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ABSTRACT 

Sediment samples from 10 rivers of the Madeira River watershed, Amazon, were analyzed for 
major and trace element composition. Differences among river classes (white, clear and black 
water) were detected, in particular regarding the organic matter content, the concentration of 
bioelements, and the trace metals Fe, Mn, Cu and Zn. This shows that the classical differentiation 
of Amazon rivers based on water chemistry is also confirmed by sediments. Sequential extraction 
of trace metals showed that the lithogeneous and reducible fractions of sediments are the principal 
substrates of trace metal transport in these fluvial systems. 

INTRODUCTION 

Amazon ian  waters  have  been the subject  of many  hydrochemica l  studies, 
which  resul ted in the classical  classif icat ion of white, b lack and clear  water  
rivers. The first s tudy was carr ied out  by Sioli (1950), followed by others  ( Junk 
and Furch,  1980; Fu rch  et al., 1982). 

Whi te  water  r ivers are r ich in suspended matter ,  have  neut ra l  pH and 
present  e lemental  concen t ra t ions  similar  to the mean  of world rivers. Both  the 
Amazon  and the Madei ra  are white  water  r ivers o r ig ina t ing  in the Andes, 
where steep topography  exposes sed imentary  rocks. Black and clear  water  
r ivers are formed in the Amazon  Basin itself, where heavi ly  weathered  soils are 
dominan t  and rock  outc rops  are v i r tua l ly  absent.  They have  acidic pH, very 
low con ten t  of suspended solids and low concen t r a t ion  of  dissolved elements 
(Sioli, 1950; J u n k  and Furch,  1980, 1985). 

A l though  the water  chemis t ry  of Amazon ian  r ivers has  been fairly well 
documented  (Stal lard and Edmond,  1981, 1983), few studies have focussed on 
fluvial sediments.  Most  scientis ts  have  devoted thei r  studies to suspended 
sediments composi t ion  r a the r  t h a n  bot tom sediments (Gibbs, 1967, 1973; 
Schor in  et al., 1985; Stallard,  1985). 

The present  paper  repor ts  the d is t r ibut ion and geochemical  pa r t i t ion ing  of 
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trace elements in bottom sediments of white, clear and black water rivers of the 
Madeira River watershed, to assess the validity of the classical river classifica- 
tion when applied to sediments, and the geochemical substrates responsible for 
trace element transport  in river bottom sediments. 

MATERIAL AND METHODS 

Sediment samples were collected from 10 rivers of the Madeira River 
watershed. Sampling points were located preferentially close to the mouths of 
the rivers, therefore integrating the major biogeochemical processes occurring 
in each sub-basin (Fig. 1). 

Major water  physico.chemical parameters (pH, temperature and electrical 
conductivity) were determined in the field with portable electrodes. In the 
laboratory, samples were oven-dried (80°C to constant  weight), sieved ( < 63/~m) 
and analyzed for chemical composition (in triplicate) by atomic absorption 
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Fig. 1. Map of study area showing sampling locations. 
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s p e c t r o p h o t o m e t r y  (AAS) w i t h  b a c k g r o u n d  c o r r e c t i o n ,  a f t e r  a c id i c  d i g e s t i o n  

(HC1 + HNO3 + conc .  HF)  i n  Te f lon  bombs .  M e r c u r y  was  a n a l y z e d  by cold  
v a p o r - h y d r i d e  g e n e r a t i o n  A A S  a c c o r d i n g  to  Pfe i f fer  et  al. (1989). 

S u b - s a m p l e s  of s i eved  s e d i m e n t s  f rom whi t e ,  c l e a r  a n d  b l a c k  w a t e r  r i v e r s  
were  u s e d  for  s e q u e n t i a l  e x t r a c t i o n  a n a l y s e s  of  t r a c e  e l e me n t s .  F o r  

c o m p a r i s o n ,  we r e f e r r ed  to t he  s c h e m e  t h a t  G ibbs  (1973) used  to a n a l y z e  
A m a z o n  R i v e r  s u s p e n d e d  s e d i m e n t s .  

O r g a n i c  m a t t e r  c o n t e n t  was  d e t e r m i n e d  i n  the  b u l k  s a m p l e  g r a v i m e t r i c a l l y ,  
a f t e r  c o m b u s t i o n  (450°C, 16 h). 

T y p o l o g y  of t h e  r i ve r s  s a m p l e d  fo l lowed  Siol i  (1950). 

