 0.7 0.3 

10 0.1 0.2 0.8 0.3 

12 0.1 0.2 0.5 0.3 

14 0.1 0.1 0.4 0.3 

16 0.1 0.1 0.4 0.3 

18 0.1 0.1 0.3 0.2 

20 0.1 0.1 0.1 0.3 

22 0.1 0.1 0.1 0.2 

24 0.1 0.1 0.1 0.2 

Z 3.0 3.7 8.7 5.9 

p = permanent pasture 
w = woodland 
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F i g . 3.2 

A p l o t of l e a d e x t r a c t e d by repeated water e x t r a c t i o n s w i t h time 

4 6 8 10 12 14 16 18 20 22 24 
Hours 



3.3 A r s e n i c 

Table 3.5 summarizes the data f o r a r s e n i c determined from the v a r i o u s 
e x t r a c t i o n methods. The va l u e s obtained f o r the pore waters c o r r e l a t e 
w e l l w i t h the v a l u e s f o r the water e x t r a c t i o n method. E x t r a c t i o n s by-
a c e t i c a c i d and EDTA gave v a l u e s comparable t o each o t h e r , being an 
order of magnitude g r e a t e r than those f o r the pore water. The re p e a t e d 
w e t t i n g of samples (Table 3.6, F i g . 3.3) i n d i c a t e d t h a t s o l u b l e 
e x t r a c t a b l e a r s e n i c i s g r e a t e r than v a l u e s o b t a i n e d by the a c e t i c 
a c i d or the EDTA e x t r a c t i o n methods. Water e x t r a c t i o n s c a r r i e d out 
on samples a f t e r a sodium d i t h i o n i t e e x t r a c t i o n d i d not c o n t a i n any 
a r s e n i c . T h i s suggests t h a t a r s e n i c a s s o c i a t e d w i t h secondary 
p r e c i p i t a t e d i r o n i s r e l a t i v e l y s o l u b l e . Thus a s i n g l e e x t r a c t i o n 
w i t h sodium d i t h i o n i t e i s a good i n d i c a t o r of p o t e n t i a l l y s o l u b l e 
l e v e l s of a r s e n i c i n s o i l s . 

3.4 S p a t i a l d i s t r i b u t i o n p a t t e r n s of copper, l e a d and a r s e n i c i n 
s o i l s of the Tamar V a l l e y 

S o i l samples were c o l l e c t e d from 128 s i t e s i n the Tamar V a l l e y 
( F i g . 3.4). The s p a t i a l d i s t r i b u t i o n of s o i l 'A' h o r i z o n data 
(0-5cm) obtained by hot n i t r i c a c i d and sodium d i t h i o n i t e f o r 
copper, l e a d and a r s e n i c are shown i n F i g s . 3.5-3.10 (data appendix A ) . 
The data f o l l o w e d a c h a r a c t e r i s t i c p o s i t i v e l y skewed lognormal d i s t r i b u t i o n 
common f o r geochemical data c o n t a i n i n g two p o p u l a t i o n s , f o r example, 
the data f o r l e a d i s shown i n F i g s . 3.11 and 3.12. The formula used 
to choose the number of i n t e r v a l s i n t o which the data was sub d i v i d e d 
i s : 

[ K ] = 10 X L o g i o N (14) 

where QK̂  = the i n t e r v a l , and N i s the number of o b s e r v a t i o n s i n the 
da t a . To o b t a i n the i n t e r v a l w i d t h the l a r g e s t n u m e r i c a l value i s 
d i v i d e d by 

The c r i t e r i a f o r the n u m e r i c a l contour c o n s t r u c t i o n ( F i g s . 3.5-3.10) 
was based upon background, t h r e s h o l d and anomalous v a l u e s . One of the 
major o b j e c t i v e s of r e g i o n a l geochemical surveys i s to e s t a b l i s h the 
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Table 3.5 

A r s e n i c c o n c e n t r a t i o n s ;ig o b t a i n e d by v a r i o u s e x t r a c t i o n t e chniques 

Sample 
No. 

Pore 
Water Water A c e t i c 

A c i d 

E x t r a c t i o n s 

EDTA Sodium 
D i t h i o n i t e 

N i t r i c 
A c i d 

G (w) 0.04 0.02 0.7 0.2 5 15 

H (p) 0.03 0.02 0.5 0.2 9 14 

I (p) 0.11 0.32 2.6 2.5 18 130 

J (w) 0.12 0.1 3.4 2.3 19 160 

K (p) 0.05 0.04 1.0 0.6 9 16 

L (w) 0.05 0.03 0.7 0.5 6 16 

M (w) 0.02 0.03 1.1 1.1 5 19 

N (p) 0.04 0.03 0.5 0.5 11 62 

0 (w) 0.04 0.08 0.7 0.9 10 90 

P (p) 0.04 0.04 0.4 0.7 11 76 

Q (P) 0.03 0.02 0.5 0.8 10 57 

V (p) 0.08 0.1 2.2 2,2 10 49 

W (w) 0.32 0.58 4.8 2.3 66 880 

p = permanent pasture 

w = woodland 



Table 3.6 

A r s e n i c c o n c e n t r a t i o n s jug g-1 f o r s o i l water e x t r a c t i o n s 

[ours R (w) Q (P) S (p) I ( 

1 0.1 0.1 1.5 1.1 

2 0.1 0.1 1.1 1.0 

3 0.1 0.1 1.6 0.7 

4 0.1 0.1 1.9 1.1 

5 0.1 0.1 1.2 0.7 

6 0.1 0.1 1.8 0.7 

7 0.1 0.1 1.6 0.7 

8 0.1 0.1 1.5 0.7 

9 0.1 0.1 1.4 0.8 

10 0.1 0.1 1.5 0.7 

12 0.1 0.1 1.1 0.6 

14 0.1 0.1 1.0 0.7 

16 • 0.1 0.1 1.1 0.5 

18 0.1 0.1 1.1 0.6 

20 0.1 0.1 1.2 0.5 

22 0.1 0.1 1.3 0.5 

24 0.1 0.1 1.1 0.6 

Z 1.7 1.7 23.0 12.2 

p = permanent pasture 
w = woodland 
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F i g . 3.3 

1 2 — . 

e x t r a c t 
EDTA Q 
a c e t i c Q 
a c i d 

A p l o t of a r s e n i c e x t r a c t e d by repeated water e x t r a c t i o n s w i t h time 

S (23 pg g-1 s o i l a f t e r 24 h r s . ) 



Sydenham Damerel 

« 
10 « 

N 

13 /5-

(6 

Sampling area f o r 
s o i l pore waters 
F i g . 3.4.1 

Bere A l s t o n 
l( 

F i g . 3.4 
S o i l sampling s i t e s i n the Tamar V a l l e y study area 
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F i g . 3.4.1 
S o i l pore water sampling s i t e s • 20 



F i g . 3.5 

Contour d i s t r i b u t i o n p a t t e r n s f o r s o i l 'A' h o r i z o n copper l e v e l s 
e x t r a c t e d by n i t r i c a c i d . , 

N 
Sydenham 
Damerel ^ 

K i l o m e t r e s 

A Copper Mine 

^ Copper/Arsenic Mine 

(32 L e a d / S i l v e r Mine 

X Chimney 

^ A r s e n i c / C o p p e r S p o i l 

COPPER 
HNO3 d i g e s t i o n 
- 300 ppm 

200 ppm 

100 ppm 

Mean background 106 ppm 

Bere A l s t o n 
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F i g . 3.6 

Contour d i s t r i b u t i o n p a t t e r n s f o r s o i l 'A' h o r i z o n l e a d l e v e l s 
e x t r a c t e d by n i t r i c a c i d 

Sydenham 
Damerel 

N 

K i l o m e t r e s 

^ Copper Mine 

Copper/Arsenic Mine 

L e a d / S i l v e r Mine 

X Chimney 

^ A r s e n i c / C o p p e r S p o i l 

LEAD 
HNO3 d i g e s t i o n 

300 ppm 

180 ppm Bere A l s t o n 

- • • 90 ppm 

Mean background 87 ppm 
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F i g . 3 . 7 

Contour d i s t r i b u t i o n p a t t e r n s f o r s o i l 'A' h o r i z o n a r s e n i c l e v e l s 
e x t r a c t e d by n i t r i c a c i d 

N 
Sydenham 
Damerel • 

K i l o m e t r e s 

1 
J 

^ Copper Mine 

Copper/Arsenic Mine 

U L e a d / S i l v e r Mine 

X Chimney 

^ A r s e n i c / C o p p e r S p o i l 

ARSENIC 
HNO3 d i g e s t i o n 

300 ppm 

100 ppm 

45 ppm 

Mean background 45 ppm 

QD 

Bere A l s t o n 
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F i g . 3.8 
Contour d i s t r i b u t i o n p a t t e r n s f o r s o i l 'A' h o r i z o n copper l e v e l s 
e x t r a c t e d by sodium d i t h i o n i t e 

N 
Sydenham 
Damerel ^ 

Kilom.etres 

A Copper Mine 

^ Copper/Arsenic Mine 

(JJ L e a d / S i l v e r Mine 

X Chimney 

^ A r s e n i c / C o p p e r S p o i l 

COPPER 
Na2S204 d i g e s t i o n 
— — — 200 ppm 

100 ppm 

50 ppm 

Mean background 52 ppm 

• 
Bere A l s t o n 
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F i g . 3.9 
Contour d i s t r i b u t i o n p a t t e r n s f o r s o i l 'A* h o r i z o n l e a d l e v e l s 
e x t r a c t e d by sodium d i t h i o n i t e 

Sydenham 
Damerel 

N 

K i l o m e t r e s 

Copper Mine 

Copper/Arsenic Mine 

UJ L e a d / S i l v e r Mine 

X Chimney 

^ A r s e n i c / C o p p e r S p o i l 

LEAD 
Na2S204 d i g e s t i o n 

200 ppm 

80 ppm Bere A l s t o n 

— — • — • 35 ppm 

Mean background 35 ppm 
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F i g . 3.10 
Contour d i s t r i b u t i o n p a t t e r n s f o r s o i l 'A' h o r i z o n a r s e n i c l e v e l s 
e x t r a c t e d by sodium d i t h i o n i t e 

Sydenham 
Damerel 

N 

K i l o m e t r e s 

A Copper Mine 

Copper/Arsenic Mine 

(J] L e a d / S i l v e r Mine 

X Chimney 

^ A r s e n i c / C o p p e r S p o i l 

ARSENIC 
Na2S204 d i g e s t i o n 
— — — 60 ppm 

30 ppm 

— • 12 ppm 

Mean background 12 ppm 

GO 

Bere A l s t o n 
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F i g . 3.11 
The p o s i t i v e l y skewed s o i l c o n c e n t r a t i o n d a t a 

f o r l e a d e x t r a c t e d by n i t r i c a c i d 

'A • H o r i z o n 
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F i g . 3.12 

Percentage cumulative frequency a g a i n s t s o i l l e a d c o n c e n t r a t i o n s 

e x t r a c t e d by n i t r i c a c i d 

•A' H o r i z o n 

— 'B' H o r i z o n 

Log]^0 c o n c e n t r a t i o n pg g" 
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background v a r i a t i o n of an element. The background may be c o n s i d e r e d 
t o be the normal range of c o n c e n t r a t i o n s f o r an element, o r elements, 
i n an ar e a . Once a r e g i o n a l background has been o b t a i n e d the t h r e s h o l d 
and anomalous v a l u e s may be determined. The t h r e s h o l d i s the upper 
l i m i t of normal background v a l u e s and i s ob t a i n e d s t a t i s t i c a l l y from 
the d a t a , i t f o l l o w s t h a t anomalous v a l u e s are those above a 
predetermined t h r e s h o l d . The e f f e c t s of m i n e r a l i z a t i o n on the 
background v a l u e s i s b e t t e r i l l u s t r a t e d when the h i g h e r mean v a l u e 
i s used r a t h e r than the mode. A h i g h c o r r e l a t i o n ( F i g . 3.13) between 
s o i l 'A' and 'B* h o r i z o n s i s obt a i n e d f o r the d a t a , and o n l y 'A* 
h o r i z o n data has been used f o r the d i s t r i b u t i o n diagrams. As i n d i c a t e d 
the 'A' h o r i z o n samples were c o l l e c t e d from a 0-5cm depth, however, 
as the 'B' h o r i z o n i s o f t e n p o o r l y d e f i n e d i n the s o i l s s t u d i e d , 
where no obvious h o r i z o n was present samples from the base of the 
p r o f i l e were c o l l e c t e d . 

3.5 Hot n i t r i c a c i d d i g e s t i o n 

The hot n i t r i c a c i d d i g e s t i o n i s r e p o r t e d t o e x t r a c t s u l p h i d e 
a s s o c i a t e d elements and 80-100% of the t o t a l l e v e l s present ( 6 9 ) . 
S i x r e p l i c a t e e x t r a c t i o n s w i t h hot n i t r i c a c i d on c e r t i f i e d sediment 
r e f e r e n c e m a t e r i a l (Table 2.4) r e s u l t e d i n removal of 100 t 2% a r s e n i c , 
96 t 3% copper, 60 1 7% l e a d and 70 t 4% i r o n . S o i l copper ( F i g . 3.5) 
i s g e n e r a l l y seen t o r e f l e c t the u n d e r l y i n g m i n e r a l i z a t i o n which f o l l o w s 
an east-west o r i e n t a t i o n ( F i g . 3.14). Two v a r i a t i o n s from t h i s 
p a t t e r n are observed, ( i ) the area t o the east of Sydenham Dameral 
has e l e v a t e d s o i l copper l e v e l s extending n o r t h o f the h i s t o r i c a l l y 
known copper v e i n s ( F i g . 3.14), i n d i c a t i n g p o s s i b l e unrecorded 
m i n e r a l i z a t i o n ; ( i i ) the d i s t r i b u t i o n of copper m i n e r a l i z a t i o n i s 
ex t e n s i v e on both s i d e s of the R i v e r Tamar ( F i g . 3.14), c e r t a i n areas 
however are not d e f i n e d by the d i s t r i b u t i o n contours ( F i g . 3.5), t h i s 
i s thought t o be a f u n c t i o n of low sampling d e n s i t y i n these a r e a s . 
Lead d i s p l a y s a s i m i l a r s p a t i a l p a t t e r n ( F i g . 3.6) and st r o n g 
c o r r e l a t i o n w i t h copper ( F i g s . 3.5, 3.13). Reports (1) on copper 
mining a c t i v i t i e s i n the survey area i n d i c a t e t h a t c h a l c o p y r i t e (CuFeS2) 
and p y r i t e (FeS2) were commercially e x t r a c t e d , w i t h no r e f e r e n c e being 
made to l e a d m i n e r a l s . The l e a d a s s o c i a t e d w i t h copper shown by t h i s 
survey i s thought to be e i t h e r r e l a t e d t o uneconomic d e p o s i t s and/or 
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F i g . 3.13 DATA CORRELATION MATRIX 
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l e a d a s s o c i a t e d w i t h p3rrite m i n e r a l i z a t i o n (304). Lead l e v e l s i n the 
r e g i o n t o the n o r t h - e a s t of Bere A l s t o n correspond to l e a d , l e a d / s i l v e r 
v e i n s ( F i g . 3.14). I t i s noted t h a t t h e r e i s no copper d i s t r i b u t i o n 
( F i g . 3.5) corresponding w i t h t h i s r e g i o n , u n l i k e l e a d which i s found 
a s s o c i a t e d w i t h copper m i n e r a l i z a t i o n ( F i g . 3.6). T h i s may be a 
r e f l e c t i o n of the l a t e r d e p o s i t i o n of l e a d and s i l v e r or a geochemical 
d e p o s i t i o n (1) e f f e c t corresponding t o zones emanating from the 
g r a n i t e mass i n the order a r s e n i c , copper and l e a d . Thus l e a d may be 
present w i t h a r s e n i c and copper m i n e r a l i z a t i o n , but the l a t t e r two 
w i l l have been removed from s o l u t i o n by p r e c i p i t a t i o n and w i l l t h e r e f o r e , 
not be found i n m i n e r a l i z e d forms w i t h l e a d . A r s e n i c d i s p l a y s a s m a l l e r 
g e o g r a p h i c a l ( F i g . 3.7) and m i n e r a l i z e d d i s t r i b u t i o n ( F i g . 3.14) than 
t h a t of copper and l e a d . A more c i r c u l a r d i s t r i b u t i o n p a t t e r n most 
noted around the l a r g e s p o i l t i p s i n the n o r t h s e c t i o n of the a r e a 
may i n d i c a t e t h a t the s o i l s have been m o d i f i e d by a e r i a l and p h y s i c a l 
d i s p e r s i o n of a r s e n i c subsequent to the mining a c t i v i t y . The l a r g e l y 
unvegetated t i p s are u n c o n s o l i d a t e d and are t h e r e f o r e exposed t o wind 
e r o s i o n and t r a n s p o r t a t i o n . Evidence of a e r i a l p o l l u t i o n of a r s e n i c , 
r e s u l t i n g d i r e c t l y from the s m e l t i n g , g i v i n g a c h a r a c t e r i s t i c contaminant 
plume p a t t e r n emanating from the source chimney, was not e v i d e n t , 
however, i t i s reasonable t o suppose r e g i o n a l contamination d u r i n g 
p r o c e s s i n g w i l l have e l e v a t e d the surrounding s o i l a r s e n i c l e v e l s . 
The use of s p o i l t i p m a t e r i a l by farmers as h a r d c o r e , and f o r f i e l d 
l e v e l l i n g , i n t r o d u c e d a p h y s i c a l d i s p e r s i o n problem, but o f t e n these 
areas are c h a r a c t e r i z e d by t h e i r poor v e g e t a t i o n growth and must be 
considered a t y p i c a l of the n a t u r a l s o i l l e v e l s . The mean background 
v a l u e s used f o r copper, l e a d and a r s e n i c 106, 89 and 45 jug g"! 
r e s p e c t i v e l y i n the s o i l s of the survey area are s i m i l a r to those 
r e p o r t e d by p r e v i o u s workers (6, 1 0 ) , being s i g n i f i c a n t l y h i g h e r than 
those f o r n o n - m i n e r a l i z e d a r e a s , t y p i c a l l y 25.8 ( C u ) , 29.2 (Pb) and 
11.3 (As) ;jg g-1 (305). 

3.6 Sodium d i t h i o n i t e d i g e s t i o n s 

Data from the sodium d i t h i o n i t e d i g e s t i o n s i s r e p o r t e d t o r e f l e c t 
elemental a s s o c i a t i o n w i t h secondary c r y s t a l l i n e i r o n oxides ( 3 3 , 73). 
The n a t u r a l l y o c c u r r i n g s u l p h i d e m i n e r a l s of a r s e n i c w i l l s l o w l y be 
weathered i n t o the s o i l m a t r i x and s m a l l amounts w i l l e v e n t u a l l y be 
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converted by m i c r o b i a l and chemical processes t o the more s o l u b l e 
oxides of a r s e n i c ( 3 ) . They w i l l then be adsorbed onto the s u r f a c e s 
of p r e c i p i t a t e s of secondary c r y s t a l l i n e i r o n o x i d e s ( 3 0 6 ) , l e a d i n g 
to a more e l e v a t e d background v a l u e than t h a t o b t a i n e d f o r a non-
m i n e r a l i z e d area (305). S o i l samples which g i v e above the background 
l e v e l s f o r the sodium d i t h i o n i t e e x t r a c t i o n i n d i c a t e e i t h e r an 
a d d i t i o n a l i n p u t of a r s e n i c o x i d e , o r a more r a p i d weathering p r o c e s s 
i s t a k i n g or has taken p l a c e . I t has been suggested t h a t atmospheric 
d i s p e r s i o n may c o n t r i b u t e a s u b s t a n t i a l i n p u t i n areas surrounding 
the s i t e of past mining a c t i v i t y . I t i s u n l i k e l y due to the s i t u a t i o n 
of these s i t e s ( i . e . based towards the v a l l e y bottom) t h a t hydromorphic 
t r a n s p o r t a t i o n of on s i t e weathered m a t e r i a l s w i l l have any major 
e f f e c t on the secondary i r o n s o i l l e v e l s above the s p o i l t i p s . The 
d i s t r i b u t i o n p a t t e r n s o f copper ( F i g . 3.8), l e a d ( F i g . 3.9) and a r s e n i c 
( F i g . 3.10), are s i m i l a r t o those o b t a i n e d w i t h the hot n i t r i c a c i d 
d i g e s t i o n ( F i g s . 3.5-3.7). A r s e n i c and l e a d show s l i g h t broadening 
northwards, a p o s s i b l e i n d i c a t i o n of wind d i s p e r s i o n from s p o i l t i p s 
and s m e l t i n g a c t i v i t i e s , t h i s data however g i v e s no c o n c l u s i v e evidence 
of these e f f e c t s . The r e l a t i v e percentages o f copper, l e a d and a r s e n i c 
e x t r a c t e d by sodium d i t h i o n i t e to t h a t f o r hot n i t r i c a c i d are 54%, 
39% and 35% r e s p e c t i v e l y . Copper and l e a d are r e p o r t e d to be a s s o c i a t e d 
w i t h c l a y and o r g a n i c m atter (70, 73, 111, 307), w h i l s t copper, l e a d 
and a r s e n i c are a l l a s s o c i a t e d w i t h i r o n and aluminium oxides ( 3 3, 73). 
The copper, l e a d , a r s e n i c p r o f i l e d i s t r i b u t i o n s (Table 3.7) and d a t a 
c o r r e l a t i o n ( F i g . 3.13) are of l i t t l e p r a c t i c a l use i n i l l u s t r a t i n g 
t h e i r a s s o c i a t i o n w i t h i r o n , as (a) the r e l a t i v e v a r i a t i o n i n i r o n 
l e v e l s i s too s m a l l to be s i g n i f i c a n t i n the m a t r i x c o r r e l a t i o n 
c a l c u l a t i o n , and (b) the a b s o l u t e l e v e l s of i r o n are g r e a t l y i n excess 
of those f o r the t r a c e elements (100-1000 times) examined, thus from 
experimental evidence the h i g h percentages of copper, l e a d and a r s e n i c 
corresponding t o secondary c r y s t a l l i n e i r o n o x i d e s 35-54%, i n d i c a t e 
i r o n c o n c e n t r a t i o n s are adequate to o f f e r an abundance of a b s o r p t i o n 
s i t e s . There was no i n d i c a t i o n of any c o r r e l a t i o n f o r copper, l e a d 
and a r s e n i c w i t h o r g a n i c matter or pH ( F i g . 3.13). Organic matter i n 
the 'A' h o r i z o n gave a ne g a t i v e c o r r e l a t i o n w i t h pH ( F i g . 3.13), 
i n d i c a t i n g as might be expected t h a t as o r g a n i c content i n c r e a s e d 
the pH decreased. 
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Table 3.7 

S o i l p r o f i l e data 
(see F i g . 3.15 page 90) 

P i t 
No. 

Depth 
cm pH % 

Organic 

Hot n i t r i c a c i d d i g e s t i o n 

Aig g"^ % 
Cu Pb As Fe 

Sodium d i t h i o n i t e d i g e s t i o n 

Mg g"^ % 
Cu Pb As Fe 

1 0 4.6 14.5 88 86 16 2.8 36 29 5.0 2.5 

10 4.5 10.8 98 85 17 3.6 41 27 4.8 2.0 

20 5.1 9.1 90 71 16 3.9 34 29 6.0 2.4 

30 5.5 6.9 65 60 18 4.1 22 22 3.0 2.4 

40 5.8 6.6 51 57 9 3.7 18 20 3.1 2.6 

continued ... 



P i t 
No. 

Depth 
cm pH % 

Organic 

Hot n i t r i c a c i d d i g e s t i o n 

Mg g"-̂  ^ 
Cu Pb As Fe 

Sodium d i t h i o n i t e d i g e s t i o n 

m g - i % 
Cu Pb As Fe 

2 0 3.8 17.0 92 110 124 5.1 62 71 83 3.7 

10 3.9 12.6 82 100 95 5.5 57 69 62 4.6 

20 4.0 11.4 103 110 129 5.9 70 72 81 4.1 

30 7.9 80 80 108 5.9 37 39 56 4.3 

40 4.2 6.6 75 37 56 5.9 36 13 21 4.6 

50 4.2 6.3 65 37 20 5.8 27 15 7 . 4.5 

58 4.2 6.7 60 31 24 6.0 25 12 8 4.3 

3 0 5.5 12.6 314 720 13 3.9 83 180 5.0 2.9 

10 5.7 9.6 124 740 14 3.8 23 160 4.3 2.8 

20 6.0 9.6 126 720 14 3.6 17 140 5.3 2.3 

30 6.1 7.1 46 280 14 4.1 12 59 5.1 2.3 

40 6.4 5.3 44 110 16 4.5 11 31 4.2 2.4 

50 6.5 5.1 41 100 18 4.4 12 27 3.9 2.3 

continued .,. 



P i t 
No. 

Depth 
cm pH % 

Organic 

Hot n i t r i c a c i d d i g e s t i o n 

Cu Pb As Fe 

Sodium d i t h i o n i C e d i g e s t i o n 

Mg g"^ % 
Cu Pb As Fe 

4 0 6.5 15.5 57 65 14 4.5 24 24 3.0 3.3 

10 6.5 13.1 53 57 16 4.7 22 19 5.0 3.4 

20 6.5 10.9 51 61 18 4.9 25 21 4.5 3.2 

34 6.4 8.2 53 58 15 5.0 21 17 3.7 3.7 

5 0 5.3 18.7 152 210 64 4.7 98 140 45 3.2 

10 5.3 12.3 180 230 60 5.0 130 160 43 3.3 

20 5.7 9.9 175 190 45 5.0 120 110 26 3.0 

30 5.9 9.1 62 90 16 5.1 27 42 8 2.8 

40 5.9 8.5 60 83 14 5.5 21 37 5 

continued 
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P i t 
No. 

Depth 
cm pH % 

Organic 

Hot n i t r i c a c i d d i g e s t i o n 

Mg g"-"-
Cu Pb As Fe 

Sodium d i t h i o n i t e d i g e s t i o n 

MB g"-*- ^ 
Cu Pb As Fe 

6 0 6.0 18.0 65 82 23 4.0 27 31 8.0 2.3 

10 6.1 12.1 64 77 17 4.0 25 29 6.6 2.4 

20 6.0 8.3 62 77 11 3.9 21 28 4.3 3.1 

30 6.0 6.5 69 74 14 4.6 23 27 5.6 3.4 

7 0 6.0 14.3 40 45 19 5.9 18 18 6.7 3.4 

10 6.2 23.0 39 46 15 4.7 16 19 6.0 3.2 

20 6.4 9.6 40 48 15 4.9 16 18 5.7 3.0 

30 6.3 4.3 32 36 13 4.8 12 15 4.6 3.2 

40 6.3 5.6 32 38 10 5.0 11 16 3.1 3.3 

50 6.4 3.8 31 45 9 4.7 10 18 3.0 3.3 

60 6.6 3.1 34 32 9 4.6 12 15 3.2 

continued 

3.1 
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P i t 
No. 