RESULTS AND DISCUSSION 

T a b l e  1 shows  w a t e r  pH a n d  e l e c t r i c a l  c o n d u c t i v i t y  a n d  o r g a n i c  m a t t e r  
c o n t e n t  of  s e d i m e n t s  of the  t h r e e  d i f f e r en t  k i n d s  of  r ivers .  T h e  d a t a  c l e a r l y  

show t h e  h y d r o c h e m i c a l  d i f f e rences  a m o n g  them.  S e d i m e n t  o r g a n i c  m a t t e r  
i n c r e a s e d  f rom w h i t e  w a t e r  (3.9%) to c l e a r  w a t e r  (5.2%) to  b l a c k  w a t e r  (9.0%), 
b u t  w i t h  h i g h  v a r i a b i l i t y  i n  the  l a t t e r  two.  

S e d i m e n t  c h e m i c a l  c o m p o s i t i o n  was  a l so  d i f f e r en t  a m o n g  t he  whi te ,  b l a c k  
a n d  c l ea r  w a t e r  r ive rs ,  a l t h o u g h  c e r t a i n  e l e m e n t s  [e.g. P (Tab le  2); Cr, Pb, Co 

TABLE 1 

Major physico-chemical parameters of rivers in the Madeira River watershed, Brazil 

White water rivers Clear water rivers Black water rivers 
(n = 17) (n = 5) (n = 8) 

pH 6.7 + 0.3 5.7 + 0.6 5.7 __+ 0.7 
Conductivity 99 + 14 13 _+ 7 5.8 + 0.7 

(pScm-') 
Sediment organic 3.9 + 1.2 5.2 __+ 2.8 9.0 _ 4.4 

matter content (%) 

TABLE 2 

Major macro-element concentrations in sediments (fraction 
watershed, Brazil 

< 63/1m) of rivers in the Madeira River 

White water rivers Clear water rivers Black water rivers 
(n = 17) (n = 5) (n = 8) 

P (ppm) 433 + 56 390 + 91 376 _ 75 
Fe (%) 4.94 + 0.81 6.64 + 2.15 2.72 __+ 0.99 
Mn (ppm) 409 + 76 1092 + 938 293 + 97 
Na (%) 0.86 + 0.09 0.43 + 0.32 0.58 _ 0.28 
Ca (ppm) 160 + 30 29.7 + 28.4 30.2 ___ 25.4 
K (%) 1.62 ___ 0.30 1.01 _ 0.59 0.95 _+ 0.36 
Mg (%) 0.41 _ 0.07 0.23 _+ 0.27 0.19 _ 0.19 
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TABLE 3 

Trace element concentrations (pg g-' dry wt) in sediments (fraction < 63 #m) of rivers in the Madeira 
River watershed, Brazil 

White water rivers Clear water rivers Black water rivers 
(n = 17) (n = 5) (n = 8) 

Cr 52 + 9.8 33 + 6 46 + 15 
Pb 24 ___ 7.1 43 + 23 39 + 20 
Co 29 + 5.5 28 + 6 22 +_ 5 
Ni 3.8 + 0.8 0.9 -+- 1.4 3.2 + 1.8 
Cu 27 + 24 12.4 + 10.1 276 + 250 
Zn 10l +__ 30 194 + 110 223 + 168 
Hg 0.33 + 0.81 0.13 + 0.08 0.49 __+ 0.69 

and  Ni (Table 3)] were  fa i r ly  c o n s t a n t  a m o n g  them.  The  mos t  s t r ik ing  differen- 
ces occur red  for Fe and  Mn concen t ra t ions ,  the  b ioe lements  Na,  K, Ca and  Mg, 
and  the  t r ace  e lements  Cu, Zn and  Hg. I ron  and  Mn were  h ighes t  in c lear  w a t e r  
r ive rs  and  lowest  in b l ack  w a t e r  r ivers .  In  the  c lear  w a t e r  r ivers ,  the  
occu r r ence  of F e - M n  hydrox ide  col loidal  l ayers  on the  sed iment  surface ,  and  
a long  smal l  d ra inages  of  fores t  soils, was  common.  This  p h e n o m e n o n  has  been  
observed  in o the r  fores t  r ive rs  in the  Amazon  Bas in  (Schor in  et al., 1985). The  
h ighe r  oxidizing capac i ty  of  c lear  w a t e r  r ivers  can  read i ly  p rec ip i t a t e  soluble  
Fe 2÷ and  Mn 2÷ r e a c h i n g  these  r ivers  f rom ad jacen t  soil solut ion.  On the  o the r  
hand,  b l ack  w a t e r  r ive rs  wi th  h igh  sed iment  o rgan ic  m a t t e r  con ten t  could 
remobi l ize  bo th  Fe and  Mn back  into  the  w a t e r  column.  J u n k  and  F u r c h  (1980) 
h a v e  also a t t r i bu t ed  h ighe r  soluble  Fe and  M n  c o n c e n t r a t i o n s  in b lack  w a t e r  
r ive rs  to the  h igh  o rgan ic  m a t t e r  con ten t  of  these  env i ronmen t s .  