Depth 
cm pH % 

Organic 

Hot n i t r i c a c i d d i g e s t i o n 

M6 g-1 % 
Cu Pb As Fe 

Sodium d i t h i o n i t e d i g e s t i o n 

pg g " l ^ 
Cu Pb As Fe 

8 0 6.3 13.1 61 48 28 2.1 61 19 9.7 1.7 

10 6.4 11.0 65 51 17 2.3 65 21 6.2 1.6 

20 5.7 9.7 66 48 24 2.2 66 18 8.0 1.7 

30 5.8 5.1 47 30 17 1.9 47 14 6.0 1.2 

40 5.9 5.1 36 28 20 1.7 36 10 6.3 1.2 

50 5.9 5.4 33 27 13 1.5 33 9 5.7 1.3 

9 0 6.0 17.0 170 98 120 5.2 120 73 86 2.9 

10 6.0 10.3 170 93 110 5.7 120 61 84 3.3 

20 5.5 7.5 160 86 110 5.3 91 49 79 4.2 

30 5.1 5.2 150 84 97 3.3 83 35 61 2.9 

40 4.9 3.1 130 67 61 3.7 58 27 27 2.8 

50 5.0 3.8 94 64 63 4.0 41 24 21 2.3 



F i g . 3.15 

S o i l p i t l o c a t i o n s 

N 
Sydenham 
Damerel • 

•7 

Bere A l s t o n 
/ 

- 90 -



3.7 S o i l p r o f i l e s and the d i s t r i b u t i o n of copper, l e a d and a r s e n i c 

At s e l e c t e d p o i n t s i n the survey area ( F i g . 3.15) s o i l p r o f i l e s were 
c o l l e c t e d to r e p r e s e n t n o n - m i n e r a l i z e d and n o n - a e r i a l p o l l u t e d s i t e s 
(Table 3.7, p r o f i l e s 4, 6 and 7 ) . These s i t e s i n d i c a t e copper, l e a d , 
a r s e n i c and i r o n homogeneaity f o r s o i l s v a r y i n g i n depth from 34 t o 
60cm, these r e s u l t s are i n agreement w i t h those p u b l i s h e d and reviewed 
by Bowen (305). Surface enrichment (0-20cm) oc c u r r e d f o r copper, 
l e a d and a r s e n i c i n r e g i o n s e f f e c t e d by d i r e c t m i n e r a l i z a t i o n 
(Table 3.7, p r o f i l e s 3, 8) and/or probable s u r f a c e contamination 
(Table 3.7, p r o f i l e s 2, 5, 9 ) , except f o r p r o f i l e 3 (Table 3.7) 
where a r s e n i c showed lower v a l u e s a t s u r f a c e i n c r e a s i n g w i t h depth. 
High l e v e l s i n the upper l a y e r s i n s o i l o v e r l y i n g m i n e r a l i z a t i o n do 
not f o l l o w the expected or r e p o r t e d t r e n d of McKenzie (108), who 
i n d i c a t e s e l e v a t i o n i n the lower r e g i o n of the p r o f i l e , K a r i n ( 1 0 0 ) , 
however, suggests t h a t i n s h a l l o w s i l t y s o i l s u r f a c e enrichment may 
o c c u r , but the mechanism i s s t i l l u n c l e a r . I n these p a r t i c u l a r 
samples i t i s probable t h a t s u r f a c e c o n t a m i n a t i o n may be r e s p o n s i b l e 
f o r the observed p r o f i l e d i s p e r s i o n and t h a t m i n e r a l i z a t i o n i s e i t h e r 
too deep or the s h a l l o w s o i l s are w e l l mixed at depth. Due to the 
r e l a t i v e c o n c e n t r a t i o n s of a r s e n i c and i r o n no s i g n i f i c a n t a s s o c i a t i o n 
was observed i n the s o i l p r o f i l e s , however, 3 5 % of the t o t a l a r s e n i c 
present i s known to be r e l a t e d w i t h the i r o n . 

3.8 General d i s c u s s i o n 

The r e s u l t s obtained f o r the d i f f e r e n t e x t r a c t i o n methods i n d i c a t e 
t h a t s o l u b l e copper and l e a d are a s s o c i a t e d m a i n l y w i t h exchangeable 
weak i n o r g a n i c complexes. A r s e n i c , however, does not show t h i s t r e n d , 
but i s a s s o c i a t e d w i t h secondary c r y s t a l l i n e p r e c i p i t a t e d i r o n . 
When s e l e c t i n g a s i n g l e e x t r a c t i o n technique f o r the q u a n t i f i c a t i o n 
of p o t e n t i a l l y s o l u b l e copper and l e a d EDTA i s recommended, whereas 
f o r a r s e n i c sodium d i t h i o n i t e should be used. The three elements 
f o l l o w the order a r s e n i c > copper > l e a d f o r complexation w i t h i n o r g a n i c 
and secondary i r o n , and the order l e a d > copper > a r s e n i c f o r o r g a n i c 
a s s o c i a t i o n s . 
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L i t t l e d e t a i l e d work has been p u b l i s h e d on the d i s t r i b u t i o n p a t t e r n s 
of t r a c e elements i n s o i l s developed on the Upper Devonian and Lower 
Carboniferous sediments e f f e c t e d by the igneous i n t r u s i o n s a s s o c i a t e d 
w i t h the g r a n i t e masses of Dartmoor and Bodmin Moor. Davies (6) 
c o l l e c t e d s o i l samples from pastures and gardens from w i t h i n and 
o u t s i d e the m i n e r a l i z e d a r e a , and r e p o r t e d no r e g i o n a l v a r i a t i o n s f o r 
c o b a l t , i r o n or manganese, but w i t h i n the m i n e r a l i z e d area cadmium, 
copper, l e a d , s i l v e r and z i n c l e v e l s were abnormally h i g h . T y p i c a l 
background v a l u e s f o r copper and l e a d were 58 and 110 pg w i t h 
anomalous v a l u e s of 68A and 522 pg g'^, A more r e c e n t survey by 
Colbourn (10) g i v e s background v a l u e s f o r a r s e n i c , copper and l e a d 
i n the Tamar V a l l e y as 27 ( A s ) , 62 (Cu) and 121 (Pb) pg g'^ and l e v e l s 
f o r upland mining areas as 385 ( A s ) , 314 (Cu) and 215 (Pb) pg g ~ l . 
The background v a l u e s o b t a i n e d i n t h i s work f o r a r s e n i c , copper and 
l e a d were 45 ( A s ) , 106 ( C u ) , 89 (Pb) pg g'^, w i t h anomalous v a l u e s 
of 380 ( A s ) , 430 (Cu), 300 ( P b ) . Although the anomalous v a l u e s are 
i n c l o s e agreement w i t h Colbourn's r e s u l t s ( 1 0 ) , both s e t s of data 
are approximately h a l f of those v a l u e s g i v e n by Davies ( 6 ) , i n a d d i t i o n 
the background v a l u e s g i v e n by both Colbourn (10) and Davies (6) are 
l e s s than those o b t a i n e d i n t h i s study. I n a l l cases the background 
v a l u e s are h i g h e r than those r e p o r t e d as normal background v a l u e s by 
Bowen (305) f o r n o n - m i n e r a l i z e d areas t y p i c a l l y 11 ( A s ) , 26 (Cu) and 
29 (Pb) Mg g - l . The percentage elemental r e c o v e r i e s obtained i n t h i s 
study f o r the hot n i t r i c a c i d d i g e s t i o n were 100 1 2% a r s e n i c , 96 t 3% 
copper and 60 t 7% l e a d j w i t h r e s u l t s based on elemental e x t r a c t i o n s 
from c e r t i f i e d r e f e r e n c e m a t e r i a l (Table 2,4). Colbourn (10) and 
Davies (6) both used s t r o n g hot a c i d e x t r a c t i o n s to. o b t a i n t o t a l 
elemental l e v e l s , but no d e t a i l s are g i v e n on the percentage r e c o v e r y 
of the techniques o r the s t a t i s t i c a l m a n i p u l a t i o n c a r r i e d out on the 
r e s u l t s . 

D i r e c t comparison of the r e s u l t s of these v a r i o u s surveys are t h e r e f o r e 
d i f f i c u l t , however, i t i s c l e a r t h a t the s o i l s w i t h i n the d e f i n e d study 
area c o n t a i n n a t u r a l l y e l e v a t e d l e v e l s of a r s e n i c , copper and l e a d , 
and t h a t i n t r a study comparisons of ele m e n t a l l e v e l s may be used t o 
o b t a i n d i s p e r s i o n p a t t e r n c h a r a c t e r i s t i c s . The r e s u l t s f o r t h i s 
survey and those r e p o r t e d by Davies (6) i n d i c a t e s i g n i f i c a n t 
e l e v a t i o n s i n the s o i l e l emental l e v e l s due t o m i n e r a l i z a t i o n and 
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past mining a c t i v i t y . Davies (6) suggests t h a t i t would be u s e f u l 
to d i f f e r e n t i a t e between the e f f e c t s of mine p o l l u t i o n and those of 
the r e g i o n a l m i n e r a l i z a t i o n . I n t h i s work the s p e c i f i c e x t r a c t i o n 
techniques i n c o r p o r a t i n g sodiiom d i t h i o n i t e and n i t r i c a c i d have been 
used t o i d e n t i f y these d i f f e r e n c e s . Sodium d i t h i o n i t e w i l l e x t r a c t 
elements a s s o c i a t e d w i t h p r e c i p i t a t e d secondary c r y s t a l l i n e i r o n o x i d e s 
( 7 4 ) , which are i n d i c a t i v e of t r a n s p o r t e d m i n e r a l s , whereas hot n i t r i c 
a c i d w i l l e x t r a c t both i n s i t u weathered m i n e r a l s and elementals 
a s s o c i a t e d w i t h secondary i r o n ( 5 8 ) . 

3.9 Conclusions 

The g r a n i t i c i n t r u s i o n s o f Dartmoor and Bodmin Moor have r e s u l t e d i n 
m e t a l l i f e r o u s d e p o s i t s w i t h i n the f r a c t u r e d country r o c k s of the 
Tamar V a l l e y . The s o i l s r e s u l t i n g from the weathering of these r o c k s 
have above normal r e g i o n a l background v a l u e s f o r a r s e n i c , copper and 
l e a d (305). These e l e v a t e d l e v e l s can g e n e r a l l y be a t t r i b u t e d d i r e c t l y 
to the weathering of the m i n e r a l i z e d bed r o c k . Anomalous v a l u e s i n the 
s o i l s are found d i r e c t l y above m i n e r a l i z e d v e i n s and i n areas of p a s t 
mining a c t i v i t y . Using the s p e c i f i c e x t r a c t i o n techniques of sodium 
d i t h i o n i t e and n i t r i c a c i d the elemental a s s o c i a t i o n w i t h secondary 
i r o n and s u l p h i d e m i n e r a l s may be determined. The combination of the 
two e x t r a c t i o n techniques enables d i f f e r e n t i a t i o n t o be made between 
enhanced s o i l l e v e l s r e s u l t i n g from a e r i a l p o l l u t i o n (sodium 
d i t h i o n i t e ) and m i n e r a l i z e d bed r o c k weathering ( n i t r i c a c i d - sodium 
d i t h i o n i t e ) . A e r i a l p o l l u t i o n r e s u l t s from e i t h e r (a) wind blown 
m a t e r i a l from the s u r f a c e of barren t i p s , or (b) atmospheric f a l l - o u t 
from past s m e l t i n g a c t i v i t i e s . Where a e r i a l p o l l u t i o n has been 
observed i n the data o n l y a l i m i t e d zone of c o n t a m i n a t i o n of a few 
hundred metres from the mine centre has been found. 

The mines i n the study area are g e n e r a l l y l o c a t e d towards the bottom 
of the s l o p i n g v a l l e y edges and along the v a l l e y f l o o r . Most of the 
sample c o l l e c t i o n s i t e s were t o p o g r a p h i c a l l y above the mines, thus 
hydromorphic d i s p e r s i o n i s c o n s i d e r e d t o p l a y a minor r o l e i n these 
r e s u l t s . I t i s acknowledged, however, t h a t s i g n i f i c a n t t r a n s p o r t a t i o n 
of a r s e n i c , copper and l e a d by s u r f a c e and sub s u r f a c e waters does 
occur along the v a l l e y f l o o r . S t u d i e s on these waters and the 



sediments/water column of the R i v e r Tamar i n d i c a t e s i g n i f i c a n t 
elemental t r a n s p o r t a t i o n from these mining s i t e s (57, 308, 309, 310). 

As approximately 90% of the s o i l i n the study area i s under permanent 
pasture i t may be of i n t e r e s t t o f u t u r e workers t o o b t a i n data on 
the elemental c o n c e n t r a t i o n s of herbage and animal products from 
w i t h i n the h i g h and low zones d e f i n e d by t h i s work, i n o r d e r t o 
o b t a i n i n f o r m a t i o n on the s i g n i f i c a n c e of the observed d i s t r i b u t i o n 
l e v e l s . 
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HIGH PERFORMANCE LIQUID CHROMATOGRAPHIC SEPARATION 
ULTRA-VIOLET AND ATOMIC ABSORPTION DETECTION 

OF ORGANO-COPPER, -LEAD SPECIATION IN SOIL PORE WATERS 

4.1 S e p a r a t i o n of p o l a r d i s s o l v e d o r g a n i c compounds 

Reverse-phase HPLC o f f e r s the p o t e n t i a l f o r s e p a r a t i o n and, w i t h 
s u i t a b l e d e t e c t o r s , the a n a l y s i s of a wide v a r i e t y of p o l a r o r g a n i c and 
o r g a n o - m e t a l l i c compounds. The r e t e n t i o n on an o c t a d e c y l s i l a n e ODS CIS 
s t a t i o n a r y phase i s best achieved when i o n i z a t i o n i s suppressed, 
thus a l l o w i n g s e p a r a t i o n a c c o r d i n g t o the non-polar p r o p e r t i e s of 
the compounds. As the p o l a r o r g a n i c l i g a n d s of i n t e r e s t i n pore 
waters are a c i d i c ( 2 8 7 ) , i . e . c i t r i c a c i d . F i g . 4.1, the e l u e n t 
system chosen t o suppress i o n i z a t i o n would a l s o need t o be a c i d i c . 
V arious e l u t i o n systems were examined, these i n c l u d e d ammonium 
formate (O.OIM pH6.1), ammonium phosphate (O.OIM pH6.1), p r o p i o n i c 
a c i d (0.2% v/v pH3.6), combined sodium dihydrogen phosphate (O.OIM) -
disodium hydrogen phosphate (O.OIM pH6.1), and orthophosphoric a c i d 
(0.02% v/v pH2.6). I s o c r a t i c e l u t i o n systems of orthophosphoric 
a c i d (OPA) and ammonium formate enabled examination of p o l a r d i s s o l v e d 
o r g a n i c compounds (PDOCs) over a wide range of p o l a r i t i e s , w h i l s t 
g i v i n g minimal background s i g n a l s w i t h the GFAAS. The OPA system 
r e s o l v e d the more p o l a r compounds, w h i l s t the ammonium formate 
separated those of l e s s p o l a r c h a r a c t e r i s t i c s . Compounds w i t h 
c a r b o x y l i c and h y d r o x y l groups have non s p e c i f i c u l t r a - v i o l e t (UV) 
absorbance i n the \ 200-230 nm range. A wavelength of 215 nm was 
s e l e c t e d i n t h i s study as at lower wavelengths i n t e r f e r e n c e from non 
s p e c i f i c a b s o r p t i o n became s i g n i f i c a n t and at h i g h e r wavelengths 
l o s s of s e n s i t i v i t y i m paired the d e t e c t i o n of c e r t a i n compounds. 

Using a s i n g l e H y p e r s i l ODS (3-5 im 250 x 5mm) column, the o r t h o p h o s p h o r i c 
e l u t i o n system (OPA 0.02% v/v pH2.6) f l o w r a t e (2 ml min'^) and a UV 
d e t e c t o r ( X 2 1 5 nm) the r e t e n t i o n volumes o f 29 amino and c a r b o x y l i c 
a c i d s were determined. Table 4.1. I n a d d i t i o n the d e t e c t i o n l i m i t s 
f o r these compounds w i t h r e t e n t i o n volumes l e s s than 8 ml are a l s o 
shown. Compounds w i t h r e t e n t i o n times > 8 ml on the OPA e l u t i o n system, 
but which have s h o r t e r r e t e n t i o n times on the ammonium formate e l u t i o n 
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F i g . 4.1 

Examples of the s t r u c t u r e o f p o l a r o r g a n i c l i g a n d s of rel e v a n c e 
t o t h i s study 

0,̂  0 ITI OH 0,H OH 
2 Ketoglutamic ^ c ^ r ^ r ^ r ^ r ^ c i i 
a c i d O U y U U y n 

O H ^ O H 1^ ^̂  H 

C i t r i c a c i d 

M a l i c a c i d 

Q^OH 
0^ M t;^ M ^0 

/ C - C - C - C - C , 
OH^ ^OH ^ OH 

OH^ Ijl /OH 

0^ H OH ^0 

0^ H III 
L a c t i c a c i d r -Q—Q—H 

O H O'H ^^ 

Formic a c i d 

"^OH 
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Table 4.1 

The r e t e n t i o n volumes and d e t e c t i o n l i m i t s of o r g a n i c compounds 

on the s i n g l e column system 

R e t e n t i o n Volumes D e t e c t i o n L i m i t s 

ml ng mgl--*-

O x a l i c a c i d 2.00 11.3 0.1 

G l u c e r o n i c a c i d 2.20 35.4 0.35 

C y s t i n e 2.30 35.0 0.35 

2-Ketoglutamic a c i d 2.30 21.0 0.21 

P y r u v i c a c i d 2.50 12.0 0.12 

T a r t a r i c a c i d 2.55 10.4 0.10 

G l y c i n e 2.60 35.4 0.35 

Urea 2.60 25.0 0.25 

Hydroxoijbline 2.65 6.7 0.06 

A l l a n t o i n 2.70 14.0 0.14 

Glutamine 2.75 13.0 0.13 

G l y c o l l a t e 2.75 14.4 0.14 

Cysteine 2.80 31.0 0.31 

Formic a c i d 3.00 86.0 0.86 

Succinate 3.10 86.0 0.86 

C i t r u l l i n e 3.20 23.0 0.23 

oc Amino b u t j r r i c a c i d 3.50 39.6 0.39 

M a l i c a c i d 3.60 90.0 0.9 

Malonic a c i d 3.70 95.0 0.95 

O x o g l u t a r i c a c i d 3.70 18.3 0.18 

L a c t i c a c i d 4.00 180 1.8 

continued ... 
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R e t e n t i o n Volumes 

ml 

D e t e c t i o n L i m i t s 

ng mgl 

C i t r i c a c i d 

C r e a t i n e 

P r o l i n e 

A s c o r b i c a c i d 

C r e a t i n i n e 

A c e t i c a c i d 

^ Amino B u t y r i c a c i d 

Methionine 

B u t y r i c a c i d 

R e s o r c i n o l 

P h e n y l a l a n i n e 

Fumaric a c i d 

P r o p i o n i c a c i d 

P h e n y l - a c e t i c a c i d 

V a l e r i c a c i d 

C r o t o n i c a c i d 

P h l o r o g l u c i n o l 

S u c c i n i c a c i d 

H i p p u r i c a c i d 

Benzoic a c i d 

Phenol 

S a l i c y l i c a c i d 

Quinol 

U r i c a c i d 

4.40 150 1.5 

4.65 13.9 0.14 

4.70 13.0 0.13 

4.80 17.5 0.17 

5.30 24.7 0.24 

5.35 218 2.8 

5.40 22.0 0.22 

7.60 2.2 0.02 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 

>8.00 
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system were observed t o have l i t t l e a s s o c i a t i o n w i t h copper and were 
t h e r e f o r e not con s i d e r e d f u r t h e r ( F i g . 4.2). The be s t s e p a r a t i o n of 
the PDOCs ( F i g . 4.3a) was obta i n e d w i t h the three column system u s i n g 
two H y p e r s i l ODS columns i n s e r i e s , f o l l o w e d by a Hamilton PRP I column 
h e l d a t 28.50C. The t o t a l e l u t i o n volume f o r t h i s s e p a r a t i o n at a 
f l o w r a t e of 1.5 ml m i n - l was 27 ml. A s i m i l a r a n a l y s i s c a r r i e d out 
on a s i n g l e H y p e r s i l ODS column ( F i g . 4.3b) gave poor r e s o l u t i o n . 
When i n t e r f a c i n g the continuous e l u a t e f l o w from a HPLC t o a d i s c r e t e 
o p e r a t i n g mode of the GFAAS, the l i m i t i n g f a c t o r i n t o t a l sample 
consumption i s the GFAAS c y c l e time. A t y p i c a l GFAAS c y c l e time of 
3 minutes was reduced t o l e s s than 50 seconds by the m o d i f i c a t i o n s 
d e s c r i b e d i n s e c t i o n 2.5. With t h i s reduced c y c l e t i m e , a HPLC e l u e n t 
f l o w r a t e o f 0.1 ml min"-*-, and a 76.6 p i sample l o o p on the i n t e r f a c e 
> 92% of the e l u a t e was a n a l y s e d . T h i s almost t o t a l e l u a t e consumption 
a l l o w e d f o r more ac c u r a t e q u a n t i f i c a t i o n and b e t t e r r e s o l u t i o n of 
samples compared t o the p r e v i o u s methods of Brinckman £t a l (147 ) , 
F r y e t a l (173) and V i c k e r y et^ a l (17 8 ) , which t y p i c a l l y a nalyse 
50-60% of e l u a t e . The th r e e column system d e s c r i b e d above i s not 
s u i t a b l e f o r i n t e r f a c i n g w i t h the GFAAS due to the long r e t e n t i o n 
volumes i n v o l v e d , which would r e s u l t i n a s i n g l e a n a l y t i c a l run l a s t i n g 
approximately f o u r hours. The s i n g l e H y p e r s i l ODS column, w i t h an 
el u e n t f l o w r a t e of 0.1 ml min"!, gave acc e p t a b l e r e s o l u t i o n ( F i g . 4.3c) 
and an a n a l y t i c a l run time of appr o x i m a t e l y one hour. T h e r e f o r e , the 
s i n g l e column system was used f o r d e t e r m i n i n g the a s s o c i a t i o n w i t h 
metals w i t h the o r g a n i c compounds i n the s o i l pore waters. Using the 
thr e e column system the UV t r a c e a t \ 215 nm of standards can be seen 
i n F i g . 4.4 w i t h the r e t e n t i o n times and d e t e c t i o n l i m i t s shown i n 
Table 4.2. A l i q u o t s of the pore water used i n F i g . 4.3a were s p i k e d 
w i t h (a) c i t r i c and s u c c i n i c ( F i g . 4.5a), (b) m a l i c and fu m a r i c 
( F i g . 4.5b), ( c ) f o r m i c and l a c t i c ( F i g . 4.5c), (d) a l l a n t o i n and 
a c e t i c ( F i g . 4.5d) a c i d s , t o c o n f i r m the i d e n t i f i c a t i o n and q u a n t i f i c a 
t i o n of the peaks observed i n F i g . 4.3a. 

The UV a n a l y s i s of a pore water on the s i n g l e column system ( F i g . 4.6a) 
was found t o c o n t a i n f i v e r e c o g n i s a b l e PDOCs. C o n f i r m a t i o n of these 
compounds was achieved on the b a s i s of t h e i r r e t e n t i o n volumes. 
Table 4.3, and c o i n c i d e n c e peaks w i t h c o i n j e c t i o n of standards 
( F i g . 4.6 b, c and d ) . Repeat runs c a r r i e d out on the three column 
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F i g . 4.2 
The U.V. absorbance and copper d i s t r i b u t i o n s f o r a s o i l pore water us i n g (a) orthophosphoric a c i d and (b) ammonium 

formate e l u t i o n systems 



U.V. absorbance of s o i l pore waters on the three and one column systems 

A 215nm 
0.08 aufs 

I 

O M 
I 

(a) 

OP (3-5)jm H y p e r s i l ODS (25cm) x2 
28.5 L Hamilton PRP (20cm) 

Flow r a t e 1.5 ml m i n - l 

/y. 2l5nm 
0.08 aufs 

(b) 

3-5pm H y p e r s i l ODS (25cm) 

Flow r a t e 2 ml min"! 

r—I—r 
3 6 

1—I—I I I 
12 15 18 21 24 

ml 

I—\—I—r 
27 I'o h 

X 2l5nm 
0.08 aufs 

3-5)jm H y p e r s i l 
ODS (25cm) 
Flow r a t e 
0.1 ml min"! 

T 
2 

ml ml 



F i g . 4.4 
U.V. absorbance of a mixture of o r g a n i c a c i d standards separated on the 
three column system 

-1 mgl 
A A l l a n t o i n 10 
B Formic a c i d 10 
C M a l i c a c i d 10 
D L a c t i c a c i d 20 
E A c e t i c a c i d 20 
F C i t r i c a c i d 10 
G Fumaric a c i d 2 
H S u c c i n i c a c i d 20 

H 

B 



Table 4.2 

R e t e n t i o n volumes and d e t e c t i o n l i m i t s of o r g a n i c compounds 

on the three column system 

R e t e n t i o n Volumes 

ml 

D e t e c t i o n L i m i t s 

ng mgl"! 

A l l a n t o i n 

Formic a c i d 

M a l i c a c i d 

L a c t i c a c i d 

A c e t i c a c i d 

C i t r i c a c i d 

Fumaric a c i d 

S u c c i n i c a c i d 

12.0 

13.5 

15.0 

16.8 

18.9 

21.0 

23.1 

29.4 

1 

5 

5 

100 

100 

50 

1.3 

13 

0.01 

0.05 

0.05 

1 

1 

0.5 

0.01 

0.13 
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F i g . 4.5 
U.V. absorbance of a s o i l pore water separated on the three column system spiked w i t h organic a c i d standards 

(a) 
Spike 
F C i t r i c a c i d 1 pg 
H S u c c i n i c a c i d 1 pg 

o 

\215nm 
0.08 aufs 

J 

(b) 
Spike 
C M a l i c a c i d 1 pg 
G Fumaric a c i d 0.1 pg 

I I I T T-T—r—ri 
6 9 12 15 18 21 24 27 30 33 36 

ml 

2l5nm 
0.08 aufs 

I — I — I — I — I — n — I — I — I — I — n 
3 6 9 12 15 18 21 24 27 30 33 36 

ml 

file:///215nm


F i g . 4.5 (continued) 

(c) 
Spike 
B Formic a c i d 1 pg 
D L a c t i c a c i d 3 pg 

o 

\ 2l5nm 
0.08 aufs 

T — T — I — I I I — m — 

9 12 15 18 21 24 27 .30 33 36 
ml 

(d) 
Spike 
A A l l a n t o i n 0.02 pg 
E A c e t i c a c i d 4 pg 

\ 215nm 
0.08 aufs 

I I I I I I I I I I I 1 
3 6 9 12 15 18 21 24 27 30 33 36 

ml 



F i g . 4.6 
U.V. absorbance of a s o i l pore water separated on the one column system 
spiked w i t h o r g a n i c a c i d standards 

\ 2l5nm 
0.04 aufs 

(a) 
Pore water 

X 2l5nm 
0.04 aufs 

3 
ml 

(b) 
E C i t r i c a c i d 

3 
ml 

1 
5 

X 2l5nm 
0.04 aufs 

T 
2 

( c ) 
B Formic a c i d 
D L a c t i c a c i d 

\ 2l5nm 
0.04 aufs 

(d) 
A A l l a n t o i n 
C M a l i c a c i d 

2 
I 

4 
ml 
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Table 4.3 

Comparison of r e t e n t i o n volumes and d e t e c t i o n l i m i t s 

o b t a i n e d by the three and one column systems 

R e t e n t i o n Perkin- -Elmer U.V. PYE U.V. 
Volumes 3 c o l . 1 c o l . 

ml 
3 c o l . 1 c o l . ng mgl"! ng mgl" 

A l l a n t o i n 12 2.70 1 0.01 14 0.14 

Formic a c i d 13.5 3.00 5 0.05 86 0.86 

M a l i c a c i d 15.0 3.60 5 0.05 90 0.9 

L a c t i c a c i d 16.8 4.00 100 1 180 1.8 

A c e t i c a c i d 18.9 5.35 100 1 281 2.8 

C i t r i c a c i d 21.0 4.40 50 0.5 150 1.5 

1 
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system gave s i m i l a r r e s u l t s w i t h q u a n t i f i c a t i o n u s u a l l y a g reeing t o 
w i t h i n t 20%. The q u a n t i f i c a t i o n of a s o i l pore water by both the 
three column and s i n g l e column systems can be seen i n Table 4.4. 
V a r i a t i o n s of ~15% were a c h i e v e d , except f o r the case of a l l a n t o i n 
where a s u b s t a n t i a l d e v i a t i o n of 50% was observed. I n a l l cases the 
values f o r the s i n g l e column system were h i g h e r . These v a r i a t i o n s 
are thought t o be due t o l a c k o f r e s o l u t i o n and reduced s e n s i t i v i t y 
when u s i n g the s i n g l e column system (Table 4.3). 

4.2 Development of an HPLC w i t h d i r e c t U V / i n d i r e c t GFAAS d e t e c t o r s 
f o r the s e p a r a t i o n and d e t e c t i o n of a c o p p e r - c i t r a t e complex 

The i n i t i a l development of GFAAS as an element s p e c i f i c d e t e c t o r 
i n v o l v e d f r a c t i o n c o l l e c t i o n of the HPLC column e l u a t e . This development 
was concerned p r i m a r i l y w i t h the use of standards of copper ( I I ) 
n i t r a t e , c i t r i c a c i d and the f o r m a t i o n of copper ( I l ) - c i t r a t e complexes 
under l a b o r a t o r y c o n d i t i o n s . F i g . 4.7 shows the UV and copper GFAAS 
r e s u l t s u s i n g H y p e r s i l ODS (5-7 pm 250 x 4mm) and OPA (0.02% pH2.65) 
e l u t i o n system f o r standards. The GFAAS o p e r a t i n g c o n d i t i o n s were as 
given i n the manufacturer's manual f o r waste water d e t e r m i n a t i o n s 
(Table 2.1a). 

I n i t i a l l y f r a c t i o n s were c o l l e c t e d , which encompassed the e n t i r e 
n i t r a t e and c i t r a t e peaks ( F i g . 4.7a). I t was found t h a t the d i l u t i o n 
f a c t o r a s s o c i a t e d w i t h gross f r a c t i o n (0.5 ml) c o l l e c t i o n of the 
c i t r a t e peak r e s u l t e d i n the copper being below the d e t e c t i o n l i m i t . 
Subsequent work i n v o l v e d the c o l l e c t i o n o f s m a l l e r f r a c t i o n s (60 p i ) 
(of which an a l i q u o t of 20 p i was i n j e c t e d ) f o r the e n t i r e run. T h i s 
gave i n c r e a s e d r e s o l u t i o n of copper peaks w i t h o u t r e d u c i n g the copper 
c o n c e n t r a t i o n s of i n d i v i d u a l f r a c t i o n s by too great an amount 
(e.g. F i g . 4 . 7 f ) . 

The chromatograms o f c i t r i c a c i d and copper n i t r a t e standards by 
UV were c h a r a c t e r i s t i c ( F i g . 4.7b, c ) . The GFAAS a n a l y s i s i n d i c a t e d 
t h a t the c i t r a t e standard i s copper f r e e ( F i g . 4.7b). The copper 
n i t r a t e standard showed a copper d i s t r i b u t i o n corresponding to the 
UV s i g n a l ( F i g . 4.7c). In a l l cases where m i x t u r e s of copper 
n i t r a t e and c i t r i c a c i d were used the n i t r a t e UV peak reduced 
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Table 4.4 

Comparison of the q u a n t i f i c a t i o n o b t a i n e d f o r s o i l pore water 

analysed by the t h r e e and one column systems 

3 column 1 column 

ng mgl"! ng mgl 

A l l a n t o i n 10 0.1 20 0.2 

Formic a c i d 600 5.9 660 6.6 

M a l i c a c i d 330 3.3 400 4 

L a c t i c a c i d 160 1.6 200 2 

C i t r i c a c i d 160 1.6 160 1.6 
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F i g . 4.7 U.V. absorbance and copper d i s t r i b u t i o n s f o r manually c o l l e c t e d HPLC f r a c t i o n s 

U.V. 
7^215nm 
0.16 aufs 

° 20 _ 

ng 
COPPER 

10 -

T 1 1 

(a) 
mixture + 
ammonium 
hydroxide 
t o pH7 

(b) 
c i t r i c 
a c i d 

1 T — r 
2 ml 4 

I 
6 

T 1 1 T — r 1 — I 

( c ) 
copper 
n i t r a t e 

T — r 
2 ml 4 6 

(d) 
mixture 
+ HCl 
to pHl 

2 ml 4 6 
Mixture = c i t r i c a c i d 10 mg 1-1 + Cu(N03)2 1 mg I ' l 

1 — r 
2 ml 4 

(e) 
mixture 

T 1 

( f ) 
mixture + 
ammonium 
hydroxide 
to pH7 

i 

6 2 ml 4 6 2 ml 4 
el u a t e a l i q u o t s (a) 0.5 ml ( b - f ) 60 p i 

1 
6 



i n s i z e and the c i t r a t e UV peak r e t e n t i o n decreased. Broadening of the 
UV c i t r a t e peak was noted ( F i g . 4.7d, e, f ) i n comparison to the c i t r i c 
standard ( F i g . 4.7b). Formation o f c o p p e r - c i t r a t e complexes was 
i n d i c a t e d by the copper becoming a s s o c i a t e d t o v a r y i n g degrees w i t h 
the c i t r a t e UV peak. 

C a l c u l a t i o n s based on the c o n c e n t r a t i o n , pH and copper s t a b i l i t y 
c o nstants f o r the e l u e n t suggested t h a t c e r t a i n p o l a r d i s s o l v e d 
o r g a n i c compounds as l i g a n d s ( e . g . c i t r i c a c i d , methionine) might 
form copper complexes which would remain s u b s t a n t i a l l y u n d i s s o c i a t e d 
d u r i n g column chromatography. In these c a l c u l a t i o n s (311) i t was 
assiimed i n s t a n t e q u i l i b r i a o c c u r r e d , and no allowance was made f o r 
p o s s i b l e s t a t i o n a r y phase a d s o r p t i o n . Approximately 95% of the t o t a l 
copper i n a standard c o u l d be d e t e c t e d by t h i s method. 

4.3 C o n d i t i o n s f o r HPLC w i t h d i r e c t UV/GFAAS d e t e c t i o n 

F i g . 4.8 shows the UV and copper GFAAS r e s u l t s f o r the manually c o l l e c t e d 
(a) and i n t e r f a c e d (b) t e c h n i q u e s , u s i n g a H y p e r s i l ODS column and 
orthophosphoric a c i d e l u t i o n system p r e v i o u s l y d e s c r i b e d . D i r e c t 
t o t a l column e f l u e n t a n a l y s i s was c a r r i e d out by use of the i n t e r f a c e 
( s e c t i o n 2.5). When a mixture of copper n i t r a t e and c i t r i c a c i d 
standards were passed through the column, the copper o r i g i n a l l y 
a s s o c i a t e d w i t h the n i t r a t e peaks was found t o be a s s o c i a t e d w i t h 
both n i t r a t e and c i t r a t e peaks. 82% of the copper o r i g i n a l l y a s s o c i a t e d 
w i t h the n i t r a t e peak was found to c o i n c i d e w i t h the c i t r a t e peak, 
u s i n g the manual technique the corresp o n d i n g f i g u r e was 83% w i t h the 
i n t e r f a c e . This r e d i s t r i b u t i o n of the copper i n d i c a t e s the p o s s i b l e 
f o r m a t i o n of a copper c i t r a t e complex. Comparison of the t o t a l copper 
added t o the column w i t h the t o t a l copper determined i n the e l u a t e , 
when c o r r e c t i n g f o r volume l o s s e s i n the i n t e r f a c e , gave 97 1 5% 
re c o v e r y . 

4.4 A n a l y s i s of s o i l pore waters f o r copper u s i n g HPLC w i t h d i r e c t 
U V / d i r e c t and i n d i r e c t GFAAS d e t e c t i o n 

F i g . 4.9 shows the UV and copper GFAAS r e s u l t s f o r environmental s o i l 
pore water samples. The s o i l pore water was c o l l e c t e d from the s o u t h -
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F i g . 4.8 Comparison of U.V. absorbance and copper d i s t r i b - u t i o n s 
by manual and automatic HPLC/GFAAS techniques 

— I Manually c o l l e c t e d f r a c t i o n s (a) 

U.V. 
\215nm 
0.16 aufs 

20 -. 

ng 
copper 

10 A 

1 r 
Cu(N03)2 
Img 1-1 ' 

ml 

1 I 
Cu(N03)2 Img 1"! 

c i t r i c a c i d lOmg l " " * " 

U.V. 
\ 215nm 
0.16 aufs 

5-, 
ng 

copper 
2.5-1 

Automatic i n t e r f a c e (b) 

2 4 

—\—r— 
Cu(N03)2 
O.lmg 1-1 

ml 1 i 1 
2 4 6 

Cu(N03)2 O.lmg 1 
c i t r i c a c i d lOmg 1 

-1 
-1 
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F i g . 4.9 

U.V. absorbance and copper d i s t r i b u t i o n f o r a s o i l pore water u s i n g 

(a) minimal sample p r e s e r v a t i o n and (b) sample a c i d i f i c a t i o n 



west r e g i o n of the survey area ( F i g . 1.1). 70% Of the t o t a l d i s s o l v e d 
copper c o u l d be accounted f o r w i t h « 10% bei n g a s s o c i a t e d w i t h the 
u n r e t a i n e d i n o r g a n i c / h i g h l y p o l a r d i s s o l v e d o r g a n i c molecules ( F i g . 4.9a). 
The a d d i t i o n of h y d r o c h l o r i c a c i d (lOM 8 ml l ' ^ ) t o f i l t e r e d samples 
r e s u l t e d i n > 90% of the t o t a l d i s s o l v e d copper bei n g a s s o c i a t e d w i t h 
the u n r e t a i n e d p o l a r i n o r g a n i c / o r g a n i c s p e c i e s ( F i g . 4.9b), i n d i c a t i n g 
the d e s t r u c t i o n of the complexes between copper and the p o l a r d i s s o l v e d 
o r g a n i c compounds i n the sample. 

F i g . 4.2 shows the s e p a r a t i o n of a s o i l pore water u s i n g two e l u t i o n 
systems, 0.02% orthophosphoric a c i d ( F i g . 4.2a) and O.OIM ammonium 
formate ( F i g . 4.2b), which examine two 'windows' of p o l a r i t y . The 
t o t a l mass of copper i n 100 p i of sample was 81 + 3 ng, of which 
60 1 10 ng and 70 1 12 ng were determined u s i n g orthophosphoric a c i d 
and ammonium formate r e s p e c t i v e l y . When e l u t i n g w i t h o r t h o p h o s p h o r i c 
a c i d ( F i g . 4.2a) the copper peak a s s o c i a t i o n w i t h the s o l v e n t f r o n t 
may i n c l u d e i n o r g a n i c and v e r y p o l a r d i s s o l v e d o r g a n i c copper s p e c i e s . 
The next 4 ml of e l u a t e c o n t a i n e d copper which was assromed to be 
complexed w i t h l e s s p o l a r l i g a n d s . Ammonium formate ( F i g . 4.2b) w i l l 
not e l u t e i n o r g a n i c copper a t the s o l v e n t f r o n t , t h i s i s found t o be 
the case when copper n i t r a t e i s i n j e c t e d onto the HPLC column, i . e . the 
r e t e n t i o n volume was found t o be > 12 ml. 

The f u r t h e r a n a l y s i s of l a r g e r numbers of s o i l pore waters u s i n g the 
s i n g l e column HPLC system i n t e r f a c e d w i t h GFAAS showed t h a t the copper 
was not always a s s o c i a t e d w i t h the same PDOC i n the same p r o p o r t i o n s 
( F i g s . 4.10, 4.11). I n the m a j o r i t y of pore waters a s s o c i a t i o n o f 
the copper w i t h c i t r i c a c i d and neighbouring e l u t i n g compounds was 
found ( F i g . 4.10a). The complexing e f f e c t of c i t r i c a c i d was emphasized 
by adding a mixture of copper ( I I ) n i t r a t e and c i t r i c a c i d t o the pore 
water ( F i g . 4.10b). The p r o p o r t i o n of copper a s s o c i a t e d w i t h the 
s o l v e n t f r o n t , i n o r g a n i c and h i g h l y p o l a r s p e c i e s , was 16% before the 
standard a d d i t i o n , w i t h the remaining 84% of the copper bei n g a s s o c i a t e d 
w i t h the c i t r i c a c i d peak. I n the o r i g i n a l pore water the t o t a l copper 
content was 43 pg , as determined by d i r e c t i n j e c t i o n i n t o the 
GFAAS and 42 pg , as determined by summation of the copper peaks 
a f t e r HPLC s e p a r a t i o n ( F i g . 4.10a). In the l a t t e r case, a c o r r e c t i o n 
to take account of the volume of e l u a t e not i n j e c t e d i n t o the GFAAS 
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F i g . 4.10 The U.V. absorbance and copper d i s t r i b u t i o n o f (a.) s o i l 
pore water Y and (b) pore water Y s p i k e d w i t h copper and c i t r i c a c i d 

U.V. 
X 2l5nm 
0.08 auf 

(a) s o i l pore water Y 

ng 
copper 

1 - I 

- I 

U.V. 
A 2l5nm 
0.08 auf 

^ 

ng 
copper 

4 J 

2 

115 -
3 
ml 

(b) 
s o i l pore water Y 
+ 50 ng Cu(N03)2/ 
10 mgl-1 c i t r i c 

a c i d 



F i g . 4.11 
U.V. absorbance and copper d i s t r i b u t i o n s f o r v a r i o u s s o i l pore waters 

U.V. 
\215 
0.16 
aufs 

ng 
copper I 

I 

M M 0̂  
I 

(a) s o i l pore water F (b) s o i l pore water V 

1 - I 

ml 

(c) s o i l pore water H 

4 
ml 



was a p p l i e d , and t h i s r a i s e d the measured v a l u e of 39 wg I''- t o 
42 pg l " ! . When 50 ng of copper ( I I ) i o n and 3 jjg c i t r i c a c i d were 
added to the s o i l pore water ( F i g . 4.10b) the t o t a l copper content 
was determined t o be 65 pg ( t h e o r e t i c a l v a l u e 64 p g ) . T h i s was 
e q u i v a l e n t to a c o n c e n t r a t i o n of 217 pg compared t o a c a l c u l a t e d 
value due t o a d d i t i o n of 209 pg , w i t h s i m i l a r percentage 
d i s t r i b u t i o n s between the s o l v e n t f r o n t and c i t r i c a c i d peaks, as were 
obtained before the standard a d d i t i o n . 

A number of the more extreme d i s t r i b u t i o n s found i n the s o i l pore 
waters examined are i l l u s t r a t e d ( F i g . 4.11) and the copper l e v e l s are 
q u a n t i f i e d i n Table 4.5. . C i t r i c a c i d/copper a s s o c i a t i o n was found i n 
a l l the samples, but the a s s o c i a t i o n of copper w i t h a l l a n t o i n , f o r m i c 
and l a c t i c a c i d o c c u r r e d r a r e l y . M a l i c a c i d was second o n l y t o c i t r i c 
a c i d i n the number of samples which i n d i c a t e d a s s o c i a t i o n between i t 
and copper. 

4.5 A n a l y s i s o f s o i l pore waters f o r l e a d u s i n g HPLC w i t h d i r e c t UV 
and d i r e c t GFAAS d e t e c t i o n 

In the p r e v i o u s s e c t i o n d e t a i l s on the development of the s e p a r a t i o n 
and d e t e c t i o n techniques have been d e s c r i b e d . T y p i c a l r e s u l t s f o r 
organo-lead d e t e r m i n a t i o n s on s o i l pore waters can be seen i n 
F i g . 4.12. As w i t h copper, l e a d does not always a s s o c i a t e to the 
same degree w i t h the sample PDOCs i n i n d i v i d u a l samples. Between 
17-30% of the l e a d i s found to occur w i t h the i n o r g a n i c and very 
p o l a r o r g a n i c compounds. Table 4.6 summerizes the data f o r pore waters 
a n a l y s i z e d . C o n f i r m a t i o n of the presence of observed peaks was 
achieved by c o i n j e c t i o n s of organo-lead complexes made up i n aqueous 
s o l u t i o n s . The r e t e n t i o n volumes o f these complexes formed from 5 ng 
of l e a d ( I I ) n i t r a t e mixed w i t h 1 pg of o r g a n i c a c i d are g i v e n i n 
F i g . 4.13. These r e t e n t i o n volumes a l s o c o r r e l a t e w i t h those observed 
f o r these compounds i n the copper work. 

4.6 Comparison of the observed e x p e r i m e n t a l data w i t h the c a l c u l a t e d 
t h e o r e t i c a l p r e d i c t i o n s of organo-copper, - l e a d complexes 

The observed d i s t r i b u t i o n p a t t e r n s f o r the copper and l e a d i n v a r i o u s 

- 117 -



Table 4.5 

Amount of copper i n s o i l pore waters as determined by GFAAS 

a f t e r HPLC s e p a r a t i o n on the s i n g l e column system 

Amount of copper i n s o i l pore water 

HPLC peak 

Solvent f r o n t 

2 ke t o g l u t a m i c 
a c i d / c y s t i n e 

A l l a n t o i n 

Formic a c i d 

M a l i c a c i d 

L a c t i c a c i d 

C i t r i c a c i d 

Sample F 

64 

5 

13 

39 

% of 
t o t a l 

53 

4 

11 

32 

Sample V 
MS 1-^ 

13 

19 

20 

11 

% of 
t o t a l 

21 

30 

32 

17 

Sample H 
jug 1-1 

13 

5 

2 

16 

% of 
t o t a l 

30 

12 

5 

37 

16 
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F i g . 4.12 
U.V. absorbance and l e a d d i s t r i b u t i o n s f o r v a r i o u s s o i l pore waters 



Table 4.6 

Amount of l e a d i n s o i l pore waters as determined by GFAAS 

a f t e r HPLC s e p a r a t i o n on the s i n g l e column system 

Amount of l e a d i n s o i l pore water 

HPLC peak 

So l v e n t f r o n t 

2 k e t o g l u t a m i c 
a c i d / c y s t i n e 

A l l a n t o i n 

Formic a c i d 

M a l i c a c i d 

L a c t i c a c i d 

C i t r i c a c i d 

Sample D 
jug 1-1 

18 

16 

6 

5 

3 

10 

% of 
t o t a l 

30 

28 

10 

9 

5 

17 

Sample F 
MS 1"^ 

12 

5 

5 

9 

% of 
t o t a l 

24 

10 

10 

17 

20 39 

Sample H 
MS 

6 

6 

7 

5 

13 

% of 
t o t a l 

16 

16 

17 

14 

35 
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F i g . 4.13 

Retention volumes of mixtures of i n o r g a n i c l e a d and organic a c i d s standards 

ng 
l e a d 

1 _ 

rn r 
2 4 6 

ml 
2 Ketoglutamic 
a c i d / C y s t i n e 

2 4 
ml 

A l l a n t o i n 

5 ng Pb(N03)2 + 1 pg organic a c i d 

1 r 7 r 
2 4 
ml 

Formic 
a c i d 

1 r T 
4 

ml 
M a l i c 
a c i d 

1 r r 
2 4 
ml 

L a c t i c 
a c i d 

T T 
ml 

C i t r i c 
a c i d 



pore waters suggest c i t r i c and m a l i c a c i d are the major l i g a n d s i n 
the system. The v a r i a t i o n , however, between samples i n d i c a t e s the 
k i n e t i c s of these systems are complex and t h a t the system i s not i n 
e q u i l i b r i u m . T h i s e f f e c t i s f u r t h e r confirmed when experimental 
observed data i s compared t o t h e o r e t i c a l l y c a l c u l a t e d d a t a . For a 
mixture c o n t a i n i n g o r g a n i c and i n o r g a n i c l i g a n d s ( L ) c a l c u l a t i o n s 
based on thermod3mamic data f o r a metal l i g a n d (ML) can be performed 
u s i n g standard d a t a . I n a system c o n t a i n i n g nvunerous l i g a n d s 
i n d i v i d u a l complexation w i t h a metal can be expressed as the s i d e 
r e a c t i o n c o e f f i c i e n t ( r j ^ , and can be c a l c u l a t e d from the formula: 

ML = log/6 CL]n (15) 

where l o g ^ i s the c o n d i t i o n a l or cumulative s t a b i l i t y constant o f the 
complex and n i s the complex c o o r d i n a t i o n number. The sum of the s i d e 
r e a c t i o n c o e f f i c i e n t ^ can be used t o c a l c u l a t e the percentage metal 
l i g a n d complexed from the e q u a t i o n : 

5c CMI = c o n c e n t r a t i o n of metal (16) 
_ M L3 = c o n c e n t r a t i o n of complex 

This g i v e s some i n f o r m a t i o n on the f r e e l i g a n d remaining a f t e r 
complexation. The assumptions made i n the c a l c u l a t i o n above are 
t h a t : 
1) the l i g a n d s p e c i e s are i n excess; 
2) the l i g a n d s p e c i e s determined are the most important i n the 

system; 
3) the physochemical c o n d i t i o n s , i . e . pH, Eh, i o n i c s t r e n g t h and 

temperature are i d e a l f o r complex f o r m a t i o n ; 
4) o n l y s o l u b l e s p e c i e s r e a c t . 

Table 4.7 l i s t s the c o n d i t i o n a l s t a b i l i t y c o n s t a n t s used i n the 
c a l c u l a t i o n shown i n t h i s work (312). The c a l c u l a t e d t h e o r e t i c a l 
percentage l i g a n d f o r m a t i o n f o r i n d i v i d u a l pore waters of f o r m i c , 
m a l i c , l a c t i c and c i t r i c a c i d (313) are shown i n Table 4.8, these 
i n d i c a t e the predominant l i g a n d s expected i n the samples analysed. 
From the experimental data (Table 4.9) the c a l c u l a t e d l i g a n d 
c o n c e n t r a t i o n s (314) f o r s o i l pore waters are g i v e n i n Table 4.10. 
The c a l c u l a t e d s i d e r e a c t i o n c o e f f i c i e n t s c r f o r copper and l e a d a r e 
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Table 4.7 

C o n d i t i o n a l s t a b i l i t y c o n s t a n t s Log p v a l u e s (312) 

Copper Lead I r o n 

Formic a c i d 2.00 1.65 3.1 

M a l i c a c i d ML 

MHL 

3.42 

2.00 

3.70 

2.45 

7.1 

L a c t i c a c i d ML 2.55 1.99 

C i t r i c a c i d ML 

MHL 

MH2L 

5.9 

3.42 

2.26 

4.08 

2.97 

1.51 

11.5 

OH n = 1 

n = 2 

6.00 

10.70 

6.29 

10.88 

11.81 

22.33 

CO3 6.75 7.00 9.72 
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Table 4.8 

T h e o r e t i c a l percentage l i g a n d f o rmation (313) 

Sample 
No. 

A 

B 

D 

F 

H 

V 

Y 

pH 

6.5 

6.8 

6.5 

5.0 

6.4 

6.4 

6.2 

Formic a c i d 

% HL % L 

100 

100 

100 

3 97 

100 

100 

100 

M a l i c a c i d 

% H2L % HL % L 

2 98 

1 99 

2 98 

1 34 66 

2 98 

2 98 

3 97 

L a c t i c a c i d 

% HL % L 

100 

100 

100 

96 

100 

100 

100 

C i t r i c a c i d 

% H3L % H2L % HL % L 

16 

13 

7 

13 

70 

16 

16 

24 

87 

93 

87 

14 

84 

84 

76 



Table 4.9 

Summary of the data obtained f o r s o i l pore waters 

I n o r g a n i c / h i g h l y p o l a r 

2 Ketoglutamic a c i d 

A l l a n t o i n 

Formic a c i d 

M a l i c a c i d 

L a c t i c a c i d 

C i t r i c a c i d 

T o t a l i n 
f i l t e r e d sample 

T o t a l detected 
by se p a r a t i o n 

Organic 

ND 

3.3 

180 

50 

ND 

ND 

Sample A (p) 
pM 
Copper 

5.0 X 10-1 

ND 

ND 

ND 

ND 

ND 

1.0 

2.4 

1.5 

Lead 

1.1 X 10-1 

1.1 X 10"! 

ND 

8.6 X 10-2 

1.9 X 10-1 

ND 

1.7 X 10"^ 

6.3 X 10-1 

6.7 X 10 -1 

Organic 

ND 

9.5 

91 

56 

ND 

ND 

Sample B (w) 
pM 
Copper 

6.6 X 10-^ 

ND 

ND 

ND 

ND 

ND 

4.4 X 10-1 

1.7 

1.1 

Lead 

1.3 X 10-1 

1.3 X 10-1 

ND 

1.9 X 10-1 

1.0 X lO--"-

ND 

1.2 X 10-1 

6.9 X 10-1 

6.6 X 10-1 

continued ... 



I n o r g a n i c / h i g h l y p o l a r 

2 Ketoglutamic a c i d 

A l l a n t o i n 

Formic a c i d 

M a l i c a c i d 

L a c t i c a c i d 

C i t r i c a c i d 

T o t a l i n 
f i l t e r e d sample 

T o t a l detected 
by s e p a r a t i o n 

Sample D (p) 

Organic Copper Lead 

8.6 X 10"! 8.5 X 10-2 

ND ND 8.0 X 10-2 

3.5 ND ND 

57 6.9 X 10-2 2.9 X 10-2 

110 1.3 X 10-1 2.6 X 10-2 

ND l.A X 10-1 1,5 X 10-2 

ND 4.2 X 10"1 4.6 X 10-2 

2.8 2.8 X 10-1 

1.6 2.8 X 10-1 

Sample F (w) 
pM 

Organic Copper Lead 

1 6.1 X 10-2 

ND ND 2.7 X 10-2 

1.4 ND 2.7 X 10-2 

68 ND 4.3 X 10-2 

61 7.1 X 10-2 ^ 0 

7.4 2.0 X I Q - l ND 

7.6 6.1 X 10-1 X 10-2 

2.6 . 2.4 X 10-^ 

1.9 2.6 X 10-1 

continued ... 



I n o r g a n i c / h i g h l y p o l a r 

2 Ketoglutamic a c i d 

A l l a n t o i n 

Formic a c i d 

M a l i c a c i d 

L a c t i c a c i d 

C i t r i c a c i d 

T o t a l i n 
f i l t e r e d sample 

T o t a l detected 
by s e p a r a t i o n 

Organic 

ND 

12 

300 

27 

170 

15 

Sample H (p) 
pM 
Copper 

2.0 X 10-1 

7.2 X 10-2 

2.4 X 10-2 

ND 

2.5 X 10-1 

ND 

1.1 X 10-1 
t 

7.8 X 10"! 

Lead 

3.0 X 10-2 

2.9 X 10-2 

ND 

3.1 X 10-2 

2.5 X 10-2 

ND 

6.2 X 10-2 

1.9 X 10-1 

6.6 X 10"1 1.8 X 10-^ 

Organic 

ND 

5.9 

230 

18 

15 

15 

Sample V (p) 

Copper 

2.1 X 10-1 

ND 

ND 

3.0 X 10-1 

3.1 X 10-1 

ND 

1.7 X 10-1 

1.0 

9.7 X 10-1 

Lead 

continued ... 



I n o r g a n i c / h i g h l y p o l a r 

2 Ketoglutamic a c i d 

A l l a n t o i n 

Formic a c i d 

M a l i c a c i d 

L a c t i c a c i d 

C i t r i c a c i d 

T o t a l i n 
f i l t e r e d sample 

T o t a l detected 
by s e p a r a t i o n 

ND = not d e t e c t a b l e 
p = permanent pasture 
w = woodland 

Sample Y (w) 
pM 

Organic Copper Lead 

1.1 X 10-1 1,6 X 10-2 

ND ND 1.1 X 10-2 

3.5 ND ND 

500 ND 2.6 X 10-2 

100 ND 1.3 X 10-2 

29 ND ND 

30 5.9 X 10"! 3.1 X 10-2 

7.2 X l O " ! 1.1 X 10-1 

7.1 X 10 ^ 9.8 X 10 ' 



Table 4.10 

Ligand c o n c e n t r a t i o n s (mol 1~1) (314) 

Sample No. 

Formic a c i d 1.8 X 10-^ 

M a l i c a c i d HL 1.3 x 10~^ 

L 6.6 x 10-^ 

L a c t i c a c i d HL 
L 

C i t r i c a c i d H2L 

HL 
L 

[C03]2-

[OH]-

-7 1.1 X 10 

3.2 X 10-8 

B 

9.1 X 10-5 

5.6 X 10-6 
5.5 X 10-^ 

2.9 X 10-7 

6.3 X 10-8 

-5 5.7 X 10 

2.2 X 10-6 
1.1 X 10-'^ 

1.1 X 10-7 

3.2 X 10-8 

6.5 X 10-5 

2.1 X 10-^ 
4.0 X 10-5 

3.0 X 10-7 
7.1 X 10-6 

1.2 X 10-6 
5.3 X 10-6 
1.1 X 10-6 

2.0 X 10-10 

1.0 X 10-9 

3.0 X 10-^ 

5.4 X 10-7 
2.6 X 10-5 

1.7 X lO-'^ 

2.4 X 10-6 
1.3 X 10-5 

8.2 X 10-8 

2.5 X 10-8 

V 

-4 2.3 X 10 

3.6 X 10-7 
1.8 X 10-5 

1.5 X 10-5 

2.4 X 10-6 
1.3 X 10-5 

8.2 X 10-S 

2.5 X 10-8 

5.7 X 10-^ 

3.0 X 10-6 
9.7 X 10-5 

2.9 X 10-5 

7.2 X 10-6 
2.3 X 10-5 

4.0 X 10"^ 

1.6 X 10-8 



expressed n u m e r i c a l l y and as a percentage d i s t r i b u t i o n i n Tables 4.11-
4.14. These are compared t o the percentage d i s t r i b u t i o n observed f o r 
the environmental data f o r copper and l e a d g i v e n i n Tables 4.15 and 
4.16. 