All b ioe lements ,  pa r t i cu l a r l y  Ca, had  lower  c o n c e n t r a t i o n s  in c lear  and  
b lack  w a t e r  r ivers  t h a n  in whi te  w a t e r  r ivers .  This  p h e n o m e n o n  has  a l r eady  
been  observed  by  Fu rch  et al. (1982), and  is p robab ly  r e l a t ed  to the  s t rong  
cont ro l  on the  cycl ing of such  e lements  by the  fores t  i t se l f  ( J o r d a n  et al., 1979). 
I n t e r e s t i ng  to no te  a re  the  h igh  c o n c e n t r a t i o n s  of  Fe and  Mn, when  c o m p a r e d  
wi th  b ioe lements  such  as P and  Ca. The  ove r - abundance  of these  e lements  
reflects  the  heav i ly  w e a t h e r e d  condi t ions  of  the  Amazon  Bas in  soils, l eav ing  
beh ind  less mobi le  e lements  such  as A1, Fe and  Mn (Stal lard,  1985). 

The  t r ace  e lements  Zn, Cu and  Hg had  ex t r eme ly  va r i ab l e  concen t ra t ions ,  
bo th  a m o n g  r ivers  of  differ ing c lasses  and  a m o n g  r ive rs  of  the  same class. At  
p resen t  the  min ing  ac t iv i t i es  a long  the  M a d e i r a  River  wa te r shed  p r e s u m a b l y  
con t r i bu t e  la rge  a m o u n t s  of  t r ace  e lements  (Pfeiffer and  Lacerda ,  1988; 
L a c e r d a  et  al., 1989; Pfeiffer  et al., 1989). In  a reas  wi th  h e a v y  min ing  act ivi t ies ,  
c o n c e n t r a t i o n s  as h igh  as 3000 ppm Cu and  1000 ppm Zn have  been  r epor t ed  (de 
Paula ,  1989). 

Geochemica l  pa r t i t i on ing  of  t r ace  e lements  is shown in Fig. 2. The  resu l t s  
conf i rm those  r epor t ed  by Gibbs  (1973) for suspended sediments  in the  Amazon  
River;  the  res idual ,  l i t hogeneous  f rac t ion,  and the  reducible ,  F e - M n  oxy- 
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Fig. 2. Geochemical partitioning of trace elements in sediments of the Madeira River watershed. 

hydroxide, are the dominant geochemical substrates for all metals, except Mn, 
in all r iver classes. Forstner  and Salomons (1980) have also found these two 
geochemical fractions to be the main substrates for trace metals in bottom 
sediments of the Orinoco and Magdalena Rivers in the nor thern  part  of South 
America. 

However, differences among the mobile fractions occurred between white 
water and clear and black water rivers. The oxidizable and exchangeable 
fractions become important  geochemical substrates for certain elements, in 
part icular  Cu and Zn, in clear and black water rivers. 

Since clear and, particularly,  black water rivers are r icher in sediment 
organic mat ter  content,  and the metals in these rivers are derived mostly from 
the adjacent forest soil solution, more mobile elements such as Zn and Cu could 
adsorb to organic substrates on entering the rivers. 

CONCLUSION 

In conclusion, our results confirm that  the classical classification of 
Amazonian rivers based on hydrochemical  parameters can also be applied to 
bottom sediments, for most of the elements analyzed, but could not be applied 
to phosphorus, Cr, Pb, Co and Ni. The great variabil i ty of Cu, Zn and in 
par t icular  Hg, seems to reflect the present intense mining activity along the 
watershed. Fur ther  studies on this watershed are in progress because of the 
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r e g i o n ' s  e c o l o g i c a l  i m p o r t a n c e .  F i n a l l y ,  t h e  g e o c h e m i c a l  a s s o c i a t i o n  o f  t r a c e  

m e t a l s  in  b o t t o m  s e d i m e n t s  f o u n d  in  th i s  s t u d y  c o n f i r m s  t h a t  t h e  l i t h o g e n e o u s  

and  r e d u c i b l e  ( o x y - h y d r o x i d e s  o f  Fe  and  M n )  s e d i m e n t a r y  p h a s e s  a r e  t h e  m a j o r  

g e o c h e m i c a l  s u p p o r t s  o f  t r a c e  e l e m e n t s .  Also ,  e x c h a n g e a b l e  a n d  o x i d i z a b l e  

p h a s e s  c a n  be  i m p o r t a n t ,  p a r t i c u l a r l y  in  o r g a n i c - r i c h  b l a c k  w a t e r  r i ve r s .  
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