The e f f e c t of i r o n complexation a t the c o n c e n t r a t i o n range determined 
(1.8-7.0 rag 1-1) i n v a r i o u s pore water samples i n d i c a t e s t o t a l 
complexation occurs w i t h the f r e e h y d r o x a l groups and t h a t no apparent 
c o m p e t i t i v e complexation f o r the o t h e r o r g a n i c l i g a n d s takes p l a c e . 
This suggests t h a t the o r g a n i c l i g a n d s are present i n the Scimples i n 
excess. This i s confirmed by r e d u c i n g the observed l i g a n d c o n c e n t r a t i o n s 
by a f a c t o r of one thousand, when the r e c a l c u l a t e d d i s t r i b u t i o n was 
n e g l i g i b l e . 

S o i l pore water Y gave a good comparison of percentage d i s t r i b u t i o n 
f o r the c a l c u l a t e d and observed d a t a , w i t h 82% of copper c a l c u l a t e d 
to be w i t h c i t r i c a c i d and 97% f o r the observed. The expected 
c a l c u l a t e d i n o r g a n i c percentage of 16% was not observed i n the 
expe r i m e n t a l d ata ( 2 % ) , but minor amounts of copper are seen a s s o c i a t e d 
w i t h f o r m i c , m a l i c and l a c t i c a c i d s . 

Samples F, H and V a l l showed s i g n i f i c a n t v a r i a t i o n s between the 
c a l c u l a t e d and the observed d a t a . From s t a b i l i t y c o n stant data 88-98% 
of the copper i s p r e d i c t e d t o be a s s o c i a t e d w i t h c i t r i c and m a l i c a c i d s . 
The observed v a l u e s are f o r c i t r i c a c i d 18-32%, and f o r m a l i c a c i d 4-38%. 
The i n t e r sample v a r i a t i o n s and comparison of percentage d i s t r i b u t i o n 
f o r observed and t h e o r e t i c a l d a t a suggest s t r o n g l y the system i s not 
i n thermodynamic e q u i l i b r i u m . I n systems such as s o i l pore waters 
meta-stable c o n d i t i o n s may occur w i t h t r u e thermodynamic e q u i l i b r i u m 
o n l y being reached when competing a c t i v a t i o n energy b a r r i e r s can be 
cr o s s e d . L i n d s a y (315) suggests t h a t the major f a c t o r s e f f e c t i n g 
e q u i l i b r i u m are ( i ) the removal of ions from the s o i l s o l u t i o n c a u s i n g 
p a r t i a l d e s o r p t i o n of s i m i l a r i o n s from the exchange complex, 
( i i ) e i t h e r s u p e r s a t u r a t i o n of s o l u t i o n w i t h r e s p e c t t o any m i n e r a l 
which may p r e c i p i t a t e or u n d e r s a t u r a t i o n which may d i s s o l v e m i n e r a l s , 
and ( i i i ) microorganisms a b s o r b i n g and r e l e a s i n g s o l u b l e s u b s t r a t e s 
w i t h i n the s o i l s o l u t i o n . I n a d d i t i o n r a i n f a l l , d r ainage and f e r t i l i z e r 
usage w i l l a l l have some e f f e c t on the thermodynamic e q u i l i b r i u m of 
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Table 4.11 

Side r e a c t i o n c o e f f i c i e n t s f o r copper 

Sample No. A B D F H V Y 

Formic a c i d 1.8 x l O ' ^ 9.1 x lO'^ 5.7 x l O ' ^ 6.5 x 10"^ 3.0 x l O ' ^ 2.3 x l O ' ^ 5.7 x l O ' ^ 

M a l i c a c i d HL 1.3 x 10"^ 5.6 x lO""^ 2.2 x 10"^ 2.1 x 10"^ 5.4 x l O ' ^ 3.6 x l O ' ^ 3.0 x l O ' ^ 
L 1.7 1.5 2.0 X 10-1 ^ -̂ Q-1 g 2 X 10-2 4 , 5 x 10-2 2.5 x 10"! 

I 

K L a c t i c a c i d - - - 2.5 x l O ' ^ 6.0 x l 0 - 2 5.3 x l O ' ^ 1.0 x 10-2 

C i t r i c a c i d H2L - - - - 2.2 x lO"'^ 
HL - - - 1.4 X 10-2 6.3 X l O ' ^ 6.3 x 10-^ 1.9 x 10-2 
L - - - 8.4 X 10-1 10 10 18.1 

[C03]2- 6.4 X 10-1 1,62 6.4 x l O " ! 1.5 x l O ' ^ 4.7 x 10-^ 4.6 x 10-1 2.3 x l O - l 

[OH]- 3.2 X 10-2 6.3 X 10-2 3 . 2 x 10-2 ^.Q x 10-3 2.5 x 10"^ 2.5 x 10*2 1.6 x 10-2 

O C 3.4 4.1 1.9 2.0 11.7 11.6 18.7 



Table A.12 

Side r e a c t i o n c o e f f i c i e n t s f o r lea d 

Sample No. A B D F H V Y 

Formic a c i d 8.0 x l O ' ^ 4.1 x l O ' ^ 2 . 5 x l O ' ^ 2 . 9 x l O ' ^ 1.3 x l O ' ^ 1.0 x l O ' ^ 2 . 5 x 10-2 

M a l i c a c i d L 3.3 2 . 8 5 .2 x 10"! 2.0 x 10"! 1.3 x 10"! 8 . 8 x 10'"2 4 . 9 x 10"! 

L a c t i c a c i d - - - 6 . 9 x 10"^ 1.7 x 10-2 1 ,5 ^ IQ-3 2 . 8 x l O ' ^ 

C i t r i c a c i d H2L - - - 3 . 9 x 10*5 _ _ _ 
HL - - - 5.0 X 10-3 2 . 2 x 10-3 2 . 2 x 10-3 5 , 7 ^ i o - 3 
L - - - 1.3 X 10-2 1 .5 X 10-1 i,s X 10-1 2.7 X 10-1 

]C03]2- 2 . 2 X 10-1 5 , 6 X 10-1 2 . 2 x IQ-^ 5.1 x 10"^ 1 . 6 x 10-1 x I Q - l 7 . 9 x 10-2 

[OH]- 6 . 2 X 10-2 3^,2 X 10-1 ^ , 2 x 10-^ 1 . 9 x 10-3 5 , 9 ^ iO-2 4 . 9 x 10-2 3 , ^ ^ 10-2 

4 . 6 4 . 5 8.1 1 . 2 1 . 5 1 . 5 1 . 9 



Table 4.13 

Percentage d i s t r i b u t i o n of s i d e r e a c t i o n c o e f f i c i e n t s f o r copper 

Sample No. D 

1 Formic a c i d % of 1-4 
% of 1-6 

1.0 
0.7 

0.6 
0.3 

2.7 
0.6 

0.7 
0.7 

0.3 
0.3 

0.2 
0.2 

0.3 
0.3 

2 M a l i c a c i d % of 1-4 
% of 1-6 

3 L a c t i c a c i d % of 1-4 
% of 1-6 

98.9 
71.5 

99.4 
46.3 

97.3 
23.1 

11.1 
11.1 

0.3 
0.2 

0.6 
0.6 

0.6 
0.6 

0.5 
0.4 

0.1 
0.1 

1.4 
1.4 

0.1 
0.1 

4 C i t r i c a c i d % of 1-4 
% of 1-6 

88.0 
87.7 

98.5 
93.9 

99.2 
94.7 

98.2 
97.0 

5 CC03]2-

6 [OH]-

26.4 

1.3 

51.4 

2.0 

72.6 

3.6 

0.1 

0.1 

4.4 

0.2 

4.4 

0.2 

1.2 

0.1 



Table 4.14 

Percentage d i s t r i b u t i o n of side r e a c t i o n c o e f f i c i e n t s f o r l e a d 

Sample No. 

1 Formic a c i d % of 1-4 
% of 1-6 

0.2 
0.2 

0.1 
0.1 

0.5 
0.3 

1.3 
1.3 

4.2 
2.5 

4.1 
2.2 

3.2 
2.8 

2 M a l i c a c i d % of 1-4 
% of 1-6 

99.8 
91.8 

99.9 
80.1 

99.5 
64.5 

90.4 
89.5 

42.0 
25.3 

34.8 
19.1 

61.1 
53.7 

3 L a c t i c a c i d % of 1-4 
% of 1-6 

0.3 
0.3 

5.2 
3.2 

0.6 
0.3 

0.3 
0.3 

4 C i t r i c a c i d Z of 1-4 
% of 1-6 

5 [C03]2-

6 [OH]-

6.2 

1.7 

16.2 

3.5 

27.5 

7.6 

7.9 
7.8 

0.2 

0.9 

48.5 
29.2 

30.5 

9.3 

60.5 
33.2 

34.6 

10.6 

35.3 
31.0 

8.7 

3.4 



Table 4.15 

Percentage d i s t r i b u t i o n f o r the copper determinations made on s o i l pore waters 

Sample No, D 

1 Formic a c i d % of 1-4 
% of 1-7 

9.1 
4.3 

38.5 
30.3 

Ul 

2 M a l i c a c i d % of 1-4 
% of 1-7 

3 L a c t i c a c i d % of 1-4 
% of 1-7 

17.1 
8.0 

18.4 
8.6 

8.0 
3.8 

22.7 
10.6 

69.4 
38.1 

39.7 
31.3 

4 C i t r i c a c i d % of 1-4 
% of 1-7 

100.0 
66.6 

100.0 
40.0 

55.3 
25.9 

69.2 
32.4 

30.5 
16.8 

21.8 
17.2 

100.0 
82.5 

5 I n o r g a n i c / h i g h l y p o l a r 33.3 60.0 53.1 53.1 30.5 21.2 15.7 

6 2 Ketoglutamic a c i d 11.0 

7 A l l a n t o i n 3.6 



Table 4.16 

Percentage d i s t r i b u t i o n f o r the l e a d determinations made on s o i l pore waters 

Sample No. A B 

1 Formic a c i d % of 1-4 19.3 46.3 
% of 1-7 17.8 28.3 

2 M a l i c a c i d 1 of 1-4 42.6 24.4 
% of 1-7 28.5 14.9 

3 L a c t i c a c i d % of 1-4 
% of 1-7 

4 C i t r i c a c i d % of 1-4 38.1 29.2 

% of 1-7 25.5 17.9 

5 I n o r g a n i c / h i g h l y p o l a r 16.5 19.4 

6 2 Ketoglutamic a c i d 16.5 19.4 

7 A l l a n t o i n 

D F H V Y 

25.0 30.5 26.3 - 37.1 
10.3 16.8 17.5 - 26.8 

22.4 - 21.2 - 18.6 
9.2 - 14.1 - 13.4 

12.9 _ _ _ _ 
5.3 - - - _ 

39.6 69.5 52.5 - 44.3 
16.4 38.3 35.1 - 31.9 

30.2 23.8 16.9 - 16.5 

28.5 10.5 16.4 - 11.3 

10.5 - - _ 



the s o i l pore water. The i n d i c a t i o n s are t h a t competing m e t a l s , 
pH (315), c h l o r i d e s and other anions (316) may a l s o e f f e c t the 
e q u i l i b r i a of these systems ( 3 1 7 ) , and t h a t the presence of aluminium, 
s i l i c o n , i r o n and manganese d i s s o l v e d i n pore waters w i l l have 
i n s i g n i f i c a n t e f f e c t s (315). 

The pore waters i n t h i s study were e x t r a c t e d from s o i l s under both 
woodland (pore waters B, F, Y) and permanent p a s t u r e (pore waters A, 
D, H, V ) . The s o i l type under both these forms of c u l t i v a t i o n were 
brown e a r t h s . Data o b t a i n e d i n d i c a t e d no obvious d i f f e r e n c e s i n 
elemental l e v e l s o r a s s o c i a t i o n s w i t h s p e c i f i c p o l a r d i s s o l v e d 
o r g a n i c compounds between s i t e s w i t h d i f f e r i n g v e g e t a t i o n cover. 
The h i g h pore water elemental l e v e l s f o l l o w e d the trends found i n 
the s o i l s , which c o n t a i n e l e v a t e d l e v e l s of copper and l e a d as a 
r e s u l t of weathering of bed rock e f f e c t e d by m i n e r a l i z a t i o n . No 
apparent trends between e i t h e r pH or o r g a n i c matter content and the 
presence of p o l a r d i s s o l v e d o r g a n i c matter were observed f o r both 
woodland and permanent pasture s o i l s f o r the l i m i t e d number of samples 
examined. 
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HIGH PERFORMANCE LIQUID CHROMATOGRAPHIC SEPARATION 
WITH ULTRA-VIOLET AND ATOMIC ABSORPTION DETECTION 
OF ORGANO-ARSENIC COMPOUNDS IN SOIL PORE WATERS 

5.1 D e t e c t i o n of a r s e n i c compounds by UV 

A l l a r s e n i c compounds analysed were found t o absorb i n the UV a t the 
f o l l o w i n g wavelengths, disodium arsenate \ max 195 nm, sodium a r s e n i t e 
Xraax 192 nm, monomethylarsonic a c i d (MMAA) X max 193 nm and 
d i m e t h y l a r s i n i c a c i d (DMAA) \ max 192 nm. UV d e t e c t i o n was used 
i n i t i a l l y i n o r d e r t o achieve r a p i d a n a l y s i s time f o r the development 
of chromatographic systems. 

5.2 Development of a chromatographic system f o r the s e p a r a t i o n of 
organ6-arsenic compounds 

F i g . 5.1a shows the s e p a r a t i o n achieved on a 5-7 pm ODS column u s i n g 
0.02% orthophosphoric a c i d e l u t i o n system. T h i s e l u t i o n system was 
found to be i n c o m p a t i b l e w i t h the GFAAS, as phosphate i n t e r f e r e d w i t h 
the a r s e n i c s i g n a l . Reduction of the o r t h o p h o s p h o r i c c o n c e n t r a t i o n 
to 0.0004% to minimize GFAAS i n t e r f e r e n c e r e s u l t e d i n l o s s of s e p a r a t i o n 
of a r s e n i t e and d i m e t h y l a r s i n i c a c i d on the 5-7 pm ODS coliomn 
( F i g . 5.1b). S e p a r a t i o n was achieved w i t h the i n c r e a s e d e f f i c i e n c y 
of the 3-5 ;um ODS column ( F i g . 5.1c). The long r e t e n t i o n time of 
arsenate on the 3-5 pm ODS column w i t h 0.0004% orthophosphoric was 
shortened by changing the e l u t i o n system t o f o r m i c a c i d (0.02%), which 
e l u t e s arsenate immediately w i t h o u t c a u s i n g i n t e r f e r e n c e t o the GFAAS 
s i g n a l ( F i g . 5.1e). The use of f o r m i c a c i d (0.01%) t o separate 
a r s e n i t e , d i m e t h y l a r s i n i c a c i d , monomethylarsonic a c i d and a r s e n a t e , 
r e s u l t e d i n a r s e n i t e , d i m e t h y l a r s i n i c a c i d and arsenate c o i n c i d e n t a l 
peaks ( F i g . 5 . I f ) . A stepped o r t h o p h o s p h o r i c a c i d (0.0004%) f o r m i c 
a c i d (0.02%) e l u t i o n system w i t h the 3-5 pm ODS column was able t o 
separate the f o u r compounds wi t h o u t s i g n i f i c a n t i n t e r f e r e n c e i n the 
GFAAS s i g n a l f o r c o n c e n t r a t i o n s of 100 ppm As ( F i g . 5.1g). F u r t h e r 
work c a r r i e d out at lower c o n c e n t r a t i o n s (100 ppb As) u s i n g the 
proposed e l u t i o n system w i t h the GFAAS f o r d e t e c t i o n i n d i c a t e d problems 
of column d e g r a d a t i o n , m o d i f i c a t i o n and s o r p t i o n by phosphorus and 
a r s e n i c , probably on uncapped s i l a n a t e d s i t e s . The use of p a i r e d i o n s 
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F i g . 5.1 
UV absorbances of a r s e n i c species separated on a s i n g l e ODS column w i t h v a r i o u s e l u t i o n systems 
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w i t h t h i s system, such as d o d e c y l s u l p h o n i c a c i d , g i v e a background 
s i g n a l too l a r g e f o r the IL151 c o r r e c t i o n f a c i l i t y . 

U sing a g a i n the H y p e r s i l ODS (3-5 jjm 250 x 4mm) column a second 
i s o c r a t i c e l u t i o n system, s u l p h u r i c a c i d (1.8 x lO'^M) was i n v e s t i g a t e d . 
T h i s was found t o g i v e reproducable s e p a r a t i o n f o r standards of a r s e n a t e , 
monomethylarsonic a c i d , a r s e n i t e and d i m e t h y l a r s i n i c a c i d ( F i g . 5.2). 

F i g . 5.2 
The s e p a r a t i o n of a r s e n i c s p e c i e s on a s i n g l e ODS column w i t h s u l p h u r i c 
a c i d as the e l u e n t 

1 sodium arsenate 
2 monomethylarsonic a c i d 
3 sodium a r s e n i t e 
4 d i m e t h y l a r s i n i c a c i d 

UV 
absorbance 

1 2 
A 

0 
1 I— 

4 6 
mins. 

Using the H y p e r s i l ODS column and s u l p h u r i c a c i d e l u t i o n system 
d e s c r i b e d above,a s o i l pore water from the Gawton area ( F i g . 1.2) 
was a n a l y s e d . The chromatogram f o r t h i s sample can be seen i n 
F i g . 5.3a. A c o i n j e c t i o n w i t h sodium arsenate gave a q u a n t i t a t i v e 
i d e n t i f i c a t i o n of the peak ( F i g . 5.3b), however, an i n j e c t i o n of a 
s i n g l e standard of sodium arsenate r e s u l t e d i n a change i n r e t e n t i o n 
times ( F i g . 5.3c). The s h i f t i n r e t e n t i o n times of the arsenate i n 
the s o i l pore water by comparison t o standards was thought due t o 
i n t e r f e r e n c e e f f e c t s r e s u l t i n g from the sample m a t r i x . T h i s technique 
was t h e r e f o r e r e j e c t e d as a method f o r a s s e s s i n g a r s e n i c s p e c i a t i o n i n 
s o i l pore waters. 
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F i g . 5.3 
A n a l y s i s of a s o i l pore water b}-- HPLC/GFAAS i n t e r f a c e using an ODS column w i t h the s u l p h u r i c a c i d e l u t i o n system 

5 0 — -

a r s e n i c (a) (b) ( c ) 

12 
'T
I S 
min 

T 
24 30 36 42 12 18 24 30 36 1 

42 18 36 7 2 
m m . 

s o i l pore water s o i l pore water + 50 ng sodium arsenate 
m m . 

50 ng sodium arsenate 



Separations on anion exchange columns were examined as p o s s i b l e ways 
to overcome the u n c e r t a i n t y i n r e p r o d u c a b i l i t y observed w i t h the 
H y p e r s i l ODS columns. A Vydac 3021C46 s i l i c a based a n i o n exchange 
column (10 jum) gave poor s e p a r a t i o n s when examined w i t h v a r i o u s 
e l u t i o n systems, however, a r e s i n based s t r o n g anion exchange (SAX) 
BAXIO (5 )jm) column w i t h an ammonium carbonate (O.IM) e l u t i o n system 
gave a c c e p t a b l e s e p a r a t i o n s . The a d d i t i o n a l use of a precolumn 
packed w i t h Z i p a x , a s i l i c a based a n i o n exchange m a t e r i a l (40 pm) 
and a step e l u t i o n system of s u l p h u r i c a c i d (10-^%)/ammonium carbonate 
(O.IM), r e s u l t e d i n a p r e c o n c e n t r a t i o n step on the Z i p a x , which i n 
a d d i t i o n acted as a guard column, r e s u l t i n g i n a reproducable 
s e p a r a t i o n on the SAX column ( F i g . . 5.4). S p i k i n g experiments have 
shown t h a t the f o u r peaks are due t o a r s e n i t e ( 1 ) , d i m e t h y l a r s i n i c 
a c i d ( 2 ) , monomethylarsonic a c i d (3) and arsenate (4) r e s p e c t i v e l y . 
I n i t i a l experiments showed t h a t a r s e n i t e i s not r e t a i n e d on e i t h e r 
of the columns, even i n the s u l p h u r i c a c i d e l u t i o n system. Because 
of the a r b i t r a r y nature of s w i t c h i n g over e l u e n t s , r e t e n t i o n times 
f o r the l a s t three peaks are best measured w i t h r e s p e c t to the l a s t 
peak. F i g . 5.5 shows the use o f the p r e c o n c e n t r a t i o n f a c i l i t y of 
t h i s system f o r the a n a l y s i s of a s o i l pore water i n which there are 
low c o n c e n t r a t i o n s of a r s e n i c s p e c i e s p r e s e n t . I t was noted t h a t no 
apparent l o s s i n r e s o l u t i o n occurs when p r e c o n c e n t r a t i o n was used. 

5.3 Sample storage 

S o i l pore waters were c o l l e c t e d from a bog area not d i r e c t l y e f f e c t e d 
by a r s e n i c m i n e r a l i z a t i o n . These samples were t r e a t e d i n two ways: 
( i ) f i l t e r e d (< 0.45 pra) on s i t e , and ( i i ) s e a l e d u n f i l t e r e d i n an 
a i r - t i g h t c o n t a i n e r and f i l t e r e d (< 0.45 pm) j u s t p r i o r to a n a l y s i s , 
samples from both treatments were s t o r e d i n the l i g h t a t room 
temperature. The samples f i l t e r e d on s i t e ( F i g . 5.6, Table 5.1) 
i n d i c a t e d the samples may be s t o r e d f o r up t o 5 hours w i t h < 10% l o s s 
of a r s e n i t e compared t o 20% f o r samples s t o r e d u n f i l t e r e d ( F i g . 5.7, 
Table 5.2). For both samples w i t h i n 12 hours 90% of a r s e n i t e was 
o x i d i z e d t o a r s e n a t e , w i t h both d i m e t h y l a r s i n i c a c i d and monoraethylar-
s o n i c a c i d showing l o s s e s from the system. A l l subsequent pore water 
samples analysed were f i l t e r e d on s i t e a t time of c o l l e c t i o n s . 
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F i g . 5.4 

S e p a r a t i o n of a r s e n i c s p e c i e s on anion exchange columns w i t h continuous 

a r s i n e g e n e r a t i o n and atomic a b s o r p t i o n d e t e c t i o n 

I t should be noted t h a t although the r e t e n t i o n times of the l a t t e r t h r e e 
components are dependent on the e l u e n t change over t i m e , t h e i r r e l a t i v e 
s e p a r a t i o n s are c o n s i s t e n t w i t h each o t h e r . 
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F i g . 5.5 
Pr e c o n c e n t r a t i o n of a r s e n i c species i n a s o i l pore water on the Zipax anion exchange column 
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F i g . 5.6 
Changes i n a r s e n i c s p e c i e s f o r samples f i l t e r e d on s i t e and s t o r e d 
a t room temperature i n the l i g h t 

9 0 
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Table 5.1 

Concentrations of a r s e n i c species i n s o i l pore water samples f i l t e r e d at time of c o l l e c t i o n 

and stored i n the l i g h t a t room temperature 

Hours 
Sample 

No. 
A r s e n i t e 
MS 1"^ 

DMAA 
MS 1-1 

MMAA 
M6 1-^ 

Arsenate 

US 1"^ 

E of species 

>ig 1-1 

13 
14 
15 

10 
15 
2 

1 
2 

7 
3 

13 

17 
20 
14 

0 ^ 13 
14 

10 
15 

1 
1 

9 
5 

19 
21 

15 14 16 

12 13 
14 

4 
6 

16 
15 

20 
21 

24 13 
14 

3 
6 

14 
17 

17 
21 



F i g . 5.7 
Changes i n a r s e n i c s p e c i e s f o r samples unf i l t e r e d s t o r e d a t room 
temperature i n the l i g h t and f i l t e r e d p r i o r t o a n a l y s i s 

time i n hours 
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Table 5.2 

Concentrations of a r s e n i c species i n s o i l pore water samples stored u n f i l t e r e d i n the l i g h t a t room temperature 

and f i l t e r e d p r i o r t o a n a l y s i s 

Hours 
Sample 

No. 

A r s e n i t e 

Mg 

DMAA 

Mg 1 -1 

MMAA 

Mg 1-1 

Arsenate 

Mg 1'^ 

E of spe c i e s 

Mg 1-1 

13 
14 

13 
16 

3 
4 

3 
3 

20 
23 

4.5 13 
14 

13 
14 

2 
2 

6 
6 

21 
23 

13 
14 

9 
10 

1 
1 

10 
9 

22 
20 

11 13 
14 

6 
6 

1 
1 

12 
14 

19 
21 

24 13 
14 

2 
4 

15 
18 

18 
22 



5.4 A r s e n i c s p e c i a t i o n i n s o i l pore waters from m i n e r a l i z e d and 
u n m i n e r a l i z e d areas 

By u s i n g the survey data f o r a r s e n i c s o i l l e v e l s , p r e s e n t e d i n 
s e c t i o n 3.4, s o i l pore waters were c o l l e c t e d from m i n e r a l i z e d , 
u n m i n e r a l i z e d and u n m i n e r a l i z e d but water logged s i t e s ( F i g . 5.8); 
the l e v e l s and s p e c i e s found are shown i n Table 5.3. 

In a l l a e r o b i c s o i l the predominant species(« 90%)present i n the 
s o i l pore waters was found t o be a r s e n a t e , t h i s agrees w i t h other 
p u b l i s h e d work ( 1 6 ) . Where m i n e r a l i z a t i o n has enhanced the s o i l 
l e v e l s (samples 1, 2, 3, 4) the presence of monomethylarsonic a c i d 
i s observed. These r e s u l t s are not i n complete agreement w i t h 
Woolson ( 8 7 ) , who r e p o r t e d the presence of d i m e t h y l a r s i n i c a c i d as 
the major organo-arsenic compound t o be p r e s e n t , the r e s u l t s he 
r e p o r t e d , however, were f o r s o i l s t r e a t e d w i t h o rgano-arsenic 
p e s t i c i d e s . The range of a r s e n i t e i n samples 1, 2, 3 and 4 i s not 
n o t i c e a b l y d i f f e r e n t from t h a t obtained f o r u n m i n e r a l i z e d areas 
(samples 5, 6, 7, 8 ) . T h i s suggests a p o s s i b l e t h r e s h o l d c o n c e n t r a t i o n 
f o r a r s e n i t e may e x i s t a f t e r which p o i n t monomethylarsonic a c i d i s 
m i c r o b i a l l y produced ( F i g . 5.9). The pH of these s o i l pore waters 
are t y p i c a l l y 4.1-5.3. Samples 9, 10, 11 and 12, a l s o from a 
m i n e r a l i z e d area ( F i g . 5.8), have a s i m i l a r range of arsenate l e v e l s 
to samples 1, 2, 3 and 4, however, comparison of the samples c o n t a i n i n g 
the h i g h e s t t o t a l l e v e l s of a r s e n i c (samples 1, 2, 9 10) i n d i c a t e t h a t 
samples 9 and 10 have l e s s monomethylarsonic a c i d than those l e v e l s 
determined i n samples 1 and 2. T h i s r e d u c t i o n of monomethylarsonic 
a c i d i n samples 9 and 10 corresponds t o e l e v a t e d l e v e l s of a r s e n i t e , 
t h i s r e l a t i o n s h i p i s a l s o apparent i n samples w i t h i n t e r m e d i a t e t o t a l 
a r s e n i c l e v e l s , namely samples 4, 11 and 12. Thus i n samples where 
a r s e n i c l e v e l s are e l e v a t e d the a r s e n i t e c o n c e n t r a t i o n s may e i t h e r 
(a) s t a y s i m i l a r t o those i n non e l e v a t e d samples, i n which case the 
presence of monomethylarsonic a c i d i s observed, or (b) i n c r e a s e 2-5 
times the l e v e l s n o r m a l l y observed, i n which case no or very l i t t l e 
m.onomethylarsonic a c i d i s observed. As the mechanism of m e t h y l a t i o n 
of a r s e n i t e to monomethylarsonic a c i d i s c o n t r o l l e d s o l e l y by m i c r o 
organisms ( F i g . 5.9), i t i s p o s t u l a t e d t h a t the b u i l d up of t o x i c 
a r s e n i t e i n the s o i l s by e i t h e r chemical ( F i g . 5.10) o r m i c r o b i a l 
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F i g . 5.8 
Sample s i t e s f o r s o i l pore waters used i n a r s e n i c s p e c i e s d e t e r m i n a t i o n s 

N 
Sydenham 
Damerel • 

Bere A l s t o n 
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Table 5.3 

Concentrations of a r s e n i c species i n s o i l pore water samples 

Sample A r s e n i t e DMAA MMAA Arsenate E of species T o t a l by hydride GFAAS pH 
No. jjg 1-1 pg 1-1 pg 1-1 pg 1-1 pg 1-1 pg 1-1 pg 1-

1 3.9 3 - 22 210 235 240 210 
2 4.2 2 - 19 210 231 - 210 
3 5.0 2 - 11 84 96 - 100 
h 5.3 8 - 4 79 91 - 110 
5 5.7 2 - - 35 37 40 86 
6 5.4 1 - 1 34 36 - 79 
7 5.6 7 - - 49 57 59 52 
8 5.5 2 - - 44 46 45 54 
9 4.1 6 - 7 200 212 220 210 

10 4.0 7 - 8 210 230 220 230 
11 4.9 11 - - 80 91 93 150 
12 5.1 8 - - 150 160 170 180 
13 4.3 10 - 1 7 17 17 21 
14 4.4 15 - 2 3 20 22 18 
15 5.5 2 - - 13 14 13 11 
16 5.2 1 - - 15 16 15 10 



F i g . 5.9 
Proposed m i c r o b i o l o g i c a l c y c l e of a r s e n i c (129) 
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-0.50-

-0.75 -

F i g . 5.10 
Eh-pH diagram f o r a r s e n i c at 25°C and 1 atmosphere (123) 
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( F i g . 5.9) r e d u c t i o n may i n h i b i t the a c t i v i t y of microorganisms 
i n v o l v e d i n the m e t h y l a t i o n p r o c e s s . 

The t y p i c a l t o t a l l e v e l s of a r s e n i c found i n u n m i n e r a l i z e d a e r o b i c 
s o i l s (samples 5, 6, 7, 8, 15, 16) are 16-56 pg compared t o 
80-215 pg 1-1 f o r the p r e v i o u s l y d i s c u s s e d m i n e r a l i z e d s o i l s . The 
presence of monomethylarsonic a c i d i n the samples from u n m i n e r a l i z e d 
areas i s not observed, except i n one sample (sample 6 ) , which i s 
unusual i n t h a t the a r s e n i t e l e v e l i s low, t h i s may be some unique 
m i c r o b i a l or s o i l c hemistry e f f e c t . 

Samples 13 and 14 were c o l l e c t e d from a n a e r o b i c s o i l s i n an 
un m i n e r a l i z e d area ( F i g . 5.8). The a r s e n i t e which r e p r e s e n t s 59% 
and 77% of the t o t a l a r s e n i c p r e s e n t by c o n t r a s t t o « 10% f o r a e r o b i c 
s o i l s i s i n agreement w i t h p r e v i o u s l y p u b l i s h e d r e s u l t s , which suggest 
arsenate i n anaerobic s o i l s may be up t o 80% (318). The chemical 
c o n d i t i o n s i n the a e r o b i c and anaerobic environment are shown i n 
F i g . 5.10, these suggest the presence of a r s e n i t e w i l l be e l e v a t e d 
due t o chemical r e d u c i n g c o n d i t i o n s . Although m i c r o b i a l r e d u c t i o n of 
arsenate t o a r s e n i t e i s r e p o r t e d (127) at the redox p o t e n t i a l e x p e r i e n c e d 
i n anaerobic s o i l s ( i . e . < 0.00 v o l t s ) , the chemical r e d u c t i o n o v e r r i d e s 
the m i c r o b i a l c o n v e r s i o n of arsenate t o a r s e n i t e (124). Thus any 
microorganism feedback mechanism c o n t r o l l i n g the t o x i c a r s e n i t e 
c o n c e n t r a t i o n s w i l l be impaired i n water logged s o i l s . The low 
l e v e l s of monomethylarsonic a c i d i n these samples may be due to 
v o l a t i l i z a t i o n or reduced m i c r o b i a l a c t i v i t y (127, 130). 

Comparison between t o t a l determined a r s e n i c by species summation 
and by s i n g l e a n a l y s i s on the h y d r i d e agree t o w i t h i n t 5% and 
between t o t a l h y d r i d e and GFAAS t 10%, w i t h the e x c e p t i o n of one 
sample i n which the hydride t o t a l was o n l y 45% of the GFAAS v a l u e s . 
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SUMMARY AND CONCLUSIONS OF ARSENIC, COPPER AND LEAD SPECIES 
IN SOIL PORE WATER 

6.1 Summary 

The s o i l pore water i s the medium through which a l l the dynamic 
f u n c t i o n s of a s o i l system o p e r a t e , as can be i l l u s t r a t e d by 
F i g . 6.1. I t i s the aqueous phase through which p l a n t s absorb 
t h e i r n u t r i e n t s ( f l u x 1 ) . Small q u a n t i t i e s of p l a n t c o n s t i t u e n t s 
and r o o t exudates are a l s o r e l e a s e d back i n t o the s o i l pore water 
( f l u x 2 ) . Ions i n the s o i l pore water are b u f f e r e d by those adsorbed 
onto s o i l s u r f a c e s or h e l d by exchange s i t e s ( f l u x e s 3 and 4 ) . 
Removal of ions from the s o i l pore water causes p a r t i a l d e s o r p t i o n 
of s i m i l a r ions from the exchange s i t e s . The e x t r a c t i n g reagents 
commonly used to q u a n t i f y the elemental a s s o c i a t i o n i n t h i s s o i l 
r e s e r v o i r are a c e t i c a c i d and EDTA. 

S o i l s c o n t a i n numerous m i n e r a l s , some of which are c r y s t a l l i n e , 
o thers are amorphous. These m i n e r a l s impose l i m i t s on the chemical 
composition of the s o i l pore water. I f the s o i l pore water becomes 
supersaturated w i t h r e s p e c t t o any m i n e r a l t h a t m i n e r a l can p r e c i p i t a t e 
( f l u x 5) u n t i l e q u i l i b r i u m i s a t t a i n e d . S i m i l a r l y i f the s o i l pore 
water becomes u n d e r s a t u r a t e d w i t h r e s p e c t t o any m i n e r a l present i n 
the s o i l , t h a t m i n e r a l can d i s s o l v e u n t i l e q u i l i b r i u m i s a t t a i n e d 
( f l u x 6 ) . Sodium d i t h i o n i t e and n i t r i c a c i d are g e n e r a l l y used t o 
determine the ex t e n t of elem e n t a l a s s o c i a t i o n w i t h the amorphous and 
c r y s t a l l i n e m i n e r a l s . 

Fluxes 7 and 8 d e p i c t s e v e r a l dynamic processes t h a t may occur i n 
s o i l s . For example r a i n f a l l adds water t h a t d i l u t e s the s o i l pore 
water ( f l u x 8 ) . Excess water may d r a i n from the s o i l p r o f i l e and 
c a r r y w i t h i t s a l t s and other d i s s o l v e d c o n s t i t u e n t s ( f l u x 7 ) , i n 
order to simulate these f l u x e s e x p e r i m e n t a l l y repeated water e x t r a c t i o n s 
on s o i l s were c a r r i e d out. 

Organic matter and microorganisms a l s o a f f e c t the e q u i l i b r i u m 
r e l a t i o n s h i p s i n s o i l s . L i v i n g organisms remove c o n s t i t u e n t s 
from s o i l pore water and i n c o r p o r a t e them i n t o t h e i r body t i s s u e s 
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F i g . 6.1 

A model of the dynamic e q u i l i b r i a t h a t occur i n s o i l s (315) 
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( f l u x 9 ) . S i m i l a r l y e x t r a c e l l u l a r e x c r e t i o n s and n u t r i e n t s r e l e a s e d 
d u r i n g the decomposition of o r g a n i c m atter or upon the death of the 
organism ( f l u x 10) c o n t r i b u t e t o the s o i l pore water. These f l u x e s 
are connected w i t h a broken l i n e t o i n d i c a t e t h a t t r u e e q u i l i b r i u m 
r e l a t i o n s h i p s are g e n e r a l l y not a c h i e v e d , but are m o d i f i e d by the 
m e t a b o l i c energy r e l a t i o n s h i p s of microorganisms t h a t mediate many 
of these r e a c t i o n s . Assessment of the e l e m e n t a l a s s o c i a t i o n w i t h 
o r g a n i c matter i s t y p i c a l l y c a r r i e d out by use of e x t r a c t i n g r e a g e n t s , 
such as EDTA;with sodium hydroxide commonly used f o r humic and f u l v i c 
a c i d s . 

Gases may e i t h e r be r e l e a s e d t o the s o i l a i r ( f l u x 11) or d i s s o l v e d 
i n the s o i l pore water ( f l u x 1 2 ) . I n s o i l s , p l a n t s and microorganisms 
g e n e r a l l y u t i l i z e oxygen as an e l e c t r o n a c c e p t o r and g i v e o f f carbon 
d i o x i d e from m e t a b o l i c p r o c e s s e s . I n water logged s o i l s the exchange 
of oxygen and carbon d i o x i d e i s g r e a t l y r e s t r i c t e d because d i f f u s i o n 
r a t e s i n water are « 10"^ those i n a i r . As the oxygen i n the s o i l i s 
d e p l e t e d the s o i l becomes reduced. The s o l u b i l i t y product of the 
carbon d i o x i d e w i l l e f f e c t the r e l a t i v e pH of the s o i l s o l u t i o n , the 
g r e a t e r the l e v e l of carbon d i o x i d e s a t u r a t i o n the lower the pH w i l l 
tend t o be, carbon d i o x i d e w i l l t h e r e f o r e b u f f e r the a c i d s i n the s o i l pore 
water. I t i s g e n e r a l l y c o n s i d e r e d t h a t i t i s the weathering of the 
m i n e r a l phase of the s o i l t h a t determines s o l e l y the composition of 
the s o i l pore water. I t should be c l e a r , however, from F i g . 6.1 t h a t 
the s o l u b i l i t y of the m i n e r a l phase i s e f f e c t e d by subsequent a d d i t i o n 
and removal of elements by o t h e r mechanisms. Often the r a t e s of 
d i s s o l u t i o n and p r e c i p i t a t i o n of s o i l m i n e r a l s are so slow that t r u e 
e q u i l i b r i u m i s not a t t a i n e d , consequently both k i n e t i c and thermo
dynamic f a c t o r s must be c o n s i d e r e d . 

For a number of s o i l samples the s o i l s o l u t i o n was removed and 
r e p l a c e d by f r e s h d i s t i l l e d w ater, t h i s r e p e a t e d water e x t r a c t i o n 
experiment s i m u l a t e d f l u x e s 7 and 8 i n F i g . 6.1. The i n d i c a t i o n s 
from these r e s u l t s are t h a t the major s h o r t term supply of r e a d i l y 
s o l u b l e copper and l e a d i s v i a f l u x 4. Subsequent e x t r a c t i o n s exhaust 
the supply of s o l u b l e i o n s , suggesting t h a t the r e s e r v o i r of s u r f a c e 
adsorbed and exchangeable i o n s i s o n l y a b l e t o h o l d a l i m i t e d s u p p l y 
of r e a d i l y s o l u b l e copper and l e a d . The r e s u l t s f o r a r s e n i c i n the 
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s o i l s s t u d i e d i n d i c a t e t h a t the r e a d i l y s o l u b l e a r s e n i c a s s o c i a t e d w i t h 
the amorphous m i n e r a l r e s e r v o i r i s a f a c t o r of 10 times l a r g e r compared 
to the l e v e l s f o r copper and l e a d . 

The use of d i s t i l l e d water i n t h i s experiment s i m p l i f i e s somewhat the 
complex m a t r i x of a n a t u r a l s o i l pore water. I t i s not c o n s i d e r e d , 
however, t h a t t h i s technique w i l l i n c u r any s i g n i f i c a n t e r r o r s i n the 
assessment of r e a d i l y s o l u b l e a r s e n i c , copper or l e a d . 

A n a l y s i s o f the organo-copper, - l e a d s p e c i e s i n pore waters i n d i c a t e s 
the importance of p o l a r d i s s o l v e d o r g a n i c compounds such as c i t r i c 
a c i d and m a l i c a c i d , which may complex up t o 90% of t o t a l s o l u b l e 
copper/lead i n a s o i l pore water. The supply of these o r g a n i c 
compounds t o the pore water i s by f l u x e s 2 and 10, and i t i s b e l i e v e d 
that t h e i r p r o d u c t i o n i s v i a r o o t and microorganism s e c r e t i o n s . A 
f u l l understanding of the t r u e r o l e of these o r g a n i c compounds as 
complexing agents i n s o i l pore water i s not y e t c l e a r . The c o n c e n t r a t i o n 
of s o l u b l e o r g a n o - a r s e n i c , -copper and - l e a d s p e c i e s i n l o c a l s o i l pore 
waters i s dependent on the i n f l u e n c e of m i n e r a l i z a t i o n , the redox 
p o t e n t i a l of the s o i l pore water and past mining a c t i v i t i e s . A r s e n i c 
species i n p a r t i c u l a r are c o n t r o l l e d by the redox c o n d i t i o n s of the 
s o i l s , i . e . when the s o i l i s a e r o b i c a r senate predominates, whereas 
i n anaerobic s o i l s a r s e n i t e l e v e l s become s i g n i f i c a n t . When a r s e n i c 
s o i l l e v e l s are h i g h due t o m i n e r a l i z a t i o n and past mining a c t i v i t y 
monomethylarsonic a c i d i s observed. I t s presence may be a response 
of microorganisms t o the t o x i c l e v e l s o f a r s e n i t e i n the s o i l s , 
which when r e a c h i n g a t h r e s h o l d cause m i c r o b i a l m e t h y l a t i o n to o c c u r . 
I t should be s t r e s s e d t h a t the mechanisms of a r s e n i c s p e c i a t i o n i n 
s o i l s are not w e l l d e f i n e d , but i t i s suggested t h a t f l u x e s 9 and 10 
together w i t h the s o i l s o l u t i o n redox p o t e n t i a l are important i n these 
processes. 

6.2 Conclusions 

The c u r r e n t l i t e r a t u r e and r e s u l t s from t h i s work i l l u s t r a t e the l a c k 
of d e t a i l e d i n f o r m a t i o n at present a v a i l a b l e on the composition of s o i l 
pore waters. The k i n e t i c nature of the system has been i l l u s t r a t e d by 
comparison of t h e o r e t i c a l c a l c u l a t i o n s w i t h experimental data o b t a i n e d . 
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M i l l s and Quinn (264, 265) r e p o r t t h a t 50-70% d i s s o l v e d copper i n 
sea water i s a s s o c i a t e d w i t h u n s p e c i f i e d d i s s o l v e d o r g a n i c compounds 
w i t h m o l e c u l a r weights < 1000, w h i l s t Lee (266) i n d i c a t e s t h a t f u l v i c 
type compounds are s i g n i f i c a n t i n copper complexation. The r e s u l t s 
obtained i n t h i s work are i n agreement w i t h these p r e v i o u s r e p o r t s 
(264-266) and show t h a t up to 90% of the s o l u b l e copper and l e a d i n 
s o i l pore waters are a s s o c i a t e d w i t h these low m o l e c u l a r weight p o l a r 
d i s s o l v e d o r g a n i c compounds. The development of an i n t e r f a c e between 
a high performance l i q u i d chromatograph and a g r a p h i t e f u r n a c e atomic 
a b s o r p t i o n spectrometer, d e s c r i b e d i n t h i s t h e s i s , g i v e s the advanced 
a n a l y t i c a l c a p a b i l i t y f o r the s p e c i f i c i d e n t i f i c a t i o n of these 
p r e v i o u s l y i l l - d e f i n e d low m o l e c u l a r weight p o l a r d i s s o l v e d organo-
m e t a l l i c complexes. C i t r i c and m a l i c a c i d s appear t o be the predominant 
complexing agents i n these s o i l pore w a t e r s . 

F u r t h e r work i s needed t o i d e n t i f y the r o l e of p o l a r d i s s o l v e d o r g a n i c 
compounds i n the processes of m o b i l i z a t i o n and a v a i l a b i l i t y of 
n u t r i e n t s i n s o i l systems. The few samples analysed t o date g i v e 
l i m i t e d i n f o r m a t i o n on these s o i l p r o c e s s e s . I n order t o e v a l u a t e 
more f u l l y the s p e c i f i c r o l e of p o l a r d i s s o l v e d o r g a n i c compounds 
the f o l l o w i n g p r o p o s a l s are made: 

1) To i d e n t i f y any c o r r e l a t i o n s between elemental p l a n t l e v e l s and 
both elemental and p o l a r d i s s o l v e d o r g a n i c compound c o n c e n t r a t i o n s 
i n s o i l pore waters. I t w i l l be necessary t o l o o k at n a t u r a l and 
l a n d managed systems, as w e l l as c a r r y i n g out c o n t r o l l e d s t u d i e s . 
These s t u d i e s may be achieved by hydroponic and pot experiments. 
The hydroponic system reduces the m u l t i - v a r i a b l e system to a 
simple s o l u t i o n / p l a n t r o o t system, removing the s o l i d and humic 
a c i d phases from the experiment. Under experimental c o n d i t i o n s 
combinations of e l e m e n t a l , o r g a n i c a c i d and n u t r i e n t , i n p a r t i c u l a r 
phosphate, c o n c e n t r a t i o n s , t o g e t h e r w i t h p l a n t and m i c r o b i a l 
s p e c i e s can be more s t r i c t l y c o n t r o l l e d . Assessment of the 
importance of m i n e r a l and o r g a n i c matter may be a c h i e v e d w i t h 
s i m i l a r pot or l y s i m e t e r experiments to those o u t l i n e d f o r the 
hydroponic experiments. I n a d d i t i o n the s o i l t e x t u r e and s t r u c t u r e 
may be i n v e s t i g a t e d , t o g e t h e r w i t h the pH, temperature and redox 
p o t e n t i a l of the s o i l s . Comparison of r e s u l t s o b t a i n e d i n these 
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experiments t o e n v i r o n m e n t a l l y o b t a i n e d data w i l l u l t i m a t e l y be 
necessary t o e v a l u a t e the r o l e of p o l a r d i s s o l v e d o r g a n i c compounds 
i n p l a n t uptake mechanisms. V a r i a t i o n s i n s o i l t y p e , land usage, 
c l i m a t i c d i f f e r e n c e s and crop v a r i e t i e s w i l l r e q u i r e c a r e f u l 
i n v e s t i g a t i o n . 

2) To i d e n t i f y any r o l e o f o r g a n o - m e t a l l i c complexes i n the mechanism 
of r o o t t r a n s f e r and t r a n s p o r t a t i o n of elements w i t h i n the p l a n t . 
This may be achieved by sampling from j u s t o u t s i d e and w i t h i n the 
r o o t system and from other areas of the growing p l a n t under 
hydroponic, pot and n a t u r a l c o n d i t i o n s . 

3) I d e n t i f y the r o l e of b a c t e r i a , i n p a r t i c u l a r of the s p e c i e s 
b a c i l l u s and pseudomonas, and f u n g i of the s p e c i e s p e n i c i l l i u m , 
i n the g e n e r a t i o n of o r g a n i c a c i d s r e l a t e d t o the m o b i l i z a t i o n 
of elements through complexation. This may be achieved by u s i n g 
s e l e c t i v e c u l t u r e mediums. 

The development, d e s c r i b e d i n t h i s t h e s i s , of an i n t e r f a c e d h i g h 
performance l i q u i d chromatograph, continuous f l o w h y d r i d e g e n e r a t i o n 
atomic a b s o r p t i o n spectrometer system, p e r m i t s the r a p i d d e t e c t i o n 
of r e d u c i b l e a r s e n i c s p e c i e s i n s o i l pore waters a t low c o n c e n t r a t i o n s . 
In a e r o b i c s o i l s the pore water a r s e n i c c o n c e n t r a t i o n s are dominated 
by the arsenate s p e c i e s . Where m i n e r a l i z a t i o n and past mining 
a c t i v i t i e s have e l e v a t e d the t o t a l s o l u b l e a r s e n i c l e v e l s a r s e n i t e 
and monomethylarsonic a c i d s p e c i e s are observed. A r s e n i c s p e c i a t i o n 
i n anaerobic water logged s o i l s i s markedly d i f f e r e n t from those of 
a e r o b i c s o i l s , w i t h the a r s e n i t e s p e c i e s r e p r e s e n t i n g the g r e a t e r 
percentage of the t o t a l s o l u b l e a r s e n i c p r e s e n t . The r o l e of m i c r o 
organisms and redox p o t e n t i a l s i n the r e d u c t i o n and m e t h y l a t i o n 
processes may f u r t h e r be examined under c o n t r o l l e d pot and l y s i m e t e r 
experiments. 
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APPENDIX A 

I n d i v i d u a l values obtained f o r s o i l samples 
c o l l e c t e d from the Tamar V a l l e y study area and used i n chapter 3 

Table I S o i l 'A' h o r i z o n copper concentrations (pg g'^) 3a 
ext r a c t e d by hot n i t r i c a c i d . 

Table I I S o i l 'B' h o r i z o n copper concentrations (pg g'^) 4a 
ex t r a c t e d by hot n i t r i c a c i d . 

Table I I I S o i l 'A' h o r i z o n copper concentrations (pg g-^) 5a 
ext r a c t e d by sodium d i t h i o n i t e . 

Table IV S o i l 'B' h o r i z o n copper concentrations (pg g ' l ) 6a 
ex t r a c t e d by sodium d i t h i o n i t e . 

Table V S o i l 'A' h o r i z o n lead concentrations (pg g'^) 7a 
ex t r a c t e d by hot n i t r i c a c i d . 

Table VI S o i l 'B' h o r i z o n l e a d concentrations (pg g"!) 8a 
ex t r a c t e d by hot n i t r i c a c i d . 

Table V I I S o i l 'A* h o r i z o n l e a d concentrations (pg g'^) 9a 
ex t r a c t e d by sodium d i t h i o n i t e . 

Table V I I I S o i l 'B* h o r i z o n l e a d concentrations (pg g-^) 10a 
ex t r a c t e d by sodium d i t h i o n i t e . 

Table IX S o i l 'A' h o r i z o n a r s e n i c concentrations (pg g-^) 11a 
ext r a c t e d by hot n i t r i c a c i d . 

Table X S o i l 'B' h o r i z o n a r s e n i c concentrations (pg g-^) 12a 
ex t r a c t e d by hot n i t r i c a c i d . 

Table XI S o i l 'A' h o r i z o n a r s e n i c concentrations (pg g-^) 13a 
ext r a c t e d by sodium d i t h i o n i t e . 

Table X I I S o i l 'B* h o r i z o n a r s e n i c concentrations (pg g'^) 14a 
ext r a c t e d by sodium d i t h i o n i t e . 
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Table X I I I S o i l 'A' h o r i z o n i r o n concentrations (%) 
ex t r a c t e d by hot n i t r i c a c i d . 

15a 

Table XIV S o i l 'B' h o r i z o n i r o n concentrations (%) 
e x t r a c t e d by hot n i t r i c a c i d . 

16 a 

Table XV S o i l 'A* h o r i z o n i r o n concentrations (%) 
e x t r a c t e d by sodium d i t h i o n i t e . 

17a 

Table XVI S o i l 'B' h o r i z o n i r o n concentrations (%) 
e x t r a c t e d by sodium d i t h i o n i t e . 

18a 

Table XVII S o i l 'A' h o r i z o n pH, 19a 

Table XVIII S o i l 'B' h o r i z o n pH 20a 

Table XIX S o i l 'A' h o r i z o n percentage organic matter 
obtained by l o s s on i g n i t i o n . 

21a 

Table XX S o i l 'B' h o r i z o n percentage organic matter 
obtained by l o s s on i g n i t i o n . 

22 a 
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Table I 

Sample Copper Sample Copper 
No. pg g-1 No. pg g-1 

1 50 33 150 
2 48 34 93 
3 46 35 90 
4 52 36 65 
5 61 37 110 
6 54 38 63 
7 46 39 62 
8 160 40 210 
9 170 41 95 

10 110 42 240 
11 75 43 75 
12 51 44 100 
13 40 45 79 
14 33 46 56 
15 66 47 61 
16 51 48 320 
17 140 49 140 
18 57 50 180 
19 150 51 60 
20 130 52 62 
21 99 53 130 
22 48 54 66 
23 43 55 72 
24 180 56 45 
25 1600 57 61 
26 54 58 95 
27 2400 59 140 
28 240 60 57 
29 200 61 63 
30 110 62 75 
31 120 63 61 
32 52 64 79 

Sample Copper Sample Copper 
No. pg g-1 No. pg g-1 

65 200. 97 180 
66 100 98 510 
67 210 99 270 
68 330 100 310 
69 280 101 180 
70 47 102 55 
71 230 103 110 
72 5200 104^ 92 
73 50 105 53 
74 49 106 57 
75 92 107 34 
76 370 108 150 
77 100 109 110 
78 230 110 72 
79 62 111 57 
80 110 112 480 
81 220 113 100 
82 94 114 48 
83 88 115 56 
84 120 116 51 
85 430 117 52 
86 1300 118 42 
87 63 119 98 
88 70 120 43 
89 71 121 64 
90 140 122 64 
91 530 123 99 
92 350 124 44 
93 71 125 52 
94 92 126 75 
95 79 127 59 
96 27 128 48 
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Table I I 

Sample Copper Sample Copper 
No. pg g-1 No. pg g-1 

1 52 33 180 
2 31 34 66 
3 56 35 56 
4 54 36 69 
5 41 37 110 
6 51 38 75 
7 33 39 71 
8 170 40 170 
9 270 41 450 

10 65 42 1400 
11 56 43 83 
12 41 44 100 
13 34 45 110 
14 28 46 70 
15 67 47 45 
16 47 48 350 
17 55 49 110 
18 54 50 170 
19 170 51 59 
20 120 52 76 
21 130 53 110 
22 49 54 51 
23 32 55 63 
24 94 56 62 
25 3500 57 33 
26 45 58 93 
27 620 59 180 
^8 240 60 45 
29 240 61 48 
30 78 62 50 
31 77 63 47 
32 52 64 85 

Sample Copper Sample Copper 
No. pg g-1 No. ug g-1 

65 170 97 63 
66 77 98 300 
67 210 99 430 
68 370 100 41 
69 500 101 120 
70 37 102 43 
71 330 103 74 
72 4400 104 60 
73 52 105 48 
74 43 106 53 
75 77 107 66 
76 570 108 60 
77 96 109 99 
78 290 110 82 
79 60 111 45 
80 78 112 150 
81 210 113 52 
82 56 114 39 
83 51 115 46 
84 220 116 59 
85 330 117 45 
86 990 118 37 
87 61 119 130 
88 75 120 41 
89 45 121 60 
90 130 122 60 
91 290 123 94 
92 150 124 39 
93 66 125 49 
94 78 126 84 
95 130 127 61 
96 24 128 54 
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Table I I I 

Sample Copper Sample Copper 
No. pg g-1 No. pg g-1 

1 26 33 42 
2 26 34 26 
3 24 35 53 
4 33 36 27 
5 37 37 24 
6 23 38 26 
7 18 39 20 
8 84 40 82 
9 130 41 65 

10 57 42 63 
11 40 43 23 
12 42 44 37 
13 18 45 40 
14 12 46 37 
15 43 47 25 
16 19 48 110 
17 -44 49 92 
18 23 50 48 
19 40 51 24 
20 86 52 27 
21 75 53 44 
22 32 54 25 
23 23 55 34 
24 120 56 13 
25 480 57 26 
26 24 58 48 
27 980 59 48 
28 62 60 19 
29 86 61 29 
30 47 62 23 
31 37 63 48 
32 12 64 29 

Sample Copper Sample Copper 
No. pg g-1 No. pg g-1 

65 110_ 97 34 
66 37 98 85 
67 100 99 81 
68 140 100 83 
69 57 101 80 
70 27 102 21 
71 140 103 57 
72 450 104 62 
73 19 105 42 
74 18 106 24 
75 23 107 29 
76 98 108 98 
77 56 109 73 
78 82 110 54 
79 27 111 31 
80 58 112 280 
81 180 113 44 
82 41 114 26 
83 36 115 25 
84 57 116 23 
85 170 117 35 
86 310 118 19 
87 28 119 46 
88 51 120 21 
89 35 121 27 
90 94 122 34 
91 94 123 45 
92 130 124 ' 22 
93 32 125 18 
94 73 126 39 
95 49 127 48 
96 19 128 26 
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Table IV 

Sample Copper Sample Copper 
No. pg g-1 No. pg g-1 

1 27 33 49 
2 29 34 20 
3 32 35 29 
4 39 36 23 
5 36 37 22 
6 28 38 23 
7 10 39 25 
8 110 40 73 
9 120 41 180 

10 31 42 430 
11 26 43 27 
12 25 44 40 
13 12 45 54 
14 10 46 24 
15 39 47 17 
16 17 48 150 
17 30 49 70 
18 22 50 37 
19 42 51 20 
20 69 52 29 
21 81 53 44 
22 29 54 10 
23 19 55 24 
24 41 56 33 
25 1400 57 11 
26 17 58 30 
27 320 59 55 
28 79 60 16 
29 110 61 23 
30 39 62 19 
31 19 63 35 
32 10 64 21 

Sample Copper Sample Copper 
No. pg g-1 No. pg g-1 

65 93. 97 28 
66 42 98 68 
67 290 99 75 
68 190 100 12 
69 72 101 110 
70 21 102 20 
71 150 103 33 
72 350 104 25 
73 23 105 32 
74 23 106 21 
75 23 107 34 
76 120 108 21 
77 47 109 63 
78 69 110 63 
79 24 111 23 
80 33 112 91 
81 130 113 26 
82 28 114 21 
83 18 115 • 21 
84 97 116 27 
85 120 117 32 
86 220 118 17 
87 29 119 60 
88 55 120 24 
89 21 121 21 
90 33 122 30 
91 98 123 48 
92 58 124 20 
93 29 125 27 
94 49 126 39 
95 51 127 46 
96 16 128 27 
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Table V 

Sample Lead Sample Lead 
No. jag g-1 No. pg g-

1 70 33 110 
2 63 34 160 
3 73 35 140 
4 72 36 82 
5 30 37 110 
6 45 38 35 
7 110 39 44 
8 91 40 110 
9 89 41 50 

10 120 42 160 
11 150 43 76 
12 30 44 81 
13 45 45 100 
14 47 46 70 
15 64 47 44 
16 58 48 160 
17 140 49 76 
18 64 50 73 
19 110 51 67 
20 51 52 82 
21 150 53 44 
22 63 54 44 
23 39 55 50 
24 98 56 43 
25 310 57 48 
26 46 58 71 
27 270 59 48 
28 120 60 70 
29 92 61 84 
30 72 62 98 
31 68 63 55 
32 43 64 61 

Sample Lead Sample Lead 
No. >ig g-1 No. pg g-

65 lOQ 97 190 
66 85 98 250 
67 100 99 300 
68 50 100 720 
69 170 101 240 
70 34 102 45 
71 160 103 330 
72 2000 104 110 
73 43 105 74 
74 46 106 65 
75 63 107 81 
76 160 108 210 
77 60 109 230 
78 380 110 130 
79 54 111 59 
80 150 112 530 
81 110 113 120 
82 120 114 63 
83 86 115 67 
84 92 116 58 
85 150 117 52 
86 150 118 62 
87 48 119 130 
88 98 120 47 
89 130 121 98 
90 99 122 84 
91 210 123 170 
92 180 124 46 
93 37 125 43 
94 58 126 130 
95 85 127 130 
96 110 128 93 
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Table VI 

Sample Lead Sample Lead 
No. ug g-1 No. )ig g-

1 63 33 110 
2 55 34 76 
3 76 35 140 
4 63 36 74 
5 21 37 92 
6 20 38 30 
7 88 39 36 
8 97 40 57 
9 91 41 160 

10 60 42 160 
11 110 43 73 
12 25 44 77 
13 32 45 73 
14 20 46 64 
15 67 47 36 
16 34 48 130 
17 130 49 69 
18 55 50 81 
19 170 51 56 
20 41 52 76 
21 160 53 35 
22 58 54 42 
23 41 55 35 
24 64 56 32 
25 440 57 27 
26 36 58 78 
27 160 59 45 
28 90 60 66 
29 100 61 60 
30 69 62 61 
31 75 63 25 
32 44 64 84 

Sample Lead Sample Lead 
No. pg g-1 No. pg g-

65 70. 97 130 
66 40 98 97 
67 35 99 330 
68 60 100 100 
69 250 101 320 
70 46 102 51 
71 150 103 160 
72 1000 104 31 
73 59 105 83 
74 43 106 58 
75 34 107 59 
76 130 108 83 
77 34 109 78 
78 430 110 130 
79 36 111 32 
80 110 112 100 
81 70 113 83 
82 81 114 51 
83 57 115 71 
84 88 116 59 
85 80 117 48 
86 93 118 57 
87 44 119 150 
88 100 120 46 
89 36 121 110 
90 81 122 91 
91 150 123 180 
92 45 124 41 
93 63 125 59 
94 32 126 130 
95 130 127 150 
96 73 128 84 
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Table V I I 

Sample Lead Sample Lead 
No. pg g-1 No. pg g-

1 22 33 25 
2 30 34 36 
3 32 35 54 
4 32 36 31 
5 31 37 34 
6 34 38 14 
7 59 39 15 
8 61 40 41 
9 34 41 15 

10 74 42 39 
11 71 43 28 
12 30 44 29 
13 18 45 51 
14 17 46 40 
15 24 47 16 
16 27 48 91 
17 81 49 30 
18 20 50 60 
19 23 51 23 
20 26 52 23 
21 61 53 30 
22 25 54 22 
23 32 55 20 
24 73 56 21 
25 51 57 19 
26 20 58 25 
27 58 59 27 
28 21 60 25 
29 36 61 32 
30 23 62 34 
31 31 63 14 
32 17 64 21 

Sample Lead Sample Lead 
No. pg g-1 No. pg g-

65 34_ 97 38 
66 42 98 87 
67 62 99 120 
68 49 100 180 
69 40 101 83 
70 9 102 13 
71 73 103 87 
72 58 104 71 
73 18 105 43 
74 23 106 24 
75 21 107 53 
76 49 108 140 
77 22 109 160 
78 60 110 48 
79 18 111 19 
80 41 112 320 
81 48 113 44 
82 29 114 19 
83 29 115 19 
84 48 116 21 
85 65 117 27 
86 21 118 20 
87 15 119 48 
88 48 120 17 
89 90 121 37 
90 37 122 27 
91 38 123 64 
92 53 124 15 
93 24 125 22 
94 40 126 47 
95 36 127 46 
96 31 128 39 
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Table V I I I 

Sample Lead Sample Lead 
No. pg g-1 No. pg g-

1 19 33 31 
2 25 34 19 
3 30 35 52 
4 26 36 27 
5 10 37 27 
6 23 38 16 
7 48 39 14 
8 57 40 26 
9 20 41 37 

10 38 42 52 
11 43 43 25 
12 18 44 26 
13 15 45 31 
14 9 46 32 
15 25 47 13 
16 16 48 82 
17 74 49 32 
18 29 50 52 
19 36 51 20 
20 19 52 21 
21 68 53 21 
22 26 54 16 
23 28 55 14 
24 24 56 17 
25 78 57 9 
26 17 58 27 
27 32 59 22 
28 22 60 20 
29 44 61 28 
30 20 62 31 
31 40 63 11 
32 15 64 18 

Sample Lead Sample Lead 
No. pg g-1 No. pg g-

65 27^ 97 31 
66 15 98 31 
67 36 99 71 
68 17 100 27 
69 58 101 130 
70 14 102 17 
71 61 103 49 
72 47 104 12 
73 15 105 53 
74 17 106 17 
75 19 107 37 
76 32 108 37 
77 14 109 51 
78 64 110 39 
79 11 111 10 
80 34 112 48 
81 48 113 34 
82 19 114 12 
83 20 115 23 
84 49 116 20 
85 32 117 26 
86 18 118 17 
87 17 119 63 
88 56 120 16 
89 15 121 32 
90 39 122 30 
91 49 123 54 
92 36 124 14 
93 26 125 18 
94 20 126 43 
95 45 127 46 
96 22 128 28 
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Table IX 

Sample A r s e n i c Sample A r s e n i c 
No. pg g-1 No. pg g-1 

1 21 33 22 
2 24 34 58 
3 29 35 21 
4 29 36 23 
5 23 37 22 
6 23 38 15 
7 17 39 20 
8 26 40 49 
9 33 41 53 

10 24 42 96 
11 19 43 28 
12 22 44 26 
13 19 45 30 
14 15 46 16 
15 35 47 17 
16 28 48 35 
17 26 49 33 
18 22 50 20 
19 45 51 19 
20 22 52 26 
21 110 53 17 
22 18 54 15 
23 19 55 22 
24 120 56 10 
25 330 57 28 
26 15 58 20 
27 100 59 24 
28 350 60 21 
29 130 61 21 
30 15 62 16 
31 17 63 25 
32 10 64 34 

Sample A r s e n i c Sample A r s e n i c 
No. ug g-1 No. pg g-1 

65 40^ 97 49 
66 20 98 31 
67 26 99 31 
68 52 100 13 
69 48 101 380 
70 18 102 12 
71 34 103 58 
72 400 104 120 
73 17 105 17 
74 17 106 14 
75 17 107 30 
76 31 108 64 
77 30 109 52 
78 20 110 15 
79 14 111 12 
80 43 112 520 
81 18 113 36 
82 120 114 20 
83 16 115 15 
84 36 116 15 
85 40 117 18 
86 120 118 17 
87 16 119 30 
88 19 120 15 
89 27 121 16 
90 65 122 19 
91 28 123 32 
92 27 124 14 
93 19 125 14 
94 32 126 14 
95 26 127 21 
96 41 128 29 
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Table X 

Sample A r s e n i c Sample A r s e n i c 
No. pg g-1 No. pg g---

1 38 33 26 
2 30 34 44 
3 31 35 17 
4 31 36 14 
5 23 37 21 
6 23 38 19 
7 16 39 24 
8 38 40 51 
9 78 41 160 

10 19 42 180 
11 14 43 18 
12 24 44 30 
13 9 45 26 
14 11 46 20 
15 56 47 15 
16 17 48 30 
17 30 49 36 
18 15 50 26 
19 53 51 19 
20 29 52 14 
21 90 53 24 
22 17 54 12 
23 21 55 22 
24 63 56 19 
25 420 57 13 
26 9 58 18 
27 200 59 25 
28 130 60 15 
29 130 61 11 
30 16 62 19 
31 16 63 25 
32 9 64 31 

Sample A r s e n i c Sample A r s e n i c 
No. pg g-1 No. pg g-1 

65 26. 97 37 
66 37 98 27 
67 18 99 27 
68 11 100 18 
69 59 101 380 
70 17 102 10 
71 32 103 62 
72 480 104 24 
73 17 105 14 
74 14 106 15 
75 12 107 36 
76 31 108 14 
77 20 109 20 
78 22 110 17 
79 14 111 14 
80 64 112 60 
81 10 113 36 
82 23 114 16 
83 9 115 19 
84 50 116 12 
85 180 117 15 
86 50 118 17 
87 15 119 32 
88 22 120 17 
89 23 121 20 
90 64 122 18 
91 18 123 33 
92 19 124 15 
93 18 125 16 
94 15 126 16 
95 10 127 17 
96 37 128 18 
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Table XI 

Sample A r s e n i c Sample A r s e n i c 
No. ug g-1 No. US g-1 

1 6 33 11 
2 4 34 16 
3 8 35 10 
4 15 36 8 
5 6 37 7 
6 4 38 5 
7 13 39 7 
8 11 40 14 
9 19 41 14 

10 11 42 24 
11 10 43 7 
12 7 44 10 
13 7 45 9 
14 4 46 6 
15 14 47 7 
16 9 48 10 
17 13 49 9 
18 8 50 8 
19 14 51 6 
20 14 52 10 
21 60 53 10 
22 10 54 4 
23 6 55 9 
24 90 56 2 
25 35 57 10 
26 7 58 12 
27 43 59 10 
28 32 60 6 
29 26 61 8 
30 6 62 4 
31 6 63 9 
32 4 64 17 

Sample A r s e n i c Sample A r s e n i c 
No. ug g-1 No. ug g-1 

65 1? 97 15 
66 3 98 8 
67 4 99 10 
68 6 100 5 
69 14 101 70 
70 3 102 4 
71 13 103 21 
72 28 104 80 
73 5 105 11 
74 7 106 3 
75 5 107 13 
76 8 108 45 
77 7 109 37 
78 6 110 9 
79 4 111 4 
80 20 112 360 
81 3 113 12 
82 7 114 5 
83 5 115 6 
84 13 116 3 
85 12 117 4 
86 70 118 5 
87 4 119 8 
88 11 120 5 
89 11 121 5 
90 27 122 5 
91 8 123 8 
92 6 124 5 
93 7 125 6 
94 19 126 6 
95 3 127 5 
96 12 128 6 
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Table X I I 

Sample A r s e n i c Sample A r s e n i c 
No. pg g-1 No. pg g-1 

1 9 33 13 
2 5 34 9 
3 7 35 9 
4 16 36 6 
5 4 37 7 
6 4 38 6 
7 5 39 7 
8 8 40 12 
9 33 41 28 

10 9 42 44 
11 8 43 4 
12 7 44 9 
13 3 45 7 
14 3 46 5 
15 18 47 5 
16 5 48 10 
17 10 49 9 
18 6 50 7 
19 19 51 7 
20 16 52 11 
21 48 53 11 
22 8 54 5 
23 4 55 8 
24 21 56 4 
25 38 57 6 
26 4 58 11 
27 50 59 10 
28 18 60 8 
29 28 61 5 
30 5 62 5 
31 7 63 7 
32 5 64 19 

Sample Arsen i c Sample A r s e n i c 
No. ug g-1 No. pg g-1 

65 9. 97 16 
66 2 98 9 
67 8 99 13 
68 7 100 4 
69 18 101 71 
70 3 102 4 
71 13 103 26 
72 14 104 8 
73 6 105 10 
74 6 106 4 
75 4 107 16 
76 8 108 5 
77 7 109 8 
78 5 110 10 
79 3 111 5 
80 19 112 37 
81 5 113 8 
82 6 114 4 
83 3 115 6 
84 11 116 3 
85 3 117 4 
86 29 118 5 
87 3 119 7 
88 8 120 5 
89 8 121 4 
90 30 122 5 
91 6 123 8 
92 3 124 5 
93 6 125 7 
94 4 126 6 
95 2 127 5 
96 16 128 8 
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Table X I I I 

Sample Ir o n 
No. % 

1 3.7 
2 2.4 
3 3.7 
4 3.1 
5 2.6 
6 2.4 
7 4.0 
8 4.4 
9 3.7 

10 3.4 
11 4.2 
12 2.2 
13 6.0 
14 1.7 
15 2.7 
16 4.2 
17 3.4 
18 3.3 
19 4.5 
20 2.6 
21 4.0 
22 4.2 
23 2.4 
24 5.0 
25 4.6 
26 3.8 
27 4.1 
28 5.0 
29 4.4 
30 4.1 
31 3.2 
32 3.0 

Sample I r o n 
No. % 

33 3.7 
34 3.5 
35 4.0 
36 4.0 
37 3.2 
38 1.4 
39 4.9 
40 3.9 
41 3.8 
42 1.1 
43 3.7 
44 3.1 
45 1.0 
46 2.9 
47 4.5 
48 5.0 
49 3.5 
50 4.0 
51 3.7 
52 3.1 
53 2.7 
54 2.1 
55 1.6 
56 1.2 
57 2.1 
58 3.8 
59 3.2 
60 3.3 
61 3.7 
62 3.7 
63 1.9 
64 2.7 

Sample Iron 
No. % 

65 4.3, 
66 2.0 
67 3.1 
68 2.9 
69 4.3 
70 4.3 
71 4.6 
72 8.0 
73 2.9 
74 1.9 
75 2.9 
76 3.0 
77 4.5 
78 4.5 
79 4.3 
80 3.3 
81 2.5 
82 4.7 
83 2.9 
84 3.5 
85 6.0 
86 8.0 
87 4.2 
88 3.8 
89 2.8 
90 3.9 
91 3.5 
92 3.2 
93 4.3 
94 4.4 
95 2.4 
96 2.9 

Sample I r o n 
No. % 

97 3.2 
98 3.3 
99 3.1 

100 3.9 
101 5.0 
102 4.2 
103 4.9 
104 5.0 
105 4.3 
106 4.5 
107 1.6 
108 4.7 
109 4.0 
110 4.5 
111 4.7 
112 7.0 
113 4.3 
114 2.1 
115 4.0 
116 4.0 
117 4.4 
118 4.5 
119 5.0 
120 3.7 
121 3.7 
122 4.4 
123 4.2 
124 4.5 
125 3.2 
126 4.7 
127 4.5 
128 4.3 
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Table XIV 

Sample Iron 
No. % 

1 3.8 
2 2.5 
3 4.0 
4 3.7 
5 2.5 
6 2.4 
7 4.8 
8 4.2 
9 3.7 

10 4.1 
11 4.6 
12 1.9 
13 4.6 
14 5.0 
15 4.2 
16 4.8 
17 4.9 
18 5.0 
19 5.0 
20 3.9 
21 4.4 
22 4.2 
23 2.1 
24 4.0 
25 5.0 
26 4.6 
27 4.7 
28 4.6 
29 4.6 
30 4.3 
31 4.2 
32 3.4 

Sample Ir o n 
No. % 

33 3.4 
34 4.4 
35 4.4 
36 4.7 
37 3.8 
38 1.5 
39 3.1 
40 4.8 
41 6.0 
42 6.0 
43 4.2 
44 4.7 
45 3.4 
46 3.2 
47 3.2 
48 5.0 
49 3.9 
50 4.1 
51 3.9 
52 3.8 
53 3.1 
54 2.3 
55 1.8 
56 2.9 
57 1.5 
58 4.0 
59 3.6 
60 3.9 
61 4.0 
62 4.0 
63 2.1 
64 3.1 

Sample Iron 
No. % 

65 4.4. 
66 2.3 
67 2.1 
68 2.7 
69 5.0 
70 4.8 
71 4.7 
72 13.0 
73 3.2 
74 1.7 
75 3.0 
76 3.4 
77 4.9 
78 4.8 
79 4.8 
80 4.9 
81 3.0 
82 4.9 
83 3.7 
84 4.1 
85 7.0 
86 5.0 
87 3.9 
88 3.9 
89 4.7 
90 4.0 
91 3.5 
92 3.0 
93 4.8 
94 5.0 
95 2.6 
96 3.8 

Sample I r o n 
No. % 

97 3.6 
98 3.4 
99 3.6 

100 4.4 
101 5.0 
102 4.6 
103 4.4 
104 6.0 
105 4.4 
106 5.0 
107 3.8 
108 5.0 
109 4.4 
110 4.6 
111 5.0 
112 5.1 
113 4.7 
114 2.0 
115 4.5 
116 4.9 
117 4.8 
118 4.6 
119 4.5 
120 3.1 
121 4.3 
122 4.6 
123 4.3 
124 5.0 
125 3.6 
126 4.8 
127 4.2 
128 4.5 
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Table XV 

Sample Iron Sample I r o n 
No. % No. % 

1 2.8 33 3.1 
2 1.4 34 2.0 
3 3.1 35 2.5 
4 2.3 36 2.4 
5 1.4 37 2.5 
6 1.7 38 0.8 
7 3.1 39 3.3 
8 3.3 40 2.4 
9 2.7 41 2.9 

10 2.6 42 0.7 
11 3.2 43 2.7 
12 0.9 44 2.2 
13 3.5 45 0.6 
14 1.1 46 2.0 
15 2.0 47 3.6 
16 3.9 48 3.9 
17 2.6 49 2.8 
18 2.0 50 3.1 
19 3.3 51 2.7 
20 2.0 52 2.1 
21 3.2 53 2.6 
22 3.2 54 1.8 
23 2.7 55 0.9 
24 3.0 56 0.8 
25 3.7 57 1.8 
26 2.9 58 3.1 
27 3.1 59 2.3 
28 3.4 60 2.0 
29 3.0 61 2.6 
30 3.2 62 2.3 
31 2.3 63 1.0 
32 2.3 64 2.0 

Sample Iron Sample I r o n 
No. % No. % 

65 3.2. 97 2.3 
66 2.7 98 2.3 
67 2.7 99 2.2 
68 2.2 100 2.9 
69 3.2 101 2.1 
70 3.0 102 3.2 
71 3.7 103 3.8 
72 6.0 104 3.8 
73 2.0 105 3.1 
74 2.4 106 3.4 
75 2.1 107 0.9 
76 2.4 108 3.3 
77 3.5 109 2.6 
78 3.2 110 3.6 
79 3.6 111 3.6 
80 2.3 112 4.2 
81 1.2 113 3.4 
82 3.4 114 1.7 
83 2.6 115 2.8 
84 2.5 116 3.1 
85 4.0 117 1.2 
86 5.0 118 3.4 
87 3.2 119 4.2 
88 2.2 120 2.0 
89 2.0 121 2.3 
90 2.4 122 2.0 
91 2.2 123 3.5 
92 3.6 124 3.2 
93 3.2 125 2.4 
94 2.8 126 3.8 
95 1.7 127 2.8 
96 2.1 128 3.1 
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Table XVI 

Sample Iron Sample Ir o n 
No. % No. % 

1 2.6 33 2.6 
2 2.3 34 2.4 
3 2.5 35 2.6 
4 1.7 36 3.4 
5 1.7 37 2.8 
6 1.0 38 0.9 
7 2.3 39 2.2 
8 2.9 40 3.6 
9 2.3 41 3.8 

10 2.6 42 3.8 
11 3.1 43 3.1 
12 0.3 44 2.7 
13 3.1 45 2.0 
14 3.1 46 2.1 
15 2.7 47 2.3 
16 3.3 48 3.5 
17 2.8 49 2.7 
18 3.3 50 2.8 
19 4.0 51 2.9 
20 2.5 52 2.7 
21 2.9 53 2.3 
22 2.6 54 1.9 
23 2.1 55 1.0 
24 2.4 56 2.0 
25 2.9 57 1.4 
26 3.4 58 3.1 
27 3.3 59 2.6 
28 3.0 66 2.5 
29 2.7 61 2.4 
30 3 .5 62 2.3 
31 1.9 63 2.7 
32 2.6 64 2.3 

Sample Iron Sample I r o n 
Jo. % No. % 

65 2.9 97 2.7 
66 2.7 98 2.6 
67 2.0 99 2.8 
68 2.7 100 2.4 
69 3.0 101 2.8 
70 3.2 102 3.7 
71 2.8 103 3.0 
72 7.0 104 4.3 
73 2.3 105 2.2 
74 2.0 106 3.7 
75 2.3 107 2.1 
76 2.5 108 3.2 
77 3.4 109 3.2 
78 2.3 110 2.7 
79 2.5 111 3.8 
80 3.0 112 3.8 
81 2.2 113 2.7 
82 3.4 114 1.7 
83 2.6 115 3.2 
84 2.2 116 3.5 
85 2.4 117 0.7 
86 3.1 118 3.4 
87 2.8 119 3.1 
88 1.3 120 2.3 
89 3.8 121 1.6 
90 2.4 122 2.9 
91 2.3 123 2.7 
92 2.4 124 3.7 
93 3.6 125 2.0 
94 4.0 126 3.2 
95 . 2.6 127 2.3 
96 2.2 12^ 2.3 
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Table XVII 

Sample Sample Sample Sample 
pn No. pn No. pn No. PH 

1 6.6 33 5.9 65 5.9 97 5.3 
2 7.1 34 3.4 66 6.3 98 5.4 
3 5.6 35 5.4 67 5.7 99 5.2 
4 5.2 36 6.0 68 5.1 100 5.5 
5 5.3 37 5.2 69 5.8 101 5.8 
6 6.8 38 6.1 70 6.2 102 5.7 
7 5.8 39 5.4 71 5.6 103 6.3 
8 6.2 40 5.4 72 5.9 104 3.8 
9 6.0 41 5.9 73 5.3 105 6.0 

10 5.2 42 3.8 74 5.2 106 6.5 
11 5.5 43 5.6 75 4.7 107 3.6 
12 5.4 44 6.0 76 5.5 108 5.3 
13 6.0 45 3.8 77 4.8 109 4.8 
14 3.5 46 6.1 78 5.9 110 5.6 
15 6.0 47 5.6 79 4.0 111 3.5 
16 5.6 48 5.2 80 3.9 112 3.4 
17 7.2 49 6.0 81 6.2 113 6.5 
18 3.8 50 6.0 82 6.2 114 5.5 
19 5.9 51 6.7 83 4.6 115 6.1 
20 5.5 52 5.8 84 4.7 116 5.1 
21 5.5 53 3.8 85 4.7 117 5.9 
22 6.2 54 6.4 86 6.2 118 5.2 
23 5.7 55 5.2 87 6.1 119 5.0 
24 6.0 56 5.6 88 6.5 120 5.4 
25 3.6 57 6.3 89 3.4 121 5.7 
26 7.4 58 4.8 90 6.1 122 6.4 
27 4.4 59 6.0 91 5.6 123 5.6 
28 5.0 60 5.8 92 4.9 124 4.1 
29 5.8 61 6.4 93 5.7 125 6.1 
30 6.9 62 7.2 94 3.4 126 5.6 
31 6.1 63 5.4 95 6.1 127 5.6 
32 6.2 64 6.2 96 6.0 128 4.8 
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Table XVIII 

Sample „ Sample „ Sample Sample „ 
No. No. No. No. P" 

1 6.3 33 5.4 65 6.0. 97 5.3 
2 6.5 34 4.1 66 5.9 98 5.0 
3 5.5 35 5.6 67 5.4 99 5.1 
4 5.4 36 6.0 68 4.9 100 6.5 
5 5.1 37 5.4 69 5.7 101 6.1 
6 6.3 38 5.7 70 5.8 102 6.1 
7 6.3 39 5.6 71 4.8 103 6.1 
8 6.3 40 6.0 72 5.9 104 4.2 
9 5.4 41 5.4 73 5.5 105 6.1 

10 5.8 42 4.0 74 5.0 106 6.4 
11 5.8 43 5.9 75 5.0 107 4.1 
12 5.0 44 6.0 76 5.6 108 5.9 
13 6.6 45 4.0 77 5.1 109 5.6 
14 4.1 46 5.8 78 5.9 110 5.0 
15 6.3 47 5.0 79 4.1 111 3.8 
16 5.9 48 5.2 80 4.2 112 3.8 
17 7.2 49 6.0 81 5.9 113 6.9 
18 4.2 50 6.2 82 6.1 114 5.4 
19 6.2 51 6.1 83 5.8 115 6.0 
20 5.6 52 5.3 84 6.8 116 5.1 
21 5.8 53 5.8 85 5.5 117 6.1 
22 6.3 54 6.0 86 6.5 118 5.5 
23 5.5 55 5.1 87 6.2 119 5.6 
24 5.0 56 5.1 88 7.2 120 5.0 
25 4.4 57 5.9 89 3.8 121 5.9 
26 5.1 58 4.1 90 5.8 122 6.6 
27 4.9 59 4.1 91 5.2 123 6.0 
28 5.0 60 5.9 92 5.0 124 4.8 
29 4.8 61 5.8 93 5.5 125 6.1 
30 5.9 62 6.5 94 3.6 126 5.8 
31 6.4 63 5.1 95 5.7 127 5.8 
32 5.8 64 6.0 96 5.7 128 4.8 
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Table XIX 

Sample Organic 
No. % 

1 11.7 
2 23.0 
3 11.5 
4 13.5 
5 10.6 
6 23.0 
7 10.4 
8 17.3 
9 16.9 

10 18.3 
11 16.4 
12 13.1 
13 14.3 
14 53.0 
15 10.4 
16 10.6 
17 11.3 
18 25.0 
19 15.0 
20 13.2 
21 15.4 
22 15.7 
23 18.0 
24 17.0 
25 6.6 
26 9.3 
27 33.0 
28 15.3 
29 9.2 
30 16.8 
31 14.7 
32 17.1 

Sample Organic 
No. % 

33 14.3 
34 25.0 
35 12.2 
36 17.9 
37 12.8 
38 17.4 
39 9.3 
40 16.5 
41 7.8 
42 75.0 
43 11.2 
44 10.7 
45 69.0 
46 28.0 
47 13.7 
48 21.0 
49 15.6 
50 13.5 
51 10.4 
52 24.0 
53 18.4 
54 9.3 
55 15.5 
56 10.8 
57 13.1 
58 17.0 
59 13.7 
60 10.8 
61 14.7 
62 18.4 
63 16.9 
64 21.0 

Sample Organic 
No. % 

65 10.9 
66 13.3 
67 18.3 
68 14.3 
69 18.4 
70 13.9 
71 13.3 
72 5.3 
73 12.2 
74 25.0 
75 27.0 
76 8.7 
77 22.0 
78 11.4 
79 18.4 
80 31.0 
81 17.3 
82 11.3 
83 14.5 
84 12.7 
85 22.0 
86 33.0 
87 23.0 
88 17.3 
89 42.0 
90 21.0 
91 10.6 
92 10.4 
93 8.7 
94 26.0 
95 15.6 
96 15.1 

Sample Organic 
No. % 

97 15.3 
98 12.4 
99 10.4 

100 12.6 
101 14.3 
102 10.3 
103 15.5 
104 17.0 
105 30.0 
106 15.5 
107 73.0 
108 18.7 
109 18.0 
110 22.0 
111 20.7 
112 27.0 
113 12.4 
114 17.0 
115 17.1 
116 17.4 
117 10.4 
118 13.3 
119 16.5 
120 11.7 
121 18.4 
122 12.2 
123 12.8 
124 27.0 
125 15.3 
126 9.2 
127 11.7 
128 15.0 
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Table XX 

Sample Organic Sample Organic 
o. 1 No. % 

1 7.5 33 4.0 
2 15.1 34 2.4 
3 7.2 35 7.4 
4 8.2 36 6.5 
5 10.6 37 9.7 
6 17.3 38 7.1 
7 9.1 39 5.1 
8 11.6 40 13.9 
9 5.0 41 5.7 

10 12.9 42 27.0 
11 10.3 43 10.6 
12 9.6 44 9.3 
13 3.1 45 13.7 
14 5.6 46 11.5 
15 8.7 47 5.7 
16 8.9 48 7.3 
17 8.7 49 8.6 
18 7.3 50 7.0 
19 11.4 51 6.7 
20 7.1 52 11.4 
21 11.8 53 9.2 
22 12.8 54 9.1 
23 8.2 55 7.1 
24 3.8 56 9.3 
25 8.6 57 5.4 
26 8.6 58 8.6 
27 5.0 59 6.4 
28 8.6 60 8.8 
29 8.7 61 6.1 
30 9.9 62 9.7 
31 9.3 63 8.6 
32 8.2 64 16.5 

Sample Organic Sample Organic 
^o. % No. % 

65 7.0 97 6.7 
66 8.1 98 7.3 
67 7.1 99 8.6 
68 5.6 100 5.1 
69 10.6 101 10.7 
70 9.7 102 6.4 
71 9.2 103 5.0 
72 4.0 104 6.7 
73 6.5 105 10.3 
74 11.6 106 8.2 
75 9.3 107 14.3 
76 5.3 108 8.5 
77 8.7 109 10.9 
78 10.3 110 7.4 
79 10.1 111 12.8 
80 11.9 112 9.8 
81 5.7 113 7.8 
82 6.1 114 5.1 
83 6.6 115 9.2 
84 10.3 116 12.9 
85 3.7 117 6.8 
86 16.5 118 9.6 
87 11.8 119 10.7 
88 11.4 120 5.1 
89 16.8 121 7.1 
90 5.0 122 8.6 
91 7.1 123 11.5 
92 3.1 124 12.2 
93 7.0 125 9.6 
94 12.5 126 9.0 
95 6.5 127 7.5 
96 5.7 128 12.3 

- 22a -



APPENDIX B 

P u b l i c a t i o n s and presented papers 

H a s w e l l , S.J., S t u d i e s on e l e v a t e d heavy metal l e v e l s i n s o i l s 2b 
of South West England, presented t o and p u b l i s h e d i n the 
proceedings of the South West England S o i l s D i s c u s s i o n Group, 
1983. 

H a s w e l l , S.J., O ' N e i l l , P., B a n c r o f t , K.C.C., A s s o c i a t i o n of 6b 
le a d w i t h p o l a r d i s s o l v e d o r g a n i c compounds i n s o i l pore waters. 
I n t . Conf. heavy metals i n the environment, H e i d e l b e r g , 1983, 
2_, 1215. 

Brown, L., H a s w e l l , S.J., Rhead, M.M., O ' N e i l l , P., 10b 
B a n c r o f t , K.C.C., I n i t i a l s t u d i e s on the a p p l i c a t i o n of 
hi g h performance l i q u i d chromatography t o determine 
organo-copper s p e c i a t i o n i n s o i l pore w a t e r s , i n p r e s s . 
A n a l y s t , 1983. 

Ha s w e l l , S.J., O ' N e i l l , P., B a n c r o f t , K.C.C., The development 
of HPLC/GFAA spectrometer i n t e r f a c e f o r the a n a l y s i s of organo-
copper complexes i n s o i l pore w a t e r s , presented at the SAC 
Conference Edinburgh, 1983. 

Tye, C.T., H a s w e l l , S.J., O ' N e i l l , P., B a n c r o f t , K.C.C., 
The d e t e r m i n a t i o n of a r s e n i c s p e c i e s by coupled h i g h p r e s s u r e 
l i q u i d chromatography/hydride g e n e r a t i o n atomic a b s o r p t i o n 
spectrophotometry i n c l u d i n g the use of a p r e - c o n c e n t r a t i o n 
column - i n p r e p a r a t i o n . 

H a s w a l l , S.J., S t o c k t o n , R.A., B a n c r o f t , K.C.C., I r g o l i c , K .J., 
O ' N e i l l , P., and Rahman, A., I n t e r f a c i n g of HPLC and GFAAS 
apparatus f o r element s p e c i f i c d e t e c t i o n - i n p r e p a r a t i o n . 

- l b -



STUDIES ON ELEVATED HEAVY METAL LEVELS IN 

SOILS OF SOUTH WEST ENGLAND 

by S.J. HASWELL 

Introduction 

Instances of elevated s o i l l e v e l s of heavy metals are of general concern 

with reference to m i n e r a l i z a t i o n ^ and sewage sludge d i s p o s a l ^ . L o c a l l y 

l e v e l s of heavy metals r e l a t e d to m i n e r a l i z a t i o n and past mining a c t i v i t y 

have been well s t u d i e d " ^ h o w e v e r , although numerous studies on land 
5,6 

di s p o s a l of sewage sludge and t o x i c metal l e v e l s have been c a r r i e d out 

l i t t l e or no data i s a v a i l a b l e f o r s o i l s used i n t h i s l o c a l i t y . This 

paper reports the r e s u l t s of recent research into ( i ) elemental enrichment, 

and ( i i ) d i s t r i b u t i o n patterns f o r l o c a l s o i l s a r i s i n g from land d i s p o s a l 

of sewage sludge and m i n e r a l i z a t i o n e f f e c t s . 

Land d i s p o s a l of sewage sludge 

The d i s t r i b u t i o n of a number of heavy metal elements (copper, n i c k e l and 

lead) through a s o i l p r o f i l e has been investigated with respect to t i n e 

a f t e r an i n i t i a l a p p l i c a t i o n of surface sewage sludge was made onto 

permanent pasture land. The experimental s i t e at Hatt was dressed with 
3 2 -1 108 dra per 4m of sewage sludge g i v i n g i n a zinc equivalent of 705 Kg ha 

Samples of s o i l (Denby s e r i e s pH 6.9) from two depths 0-2cm and 10-12cm were 

p e r i o d i c a l l y c o l l e c t e d and a i r d r i e d . A sample of the < 180jm sieved 

f r a c t i o n was digested i n hot n i t r i c a c i d (145°C f o r 4 hours) and analysed 

f o r elemental concentration by flame atomic absorption spectroscopy. 

F i g . 1 shows the v a r i a t i o n s i n concentrations of copper, lead and n i c k e l 

a f t e r treatment wich time f o r the 0-2 and 10-12cm depths. Surface l e v e l s 

of copper and n i c k e l both show a maximum a f t e r 2-3 months, dropping back 

to pretreatment l e v e l s by 22 months. A maximum f o r lead at the 0-2cm 

depth i s not apparent, however, one i s observed at 3 months f o r the 10-12cn 
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depth, i n d i c a t i v e of lead m o b i l i t y down the p r o f i l e . A subsequent maxima 

at the 10-12cm depth occurs f o r copper a f t e r 4 months, however, n i c k e l 

does not r e f l e c t t h i s trend, elemental l e v e l s at the 10-12cm depth r e t u r n 

to pretreatment l e v e l s a f t e r 2A months. 

In t h i s study heavy metals present i n a surface dressing of sewage sludge 

appear to be removed from the s o i l p r o f i l e w i t h i n a period of 24 months, 

with removal patterns r e f l e c t i n g t h e i r r e l a t i v e m o b i l i t i e s . It i s 

concluded that r a p i d break down of organic matter, r e l i e f and climate 

were the dominant f a c t o r s i n the removal of copper, lead and n i c k e l from 

the s o i l p r o f i l e . 

}iS &^ F i g . 1 

1 1 i ^ ^-V^A^ , , 

0 1 2 3 4 22 23 24 25 
(T) MONTHS 
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E f f e c t s of m i n e r a l i z a t i o n i n the Tamar V a l l e y 

Enhancement of elemental l e v e l s of a r s e n i c , copper and lead i n the s o i l s of 

the Tamar V a l l e y may be considered to be a r e s u l t of e i t h e r natural weathering 

of mineralized bed rock or surface p o l l u t i o n r e s u l t i n g from e x t r a c t i o n 

procedures. Over an area of some 30 square kilometres of the Tamar V a l l e y 

s o i l samples at a density of approximately 5 per square kilometre were 

c o l l e c t e d from the A and B s o i l horizons. Two chemical e x t r a c t i o n procedures 

on the a i r d r i e d < 180 yum sieved f r a c t i o n were c a r r i e d out a) hot n i t r i c 

acid d i g e s t i o n (145°C 4 hours) to obtain t o t a l l e v e l s , and b) sodium d i t h i o n i t e 

e x t r a c t i o n to remove secondary i r o n and associated elements; a l l determinations 

were made by atomic absorption spectroscopic techniques. T y p i c a l l e v e l s 

found i n the s o i l are given i n Table 1, and can be seen to r e f l e c t r e l a t i v e l y 

high background values compared to the na t i o n a l values. The s o i l e x t r a c t 

concentrations were p l o t t e d to give s p a t i a l d i s t r i b u t i o n patterns f o r each 

element s o i l horizon and e x t r a c t i o n procedure. In a d d i t i o n the data was 

processed s t a t i s t i c a l l y to obtain i n t e r v a r i a b l e c o r r e l a t i o n and determination 

of background, threshold and anomalous values. 

Table 1 

Elemental S o i l Levels pg g -1 

NATIONAL a 

TAMAR VALLEY b 

(NON MINERALIZED) c 

TAMAR VALLEY 

(MINERALIZED) 

b 

c 

As 

11.3 

27 

34 

385 

340 

Cu 

25.8 

90 

100 

2450 

2500 

Pb 

29.2 

121 

90 

215 

326 

a BCWEN, H.T.M., ENVIRONMENTAL CHEMISTRY, VOL. 2, 1980, ch. 3 

b THORNTON, I., and WEBB, J.S., APPLIED SOIL TRACE ELEMENTS, Ed. DAVIES, B.E., 

1980 

c HASWELL, S.J., 1982 
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The r e s u l t s indicate that bed rock mineralization and subsequent natural 

weathering cause elevated elemental s o i l l e v e l s in overlying s o i l , 

however, the r a d i c a l dispersion area of this e f f e c t was minimal (less 

than 100 metres). In s p e c i f i c areas where active arsenic smelting had 

taken place larger areas of surface contamination from mine s p o i l are 

observed, however, r e s u l t s from the sodium d i t h i o n i t e extraction indicated 

that a e r i a l dispersion from smelter stacks was of no s i g n i f i c a n c e . At one 

p a r t i c u l a r farm in the area, where mine s p o i l has been used f o r repairing 

hedges, numerous c a t t l e deaths have been attributed to d i r e c t ingestion 

of t h i s m aterial. 

In conclusion the r e s u l t s of t h i s extensive elemental s o i l survey i n 

the Tamar V a l l e y indicated (1) higher than national background s o i l 

l e v e l s with l o c a l i z e d elevation in areas effected d i r e c t l y by bed rock 

mineralization, (2) that extraction processes f o r arsenic although 

extensive i n the l a t e 19th century caused l o c a l i z e d contamination from 

overburden d i s p o s a l , but no s i g n i f i c a n t a e r i a l contamination. 
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ASSCCIATICrf OF LEAD V.'ITH POLAR DISSOLVED ORGANIC COMPOUNDS I.M SOIL PORE 
•.-."ATZ."; 

3.J. H i s w e i l , ?. O ' N e i l l , K.C.C. Bancroft 

ABSTR.ACT 

The development of reverse phase hig h performance l i q u i d chromatography 
(HrlC) techniques s u i t a b l e f o r the a n a l y s i s of p o l a r d i s s o l v e d o r g a n i c 
contcunds (PCCC's) w i t h the use o f u l t r a v i o l e t a b s o r p t i o n s p e c t r o s c o o i 
i e t e c t o r s has enabled us t c separate and q u a n t i f y a number of c a r b o x y l i 
and a-ino a c i d s . The i n t e r f a c i n g of ^the HPLC/u.v. system, to a g r a p h i t e 
furr.aca a t o n i c a b s o r p t i o n spectrophotometer (GFAAS) a l l o w s a l i q u o t s o f 
the :-;?LC e l u a t e to be monitored f o r l e a d . The i n t e r f a c e i s designed so 
that over 90% of the HPLC eluate i s used i n the l e a d a n a l y s i s . S o i l 
pore -.--aters were c o l l e c t e d by o n - s i t e c e n t r i f u g a t i o n and immediately 
f i l t e r e d through a 0.4 5 m i l l i p o r e f i l t e r . A l i q u o t s of pore water 
were i n j e c t e d onto an ODS column with an orthosphosphoric a c i d e l u t i c n 
systeir.. The eiuate passed through a u.v. d e t e c t o r set at 215 nm and v i 
the automatic i n j e c t o r i n t o the GFAAS. 

The pore waters were c o l l e c t e d from s o i l s i n the Tamar V a l l e y , a 
m i n s r a i i s e d area west of Dartmoor i n S.W. England. T o t a l lead l e v e l s 
i n the waters v a r i e d betv;een 30 yg dm" ^ and 142 yg dm~ ^ (mean 45 yg dm" ^ 
The i-.ajority (50-30%) of the s o l u b l e l e a d was a s s o c i a t e d wit'n c i t r i c , 
- a l i c and formic a c i d s , though the p r o p o r t i o n s a s s o c i a t e d with each var 
The remaining 20-40% of the s o l u b l e l e a d e l u t e d with the solvent f r o n t 
as dc i n o r g a n i c and very h i g h l y p o l a r o r g a n i c s p e c i e s . 

INTRODUCTION 

A s a t i s f a c t o r y d e t e c t i o n method f o r metal s p e c i a t i o n i n environmental 
waters i s a p r e r e q u i s i t e f o r the understanding of both metal m o b i l i t y 
and i t s a v a i l a b i l i t y to b i o l o g i c a l systems ( r e f . 1,2,3). The develop-
rrient zf reverse-phase high-performance l i q u i d chromatography (KPLC) 
techniques s u i t a b l e f o r the a n a l y s i s of p o l a r d i s s o l v e d organic 
ccr.pcunds (PDOC's) suggested t h a t , with s u i t a b l e s p e c i f i c d e t e c t o r s , 
such techniques might a f f o r d an i n s i g h t i n t o organo-lead s p e c i a t i o n 
i n r.at'jral waters. We r e p o r t the r e s u l t s d e t a i l i n g the a p p l i c a t i o n of 
rnoiecuiar and atomic s p e c t r o s c o p i c technia_ues to the determination o f 
?DGC-?b complexes, i n s o i l pore waters. As w e l l as the high m.olecuiar 
weight compounds such as p o l y s a c c h a r i d e s , p e p t i d e s , l i p i d s and humic 
substances, there i s a wide range of low molecular weight metabolites 
produced i n s o i l s by micro-organisms and p l a n t r o o t s ( r e f . 4 ) . These 
low molecular weight compounds which are p o l a r and sol-able i n aqueous 
s o l u t i o n s are of p a r t i c u l a r i n t e r e s t , as they are more l i k e l y to be 
d i r e c t l y a v a i l a b l e to organisms. There have been re c e n t r e p o r t s t h a t 
s i g n i f i c a n t q u a n t i t i e s of v a r i o u s heavy metals are a s s o c i a t e d w i t h 
organic s p e c i e s other than those normally d e s c r i b e d as humic and 
f u l v i c a c i d s ( r e f . 5,5,7). 

Department of Environmental S c i e n c e s , F a c u l t y o f S c i e n c e , Plymouth 
P o l y t e c h n i c , Drake C i r c u s , Plymouth, Devon. ?L4 3AA, England. 



EXPERIMENTAL 

Apparatus 

A Psrkin-Elmer Series 2 L i q u i d Chromatograph equipped with a Pye LC 
u l t r a - v i o l e t (u.v.) detector set at 213 nm and a Perkin-Elmer 023 
recorder with a Waters U5K i n j e c t o r valve employed 'to d e l i v e r samples 
onto a K y p e r s i l 3-5 um o c t a d e c y l s i l a n e (ODS) column (250mm x 5mm i.d.) 
was used. For lead d e t e c t i o n the column was i n t e r f a c e d to a graphite 
furnace atomic absorbance spectrophotometer (GFAAS) (Instrument Laboratory 
151 spectrophotometer with an IL 555 el e c t r o t h e r m a l atomizer) using a 
microprocessor c o n t r o l l e d i n t e r f a c e based on a previous design ( r e f . 3). 

Sample preparation 

M i c r c c i a i a c t i v i t y can cause r a p i d changes i n the composition of PDOC's 
a f t e r c o l l e c t i o n and during storage. ' To o b t a i n pore v/aters, s o i l 
samples were c e n t r i f u g e d on s i t e ( t y p i c a l l y 2000g f o r 50 s e c . ) , t h i s 
process being completed as r a p i d l y as p o s s i b l e a f t e r s o i l sample 
c o l l e c t i o n ( i . e . minutes). A l l samples were immediately f i l t e r e d 
( H i i l i p o r e Swinnex f i t t e d v/ith Whatman WCN m i l i i p o r e f i l t e r s , 0.45 ym) 
to reduce m i c r o b i a l a c t i v i t y . Storage f o r periods of 24 hours i n a 
r e f r i g e r a t o r (4*^0) showed no obvious compositional changes f o r the 
samples s t u d i e d , but storage f o r longer than 48 hours i s not 
recommended. L'nfiltered samples were found to d e t e r i o r a t e w i t h i n 1 
hour of c o l l e c t i o n . . A c i d i f i c a t i o n of c o l l e c t e d samples caused 
d i s s o c i a t i o n of many PDOC-?b complexes and was therefore avoided. 

Chromatographic c o n d i t i o n s 

Vi'ith regard to the chrom.atographic r e s o l u t i o n of ?DOC-?b complexes i t 
v/as considered that tr.e technique u t i l i s e d would need to be able to 
maintain the i n t e g r i t y of the sample and a l l o w simultaneous assessm.ent 
of both a v a r i e t y of groups of compounds ( c a r b o x y l i c a c i d s , am.ino a c i d s , 
etc.) and the presence of any metal complexes with such compounds. Gas 
chromatography (GC) techniques and HPLC techniques r e q u i r i n g ion 
exc l u s i o n , ion exchange or pre-column d e r i v a t i s a t i o n s do, by t h e i r 
nature, a l t e r the composition of the sample and thus could not be 
applied to metal s p e c i a t i o n s t u d i e s . Reverse-phase HPLC using an ODS 
sta t i o n a r y phase o f f e r e d the p o t e n t i a l f o r a n a l y s i s o f a wide v a r i e t y 
of polar organic and organo-metaliic compounds and was therefore chosen. 
Reverse-phase columns w i l l r e t a i n polar compounds most e f f e c t i v e l y v/hen 
t h e i r i o n i s a t i o n i s suppressed. As many of the polar organic ligands 
present i n pore waters are a c i d i c , i . e . c i t r i c a c i d , the eluent system 
chosen to suppress i o n i s a t i o n was a l s o a c i d i c (0.02% v/v orthophosphoric 
a c i d pH 2.5). The r e l a t i v e slowness of the GFAAS d e t e c t i o n system, 
reduced the rate of eluate a n a l y s i s to approximately 5 ml hr"'. 

GFA.AS operating c o n d i t i o n s 

The operating c o n d i t i o n s used are given i n Table 1. The i n j e c t i o n of 
eluate i n t o the atomizer at elevated temperatures allowed great volumes 
(up to 100 y l , i f required) to be i n j e c t e d with consequent increase i n 
s e n s i t i v i t y , and together with a d d i t i o n a l nitrogen c o o l i n g of the 
graphite cuvette, a c y c l e time of 50 seconds was achieved. An i n j e c t i o n 
procedure commencing at 175°C was used during t h i s study. The 
in t r o d u c t i o n of the sample i n t o a warm cuvette by p r e s s u r i z e d nitrogen 
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appears to give instantaneous d r y i n g w i t h no evidence of s p l a t t e r i n g 
at the n i t r o g e n pressure used. With l e a d n i t r a t e fed i n t o the sample 
loop of the i n t e r f a c e by means of a p e r i s t a l t i c pump the lim.it of 
d e t e c t i o n f o r l e a d was determined to be 0.5 yg dm"" w i t h the 
c a l i b r a t i o n curve showing l i n e a r a r i t y up t o 20 yg dm"^. 

RESULTS AND DISCUSSION 

The pore waters were c o l l e c t e d from s o i l s i n the Tamar V a l l e y , a 
m i n e r a l i s e d area west of Dartmoor i n S.W. England. T o t a l l e a d l e v e l s 
i n the v;aters v a r i e d between 30 ug dm"'' and 142 yg dm" ^ (mean 45 yg 
dm~^). F i g . 1 i l l u s t r a t e s the r e s u l t s obtained f o r one of the pore 
waters. The ' d i s t r i b u t i o n of l e a d and the c o n c e n t r a t i o n s o f the 
a s s o c i a t e d organic compounds are given i n Table 2. This i s a t y p i c a l 
example of the pore waters examined i h which the m a j o r i t y (50-30%) o f 
the s o l u b l e lead was a s s o c i a t e d w i t h c i t r i c , malic and formic a c i d s , 
though the p r o p o r t i o n s a s s o c i a t e d with each v a r i e d between samples. 
The remaining 20-40% of the s o l u b l e lead e l u t e d w i t h the s o l v e n t 
f r o n t as do i n o r g a n i c and very h i g h l y p o l a r organic compounds. 
Microorganisms known to r e l e a s e the a c i d s a s s o c i a t e d w i t h l e a d , genus 
B a c i l l u s and Pseudomonas ( r e f . 9 ) , were i d e n t i f i e d i n the u n f i l t e r e d 
s o i l pore water. These r e s u l t s i n d i c a t e the apparent importance o f 
d i s s o l v e d low molecular weight organic a c i d s on the m o b i l i t y and 
a v a i l a b i l i t y of l e a d i n s o i l s . 
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TABLE I 

Atomic a b s o r p t i o n c o n d i t i o n s f o r Pb determinations by f l a m e l e s s 
operation w i t h auto i n t e r f a c e c o n t r o l . 

Lamp: Hollow Cathode Wavelength : 283.3 nm;Band pass : 0.5 n.m j 
I n j e c t i o n temp : 175°C " i n j e c t i o n pressure : 15 p . s . i . ' 
i n j e c t i o n v o l : 75.5 y l " ^ 
temple 175 350 700 2000 
time sec. 10 5 5 5 
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FIG. 1 

S o i l Pore Water 
Sample 1 

A 215 nm 
0.15 
aufs 

ng 

ml of Eluent 

The U.V. and lea d d i s t r i b u t i o n f o r a s o i l pore water. 
•J.V. Peaks A = i n o r g a n i c / h i g h l y p o l a r o r g a n i c comipounds, 
5 = a l l a n t o i n , C = formic a c i d , D = m a l i c a c i d , E = l a c t i c 
a c i d , r = c i t r i c a c i d . 

TABLE : i 

Q u a n t i f i c a t i o n and d i s t r i b u t i o n data f o r s o i l pore water 1 ( F i g . 1) 
Total l e a d i n f i l t e r e d sample : 39 ug dm."̂  
Total l e a d determined from GF.'̂ JIS peaks : 37 ug dra"^ 
U V peak A B C D E F 
% lead 3 3 - 18 14 - 3 5 

organic a c i d - a l l a n t o i n formic m a l i c l a c t i c c i t r i c 
cone of o r g a n i c 
a c i d 
mMXlO"^ 

1.2 30 2.7 17 1.5 
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I n i t i a l s t u d i e s on the a p p l i c a t i o n o f high-performance l i q u i d 

chromatography to determine organo-copper s p e c i a t i o n i n s o i l pore waters 

L e s l i e Brovm, Stephen J . H a s w e l l , M i c h a e l M. Rhead, P e t e r O ' N e i l l , 

K e i t h C.C. B a n c r o f t . 

John Graymore Chemical Laboratory, Department of Environmental S c i e n c e s , 

Plymouth P o l y t e c h n i c , Drake C i r c u s , Plymouth, England. PL4 8AA. 

The use of reverse-phase high-performance l i q u i d chromatographic 

techniques w i t h molecular and atomic s p e c t r o s c o p i c d e t e c t o r s t o determine 

organo-copper com.plexes i n s o i l pore water i s d e s c r i b e d . P o l a r d i s s o l v e d 

organic compounds and a s s o c i a t e d copper complexes are separated u s i n g e i t h e r 

a s i n g l e H y p e r s i l ODS column or two H y p e r s i l ODS columns and a Hamilton 

PRP 1 column i n s e r i e s . Q u a n t i f i c a t i o n was achieved u s i n g u l t r a v i o l e t 

d e t e c t o r s f o r the organic m o l e c u l a r s p e c i e s and g r a p h i t e furnace atomic 

a b s o r p t i o n spectrometry f o r the copper. 

Keywords: P o l a r organic-copper complex d e t e r m i n a t i o n s ; high-performance 

l i q u i d chromatography; u l t r a - v i o l e t / a t o m i c a b s o r p t i o n s p e c t r o s c o p i c 

d e t e c t i o n ; s o i l pore waters. 

A s a t i s f a c t o r y d e t e c t i o n method f o r metal s p e c i a t i o n i n environmental 

waters i s a p r e r e q u i s i t e f o r the understanding of both metal m;obility and 

i t s a v a i l a b i l i t y to b i o l o g i c a l systems^»^ ' ̂ . The development o f r e v e r s e -

phase a n a l y s i s o f p o l a r d i s s o l v e d o r g a n i c com.pounds (FDOCs) suggested t h a t , 

w i t h s u i t a b l e s p e c i f i c d e t e c t o r s , such techniques might a f f o r d an i n s i g h t 

i n t o organo-copper s p e c i a t i o n i n n a t u r a l waters. We r e p o r t the p r e l i m i n a r y 

r e s u l t s d e t a i l i n g the a p p l i c a t i o n o f molecular and atomic s p e c t r o s c o p i c 

techniques to the determ.ination of ?DOC-Cu complexes, p a r t i c u l a r l y i n s o i l 
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pore waters. As w e l l as the h i g h m o l e c u l a r weight compounds such as 

p o l y s a c c h a r i d e s , p e p t i d e s , l i p i d s and hiomic substances, t h e r e i s a wide 

range of low molecular weight m e t a b o l i t e s produced i n s o i l s by micro

organisms and p l a n t roots'*. The f i l m o f c a p i l l a r y water w i t h i n s o i l 

aggregates and on the s u r f a c e of s o i l p a r t i c l e s c o n t a i n r e l a t i v e l y h i g h 

c o n c e n t r a t i o n s of p o t e n t i a l l y complexing or g a n i c a c i d s a s s o c i a t e d w i t h the 

p r o l i f e r a t i o n of micro-organisms i n t h i s environment. Bonneau and S c u c h i e r ^ 

have r e p o r t e d the presence of c i t r i c , m a l i c , l a c t i c and formic a c i d i n s o i l 

pore waters. The low molecular weight compounds which are p o l a r and s o l u b l e 

i n aqueous s o l u t i o n s are o f p a r t i c u l a r i n t e r e s t , as they are more l i k e l y t o 

be d i r e c t l y a v a i l a b l e t o organisms. There are many areas o f the U.K. where 

copper d e f i c i e n c y i n c r o p s , p a r t i c u l a r l y wheat and b a r l e y , occurs®. I t has 

been found than t o t a l copper l e v e l s i n s o i l s are o f l i t t l e d i a g n o s t i c v a l u e 

but Na-EDTA e x t r a c t i o n s , which are thought t o e x t r a c t o r g a n i c a l l y complexed 

copper, can be used to i n d i c a t e copper a v a i l a b i l i t y . l-iiowledge o f 

the s p e c i f i c compounds i n v o l v e d i n copper uptake i s l a c k i n g and the c o r r e l a t i o n 

between a c t u a l uptake and "Na-EDTA e x t r a c t a b l e " copper i s not good^. 

The s t r o n g c h e l a t i n g p r o p e r t i e s of low m o l e c u l a r weight o r g a n i c a c i d s and t h e i r 

p r o d u c t i o n by micro-organisms p l a y an important p a r t i n the bioweathering o f 

rocks and the p r o d u c t i o n of f r e s h s o i l s ^ . There have been re c e n t r e p o r t s t h a t 

s i g n i f i c a n t q u a n t i t i e s o f copper are a s s o c i a t e d w i t h o r g a n i c s p e c i e s o t h e r than 

those normally d e s c r i b e d as humic and f u l v i c acids^»'>^°. The d i r e c t i n t e r f a c i r 

of high-performance l i q u i d chromatography (HPLC) w i t h u l t r a v i o l e t m o l e c u l a r 

a b s o r p t i o n and g r a p h i t e furnace atomic a b s o r p t i o n spectroscopy, as r e p o r t e d 

here, provides a s e n s i t i v e method f o r the s e p a r a t i o n and q u a n t i f i c a t i o n o f 

a number o f p o l a r organic compounds and the copper a s s o c i a t e d with them. 
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ExDerimental 

Reagents 

A l l organic a c i d s and standards were o f A n a l a r q u a l i t y . 

D i s t i l l e d water: d e i o n i s e d , d i s t i l l e d water. 

HPLC eluent: 0.02% V/V orthophosphoric a c i d i n d i s t i l l e d water (pH 2.5) 

M i c r o b i o l o g i c a l assay: s i i b s t r a t e s used were dextrose agar (P.D.A.) and 

n u t r i e n t agar. 

Apparatus 

A Perkin-Elmer S e r i e s 2 L i q u i d Chromatograph equipped v/ith an u l t r a - v i o l e t 

(UV) d e t e c t o r ( e i t h e r a P e r k i n Elmer LC 75 w i t h scanning f a c i l i t y or a 

Pye LC UV) s e t at 215 nm was used. These were connected t o a Waters U6K 

i n j e c t o r v a l v e , Perkin-Elmer 023 r e c o r d e r s and e i t h e r a s i n g l e column 

( H y p e r s i l 5 ym o c t a d e c y l s i l a n e (ODS)) (250 mm x 5 mm i.d.) or t h r e e 

columns (two H y p e r s i l 5ym ODSand one Hamilton 10 ym PRP 1) (250 mm x 5 mm 

i.d.) i n s e r i e s i n a constant temperature (28.5''C) e n c l o s u r e . For copper 

d e t e c t i o n e i t h e r ( i ) d i s c r e t e e l u a t e f r a c t i o n s (50 y l ) were c o l l e c t e d and 

an a l i q u o t (20 y l ) analysed by manual i n j e c t i o n i n t o a g r a p h i t e furnace 

atomic absorbance spectrophotometer (GFAAS) (Instrument Laboratory 151 

spectrophotometer w i t h an IL 555 e l e c t r o t h e r m a l a t o m i s e r ) , or ( i i ) the 

column was i n t e r f a c e d t o the GFAAS u s i n g a microprocessor c o n t r o l l e d 

i n t e r f a c e based on a previous d e s i g n ^ ^ ( F i g . 1 ) . The i n j e c t o r c o n s i s t e d 

o f a pneumatic A l t e x s l i d e r i n j e c t i o n v a l v e and a s o l e n o i d c o n t r o l l e d 

s y r i n g e needle. The s y r i n g e needle was made of 1/16 OD 315 s t a i n l e s s s t e e 

N i t r o g e n pressure (15 p s i ) was used to d e l i v e r the sample from the sample 

loop through the s y r i n g e needle i n t o the c u v e t t e . A microprocessor was us 

to c o n t r o l the i n j e c t i o n sequence; i n c l u d i n g o p e r a t i o n of the A l t e x v a l v e 

door opening, and a c t i v a t i o n o f the s o l e n o i d to f o r c e the needle through 
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the door p o r t i n t o the c u v e t t e . F u r t h e r d e t a i l s o f the design o f the 

i n j e c t o r w i l l be p u b l i s h e d elsewhere. Table 1 l i s t s the GFAAS o p e r a t i n g 

c o n d i t i o n s . 

Procedure 

( i ) Sample p r e p a r a t i o n 

M i c r o b i a l a c t i v i t y can cause r a p i d changes i n the composition o f PDOC s 

a f t e r c o l l e c t i o n and d u r i n g s t o r a g e . A l l samples were immediately f i l t e r e d 

( M i l l i p o r e Swinnex f i t t e d w i t h Whatman WCN f i l t e r s , 0.45 ym) t o 

reduce m i c r o b i a l a c t i v i t y . Storage f o r p e r i o d s o f 24 hours i n a r e f r i g e r a t o r 

(4°C) showed no obvious c o m p o s i t i o n a l changes f o r the samples s t u d i e d , but 

storage f o r longer than 48 hours i s not recommended. A c i d i f i c a t i o n o f 

c o l l e c t e d samples w i l l cause d i s s o c i a t i o n o f many PDOC-Cu complexes and was 

t h e r e f o r e not used. For s o i l samples, on s i t e c e n t r i f u g a t i o n ( t T ^ p i c a l l y 

2000 g f o r 60 sec) was used t o e x t r a c t the pore water, t h i s b e i n g completed 

as r a p i d l y as p o s s i b l e a f t e r core c o l l e c t i o n ( i . e . w i t h i n minutes). 

( i i ) S e l e c t i o n o f GF.A.AS o p e r a t i n g c o n d i t i o n s 

When GFAAS determ,inations were c a r r i e d out manually on c o l l e c t e d e l u a t a 

f r a c t i o n s , standard o p e r a t i n g c o n d i t i o n s were used (Table 1 ( a ) ) . The d i r e c t 

i n t e r f a c i n g o f the HPLC-GFAAS systems r e q u i r e d both a r e d u c t i o n i n the HPLC 

flow r a t e ( t o 0.1 ml min )̂ and an i n c r e a s e i n e l u a t e volume i n j e c t e d i n t o the 

GFAAS to minimise the q u a n t i t y o f unanalysed e l u a t e . The o p e r a t i n g c o n d i t i o n s 

used are given i n Table 1 ( b ) . The i n j e c t i o n o f e l u a t e i n t o the atomiser 

a t e l e v a t e d temperatures allowed (a) g r e a t e r volumes (up t o 100 p i , i f 

re q u i r e d ) t o be i n j e c t e d , w i t h consequent i n c r e a s e i n s e n s i t i v i t y ; (b) 

r e d u c t i o n i n a n a l y s i s c y c l e time from 160 to 90 sec. A d d i t i o n a l n i t r o g e n 

c o o l i n g of the g r a p h i t e c u v e t t e was i n c o r p o r a t e d i n t o the system and t h i s 

f u r t h e r reduced the c y c l e time t o 50 sec. The temperature o f commencement 
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o f the i n j e c t i o n c y c l e a f f e c t e d the s i z e o f the a b s o r p t i o n s i g n a l 

( F i g . 2 ) . An i n j e c t i o n procedure commencing a t 250°C was used d u r i n g t h i s 

study. The i n t r o d u c t i o n o f the sample by p r e s s u r i s e d n i t r o g e n appears t o 

give instantaneous d r y i n g w i t h no evidence o f s p l a t t e r i n g a t the n i t r o g e n 

i n j e c t i o n pressure used. Higher gas pressures do cause t h i s problem. 

With copper n i t r a t e f e d i n t o the sample loop by means of a p e r i s t a l t i c 

pump the l i m i t o f d e t e c t i o n f o r copper was determined to be O.M-^g ^ 

and the c a l i b r a t i o n curve was l i n e a r up to 50^.g 2 '. 

R e s u l t s and D i s c u s s i o n 

With regard t o the chromatographic r e s o l u t i o n o f PDOC-Cu complexes i t was 

considered t h a t the technique u t i l i s e d would need to be able t o m a i n t a i n the 

i n t e g r i t y o f the sample and a l l o w simultaneous assessment o f both a v a r i e t y 

o f groups o f compounds ( c a r b o x y l i c a c i d s , amino a c i d s , e t c . ) and the presence 

of any metal complexes w i t h such compounds. Gas and g a s - l i q u i d (GC and GLC) 

techniques and HPLC techniques r e q u i r i n g i o n e x c l u s i o n , i o n exchange o r 

pre-column d e r i v a t i s a t i o n s do, by t h e i r n a t u r e , a l t e r the composition o f 

the sample and thus c o u l d not be a p p l i e d to metal s p e c i a t i o n s t u d i e s . Reverse 

phase HPLC u s i n g an ODS s t a t i o n a r y phase o f f e r e d the p o t e n t i a l f o r a n a l y s i s 

o f a wide v a r i e t y o f p o l a r o r g a n i c and o r g a n o - m e t a l l i c compounds and was 

t h e r e f o r e chosen. 

Reverse-phase columns w i l l r e t a i n p o l a r compounds most e f f e c t i v e l y when t h e i r 

i o n i s a t i o n i s suppressed. As many of the p o l a r o r g a n i c l i g a n d s present i n por 

waters are a c i d i c , e.g. c i t r i c a c i d , the e l u e n t system chosen t o suppress 

i o n i s a t i o n was a l s o a c i d i c (0.02% v/v orthophosphoric a c i d pH 2.5). The 

r e l a t i v e slowness of the GFAAS d e t e c t i o n system reduced the r a t e o f e l u a t e 

a n a l y s i s to approximately 5 mi hr~^. The i s o c r a t i c e l u t i o n w i t h orrhophosphcr 

a c i d was s u i t a b l e f o r c e r t a i n PDOCs up t o c.i tr{«. o-ciJ. Table 2. The slower 

e l u t i o n o f the PDOCs: w i t h l o n g e r r e t e n t i o n times than citric O-c'icl would 

have r e q u i r e d a n a l y s i s time of g r e a t e r than seven hours. A l e s s a c i d i c e l u e n t 
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was u t i l i s e d f o r these l e s s p o l a r compounds. Ammonium forroate (0.01 M, 

pH 5.1) was found to be s u i t a b l e because i t gave a reduced s i g n a l t o n o i s e 

r a t i o f o r GFAAS a n a l y s i s as compared t o the other c h r o m a t o g r a p h i c a l l y s u i t a b l e 

eluents t e s t e d i . e . combined sodium dihydrogen phosphate (0.01 M) - disodium. 

hydrogen phosphate (0.01 M) (pH 5.1) and ammonium phosphate (0.01 M) (pH 5.1). 

However, as no s i g n i f i c a n t q u a n t i t i e s of copper were determined w i t h the 

l a t e r e l u t i n g compounds, only the use o f the orthophosphoric a c i d e l u t i n g 

system i s d e s c r i b e d i n the present paper. 

The use o f a s i n g l e H y p e r s i l ODS column a t the h i g h e r f l o w r a t e s (2 ml min"M 

gave some s e p a r a t i o n of the PDOCs ( F i g . 3 ( a ) ) , but the r e s o l u t i o n was poor. 

B e t t e r r e s o l u t i o n was obtained ( F i g . 3 (b)) when the e l u e n t flow r a t e was 

reduced t o a value ( o . l ml min"M s u i t a b l e f o r use w i t h the GFAAS d e t e c t i o n 

system. The best s e p a r a t i o n o f the PDOCs ( F i g . 3 ( c ) ) was a t t a i n e d w i t h the 

three column system, u s i n g two H y p e r s i l ODS columns i n s e r i e s , f o l l o w e d by 

a Hamilton PRP 1 column h e l d at 28.5''C. This three column system was not 

s u i t a b l e f o r i n t e r f a c i n g w i t h the GFAAS because the l o n g e r r e t e n t i o n times 

would extend the time f o r a s i n g l e a n a l y s i s to n e a r l y f o u r hours i n v o l v i n g 

over 250 i n j e c t i o n s compared t o about one hour w i t h about 70 i n j e c t i o n s u s i n g 

a s i n g l e column. The r e t e n t i o n volumes and d e t e c t i o n l i m i t s f o r a number o f 

PDOCs on the s i n g l e column system are g i v e n i n Table 2. Those compounds whose 

r e t e n t i o n volumes were g r e a t e r than 4'4nil were not subsequently c o n s i d e r e d as 

the KPLC-GFAAS i n t e r f a c e was not operated to i n v e s t i g a t e t h e i r presence. 

Greater r e s o l u t i o n was o b t a i n e d w i t h the three column system. Table 3, and t h i s 

was used t o co n f i r m the presence and c o n c e n t r a t i o n o f some compounds. .Again, 

only the compounds of p a r t i c u l a r i n t e r e s t i n t h i s paper are given i n Table 3 

and f u l l e r d e t a i l s o f a l l compounds which can be r e s o l v e d w i l l be p u b l i s h e d 

s e p a r a t e l y . The three column system was e s p e c i a l l y u s e f u l f o r a c i d s t h a t 

were present i n amounts c l o s e to o r below the d e t e c t i o n l i m i t f o r the 

s i n g l e column system. 
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Having confirmed the s e p a r a t i o n achieved by r u n n i n g mixtures o f standard 

compounds, s o i l pore waters were examined. One s o i l pore water ( F i g . 4- ( a ) ) 

contained f i v e r e c o g n i s a b l e PDOCs when run on the s i n g l e column system. These 

compounds were i d e n t i f i e d on the b a s i s o f t h e i r r e t e n t i o n volumes. Table 2. 

Standard s o l u t i o n s o f p a i r s o f the proposed compounds were added to 

a l i q u o t s o f the pore water. The c o i n c i d e n c e o f the r e s p e c t i v e peaks ( F i g . 4 

Co)), ( c ) , (d)) confirmed the presence o f the compounds and allowed them t o be 

q u a n t i f i e d . Repeat runs c a r r i e d out on the three column system gave 

s i m i l a r r e s u l t s u s u a l l y agreeing to w i t h i n ±20%. However, there were a 

number of cases where the q u a n t i f i c a t i o n o f some i n d i v i d u a l PDOCsbased on 

the s i n g l e column system d e v i a t e d s u b s t a n t i a l l y from t h a t obtained u s i n g t h r e e 

columns. The s u p e r i o r q u a l i t i e s o f the 3 column system w i t h r e s p e c t t o 

chromatographic s e p a r a t i o n made the q ^ u a n t i f i c a t i o n more p r e c i s e and i t s use i s 

e s s e n t i a l f o r the d e t e r m i n a t i o n o f PDOCs. 

I n i t i a l development of the use o f the GFAAS as an element s p e c i f i c d e t e c t o r 

i n v o l v e d f r a c t i o n c o l l e c t i o n o f the HPLC column e l u a t e . In order t o ensure 

t h a t adequate r e s o l u t i o n o f the peaks was o b t a i n e d , and to reduce the d i l u t i o n 

e f f e c t s from non-copper c o n t a i n i n g e l u a t e , 50 u l f r a c t i o n s were c o l l e c t e d . 

20 U l A l i q u o t s o f these were manually i n j e c t e d i n t o the GFAAS. This 

procedure was used f o r a study o f the s t a b i l i t y o f copper ( I I ) - c i t r i c a c i d 

complexes when passed through a K y p e r s i l ODS column i n the presence o f 

orthophosphoric a c i d ( F i g . 5). A. s e r i e s o f mixtures were e l u t e d and 

comparison of the UV and GFAAS r e s u l t s i n d i c a t e s t h a t the a d d i t i o n o f c i t r i c 

a c i d t o a c o p p e r ( I I ) s o l u t i o n w i l l cause the f o r m a t i o n of a c o p p e r ( I I ) - c i t r a t e 

complex ( F i g . 5 ( b ) , ( c ) ) . C a l c u l a t i o n s based on the c o n c e n t r a t i o n , pH and 

copper s t a b i l i t y constants w i t h the o r t h o s p h o s p h o r i c a c i d e l u e n t system i n d i c a t e d 

t h a t c i t r i c a c i d would form copper complexes which would remain s u b s t a n t i a l l y 

u n d i s s o c i a t e d d u r i n g column chromatography. I t was assumed xhat i n s t a n t 
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u i l i i i r i a o c c u r r e d , and no allowance was made f o r p o s s i b l e s t a t i o n a r y 

ase a d s o r p t i o n . These assumptions appeared t o be j u s t i f i e d by the for m a l 

reement between the t h e o r e t i c a l s t a b i l i t y and the a c t u a l s t a b i l i t y under 

e HPLC s e p a r a t i o n c o n d i t i o n s used. 

e a c i d i f i c a t i o n of the c o p p e r ( I I ) - c i t r i c a c i d mixture w i t h h y d r o c h l o r i c 

i d , as might be done to preserve an environmental sample a f t e r c o l l e c t i o n , 

ve no s i g n of the presence o f the complex ( F i g . 5 ( d ) ) . This i l l u s t r a t e s 

e importance o f the use of minimum p r e - a n a l y s i s p r e s e r v a t i o n treatment 

en attempting s p e c i a t i o n s t u d i e s . 

a l l subsequent work the micro-processor c o n t r o l l e d i n t e r f a c e between the 

LC/UV d e t e c t o r and the GFAAS was used. 

e f u r t h e r a n a l y s i s o f l a r g e r numbers o f s o i l pore waters u s i n g the s i n g l e 

lumn HPLC system i n t e r f a c e d w i t h GFAAS showed t h a t the copper was not 

ways a s s o c i a t e d w i t h the same PDOCs i n the same p r o p o r t i o n s ( F i g s . 6, 7 ) . 

the m a j o r i t y o f pore waters a s s o c i a t i o n o f the copper w i t h c i t r i c a c i d 

d neighbouring e l u t i n g compounds was found ( F i g . 6 ( a ) ) . The com.plexing 

f e e t o f c i t r i c a c i d was emphasised by adding a mixture o f copper ( I I ) 

t r a t e and c i t r i c a c i d t o the pore water ( F i g . 6 ( b ) ) . The p r o p o r t i o n o f 

pper a s s o c i a t e d w i t h the s o l v e n t f r o n t , i n o r g a n i c and h i g h l y p o l a r s p e c i e s , 

s 15% before the standard a d d i t i o n , w i t h the remaining 84% o f the copper 

i n g a s s o c i a t e d w i t h the c i t r i c a c i d peak. In the o r i g i n a l pore water the 

t a l copper content was 43 jjg as determined by d i r e c t i n j e c t i o n i n t o 

e GFAAS and 42 î g ̂  "' as determined by summation o f the copper peaks 

t e r HPLC s e p a r a t i o n ( F i g . 5 ( a ) ) . In the l a t t e r case, a c o r r e c t i o n to 

ke account of the volume o f e l u a t e not i n j e c t e d i n t o the GF.AAS was a p p l i e d , 

d t h i s r a i s e d the measured value o f 39 yg 5 to 42 ug ̂  When 50 ng 

copper ( I I ) i o n and 3 yg c i t r i c a c i d were added to the s o i l pore water 
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( F i g . 5 (b)) the t o t a l copper content was determined t o be 55 ug 

( t h e o r e t i c a l value 63 y g ) . This was e q u i v a l e n t t o a c o n c e n t r a t i o n o f 

217 yg !l- -' compared t o a c a l c u l a t e d v a l u e due t o a d d i t i o n o f 209 yg J2 , 

w i t h s i m i l a r percentage d i s t r i b u t i o n s between the s o l v e n t f r o n t and c i t r i c 

a c i d peaks, as were obtained before the standard a d d i t i o n . 

A number of the more extreme d i s t r i b u t i o n s found i n the s o i l pore waters 

examined are i l l u s t r a t e d ( F i g . 7) and the copper l e v e l s are q u a n t i f i e d i n 

Table 4. C i t r i c acid/copper a s s o c i a t i o n was found i n a l l the samples but 

the a s s o c i a t i o n o f copper w i t h a l i a n t o i n , formic and l a c t i c a c i d s o c c u r r e d 

r a r e l y . M a l i c a c i d was second only t o c i t r i c a c i d i n the number o f samples 

which showed a s s o c i a t i o n between i t and copper. The u n f i l t e r e d pore waters 

were examined f o r the presence o f micro-organisms t h a t might produce the 

or g a n i c a c i d s found and micro-organisms w i t h these p r o p e r t i e s (genus B a c i l l u s 

and Pseudomonas) were i d e n t i f i e d ^ ^ . 

The methods we have d e s c r i b e d are p r o v i n g very u s e f u l i n our s t u d i e s o f the 

f a c t o r s which a f f e c t PDOC/metal a s s o c i a t i o n s i n the s o i l s o f the Tamar V a l l e y 

area. Promising r e s u l t s are being o b t a i n e d w i t h metals other than copper and 

a l s o i n a study of the e f f e c t s of adding sewage sludge to pasture l a n d . As 

w e l l as b e i n g used t o study s o i l pore waters the K y p e r s i l ODS HPLC-GFAAS system 

can be a p p l i e d to other n a t u r a l and p o l l u t e d water systems. 
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Table 1 GFAAS operating c o n d i t i o n s 
I 

(a) Manual i n j e c t i o n , Standard operating c o n d i t i o n s : -

Wavelength, 324.7 nm; Bandpass, 1 nm; I n j e c t i o n volume, 20 u^i 

Temperature Programm.e 

T^C 75 100 350 700 1800 1800 

Time (sec) 20 25 25 25 0 5 

(b) D i r e c t i n t e r f a c i n g c o n d i t i o n s : -

Wavelength, 324.7 nm; Bandpass, 1 nm; A l t e x i n j e c t i o n value; 

nitrogen i n j e c t i o n pressure, 15 p s i ; Temperature f o r i n i i r i a t i o n 

i n j e c t i o n procedure, 250°C; Sample loop i n j e c t i o n volume, 76 y£ 

Temperature Programme 

T°C 175 200 300 1000 1800 1800 

Time (sec) 5 0 10 10 0 5 
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Tahle 2 Ret e n t i o n volumes o f p o l a r d i s s o l v e d o r g a n i c compounds 
on s i n g l e column H y p e r s i l 5 ym ODS system w i t h 0.02% 
(V/V) orthophosphoric a c i d 

Symbol i n R e t e n t i o n 
F i g s . 3,4 Volume (ml) 

O x a l i c a c i d Less than 

Glucuronic a c i d It 

C y s t i n e t! 

2 Ketoglutamic a c i d 11 

P y r u v i c a c i d It 

T a r t a r i c a c i d It 

G l y c i n e II 

Urea It 

Hydroxopoline It 

A l l a n t o i n A 2.70 

Glutamine 2.75 

G l y c o l l i c a c i d 2.75 

Cysteine 2.80 

Formic a c i d B 3.00 

2.5other compounds had longer r e t e n t i o n 

S^Ti±)ol i n R e t e n t i o n 
F i g s . 3,4 Volume (ml) 

C i t r u l l i n e 3.20 

a A b u t y r i c a c i d 3.50 

M a l i c a c i d C 3.60 
Malonic a c i d 3.70 
O x o g l u t a r i c a c i d 3 .70 

L a c t i c a c i d D ^.00 

C i t r i c a c i d E 4.40 

volumes 
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Table 3 R e t e n t i o n volumes and d e t e c t i o n l i m i t s o f 
some p o l a r d i s s o l v e d o r g a n i c compounds u s i n g 
two H y p e r s i l 5 ym ODS columns and a 

Hamilton 10 ym PRP 1 column i n s e r i e s a t 2S.5°C 
w i t h 0.02% (V/V) orthophosphoric a c i d , f l e w r a t e 
1 ml min"*. 

Symbol i n 
F i g s . 3,4 

R e t e n t i o n 
Volume (ml) 

D e t e c t i o n 
l i m i t (ng) 

A i l a n t o i n A 12 
(100 y l i n j e c t 

1 

Formic a c i d B 13.5 5 

Mali c a c i d C 15.0 

L a c t i c a c i d D 16.8 100 

C i t r i c a c i d •c 21.0 100 
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Table 4 Amount of copper i n s o i l pore waters as determined 
by GFAAS a f t e r HPLC s e p a r a t i o n u s i n g a H y p e r s i l 

5 \ja ODS column. E l u e n t 0.02% (V/V) orthophosphoric 
a c i d , f l o w r a t e 0.1 ml min"^. See F i g . 7 f o r 
chromatographic s e p a r a t i o n s . 

Amount of copper i n s o i l pore water 

HPLC Sample 7(a) % Sample 7(b) % Sample 7(c) % 
peak ygCu 2" t o t a l ygCu''^"' o f t o t a l ^Cu' j2 o f t o t a l 

Solvent 
f r o n t 

2 ketoglutamic 
a c i d / c y s t i n e 

A l l a n t o i n 

Formic a c i d 

M a l i c a c i d 

L a c t i c a c i d 

C i t r i c a c i d 

54 53 13 21 

5 

13 

39 

4 

11 

32 

19 

20 

11 

30 

32 

17 

13 

5 

2 

15 

30 

12 

37 

±•0 
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F i g . 1. Schematic r e p r e s e n t a t i o n o f the microprocessor 
c o n t r o l l e d KPLC/GFAAS i n t e r f a c e 

F i g . 2. The ahsorbance s i g n a l s f o r 100 y l (5 ng) copper 
s o l u t i o n i n j e c t e d v i a the i n t e r f a c e i n t o a 
cuvette at various i n i t i a l w a l l temperatures 

- 24b -



F i g . 3. Separation c h a r a c t e r i s t i c s o f v a r i o u s PDOCs 
using 0.02% (V/V) orthophosphoric a c i d e l u t i o n 
system w i t h (a) a s i n g l e H y p e r s i l 5 ym ODS column 
w i t h eluent f l o w r a t e 2 ml min"^; (b) a s i n g l e 
H y p e r s i l 5 ym ODS column w i t h e l u e n t f l o w r a t e 
0.1 ml min"^; (c) two H y p e r s i l 5 ym ODS columns 
i n s e r i e s w i t h one Hamilton PRP 10 ym column a t 
28.5°C w i t h a flow r a t e o f 1 ml min"^ 
A - a l l a n t o i n ; 8 - form i c a c i d ; C - m a l i c a c i d ; 
D - l a c t i c a c i d ; E - c i t r i c a c i d 

F i g . 4. UV absorbance s i g n a l s o f v a r i o u s PDOCs separated 
from a s o i l pore water on a K y p e r s i l 5 ym ODS 
column w i t h a 0.02% (V/V) orthophosphoric a c i d e l u t i c n 
system ( a ) ; w i t h i d e n t i f i c a t i o n and q u a n t i f i c a t i o n by 
c o - i n j e c t i o n s o f (b) c i t r i c a c i d (1 yg)-E; (c) formic 
a c i d (1 yg)-3 and l a c t i c a c i d (1 yg)-D; (d) a l l a n t o i n 
(0.05 yg)-A and m a l i c a c i d (0.3 yg)-C. 
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F i g . 5. The UV absorbance and copper d i s t r i b u t i o n p a t t e r n s o f 
c o p p e r - c i t r a t e mixtures,, w i t h s e p a r a t i o n on a K y p e r s i l 

5 pm ODS column us i n g 0.02% (V/V) orthophosphoric a c i d , 
(a) c i t r i c a c i d (10 mg £*' ); (b) copper n i t r a t e 

(1 mg^"' ) ,* (c) copper n i t r a t e (1 mg 2"* ') - c i t r i c 
a c i d (10 mgj?̂ .-'-"-' ) mixture pH 7; (d) copper n i t r a t e 
(1 mg .2 ' ' ) - c i t r i c a c i d (10 mg£"* ) mixture pHl. 
A l i q u o t s (50 y l ) o f column e l u a t e were manually 
c o l l e c t e d w i t h f r a c t i o n s (20 y l ) o f these a l i q u o t s 
analysed f o r copper by GFAAS. 

F i g . 5. The UV absorbance and copper d i s t r i b u t i o n p a t t e r n s o f 
a s o i l pore water (a) u s i n g a H y p e r s i l 5 ym ODS 
column w i t h 0.02% (V/V) orthophosphoric a c i d e l u t i o n 
system flow r a t e 0.1 ml min"^ and the HPLC/GFAAS i n t e r f a c e - , 
(b) the same pore water s p i k e d w i t h 50 ng copper and 

3 yg c i t r i c a c i d . 
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F i g . ?• The d i s t r i b u t i o n of copper i n v a r i o u s pore waters 
u s i n g UV and the HPLC/GFAAS i n t e r f a c e w i t h 
s e p a r a t i o n on a H y p e r s i l 5 \m ODS column w i t h 
0.02% (V/V) orthophosporic a c i d e l u t i o n system, 
el u e n t f l o w r a t e 0.1 ml min. 
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