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RÉSUMÉ 

La mise en eau du barrage hydroélectrique de Petit Saut en Guyane française en janvier 
1 994 a entraîné des modifications de la qualité de l'eau au sein du réservoir et dans la partie 
aval. La stratification thermique des eaux de la retenue a pour conséquence la mise en place 
rapide d'un épilimnion oxygéné et d'un hypolirnnion anoxique. Par ailleurs, depuis 1 870, les
activités minières liées à l 'or sont responsables de rejets de mercure métallique dans le milieu 
guyanais où il s ' accumule dans la chaîne alimentaire. Afin d'étudier les conséquences de la 
mise en eau du barrage de Petit Saut, le mercure total a été analysé dans la chair des poissons 
du bassin versant du fleuve Sinnamary. L'étude de 1690 individus prélevés entre 1993 et 1998 
montre que les concentrations en mercure augmentent progressivement au fil du temps, 
l 'essentiel des modifications se situant dans la zone aval de la retenue depuis la mise en eau. 
L'évacuation d'eaux hypolimniques semble influencer le devenir du métal dans la chaîne 
alimentaire. Les herbivores ne présentent pas d'évolution au fil du temps, les concentrations 
restant très faibles. Chez les omnivores et les carnivores, l' augmentation des concentrations 
est observée essentiellement au niveau du tronçon aval. Trois espèces représentatives du 
groupe des herbivores (Myleus temetzi), des omnivores (Leporinusfriderici) et des carnivores 
(Hoplias aimara) ont été étudiées plus particulièrement. Au niveau de la retenue, aucune 
augmentation significative n 'est visible, mais on pourrait assister à une homogénéisation 
progressive de la masse d'eau, entraînant, au travers des chaînes trophiques, une pollution des 
poissons de la zone épilirnnique. 

SUMMARY 

The filling of the hydroelectric dam reservoir at Petit Saut (French Guiana) in January 
1 994 brought about changes in the water quality in the reservoir and downstream. The thermal 
stratification of the waters of the reservoir has resulted in the rapid establishment of an 
oxygenated epilimnion and an anoxie hypolimruon. Moreover, since 1 870, activities linked to 
gold mining are responsible for the rejection of metallic mercury into the Guianese 
environment where it accumulates in the food chain. In order to study the consequences of the 
filling of the dam reservoir at Petit Saut, the total leve] of mercury in the flesh of the fish in 
the catchment basin of the Sinnamary River was analyzed on 1 ,690 fish specimens sampled 
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between 1 993 and 1998. This study showed that mercury concentrations increase progres­
sive1y over time, with most of the changes since the filling of the reservoir occurring 
downstream. The evacuation of the hypolimnic waters seems to influence what becomes of 
the metal in the food chain. Mercury concentrations in the herbivorous fish did not evolve 
over time, and remained very 1ow. Among the omnivorous and carnivorous species, an 
increase in the concentrations was essentially observed in fish samp1ed downstream. Three 
fish species representing herbivorous (Myleus temetzi), omnivorous (Leporinusfriderici), and 
carnivorous (Hoplias aimara) species were studied in particu1ar. No significant increase was 
visible in the reservoir itself, but one cou1d observe the progressive homogenization of the 
mass of water that triggers, through the trophic chain, the polluting of fish in the epilimnic 
zone. 

INTRODUCTION 

Numerous studies have shawn that mercury pollution in the Brazilian 
Amazon is particularly linked to gold-mining activities (Lacerda, 1 985,  1 992; 
Lacerda et al. , 1 99 1 a; Pfeiffer & Lacerda, 1 988 ;  Fernandes et al. , 1 989;  Pfeiffer et 
al. , 1 989; Malm et al. , 1 990; Aula et al. , 1 992; Nriagu et al. , 1 992; Akagi, 1 995 ; 
Lacerda & Salomons, 1 998), as metallic mercury is used to amalgamate the fine 
go1d particles. However, this direct source of mercury is not the only one, as recent 
studies have shawn the extent to which the erosion of soils naturally rich in 
mercury also pla ys a role. The increase in the amount of fine particles in the water 
influences the Hg content (Roulet et al. , 1 998a & b).  The mercury, which is 
deposited on the sail, vegetation, then on the sedimentary bottoms of rivers, is 
transformed into organic mercury through bacterial action. It is found later in the 
food chain where it can reach elevated concentrations in the different parts of the 
biosphere, notably in fish (Jackson, 1986;  Lacerda & Salomons, 1 998) .  

High mercury concentrations in fish from the recently-filled reservoirs of 
hydroelectric dams have been observed in Canada (Bodaly et al. , 1 984; Boucher 
et al. , 1 985 ; Hecky et al. , 1 987; Jackson 1 986, 1 988  a & b), the United States 
(Babiarz & Andren, 1 995; Driscoll et al. , 1 998),  Finland (Lodenius et al. , 1 983; 
Porvari & Verta, 1 995) and Brazil (Aula et al. , 1 992). 

In French Guiana, gold extraction has been in practice since 1 854 (Huygues­
Belrose & Bruleaux, 1 988) at numerous localities around the Sinnamary River 
where a hydroelectric dam reservoir was filled at the beginning of 1 994. Since 
1 857,  if one refers bath to declared gold production and to estimations of 
clandestine production, 1 75 tons of gold have been extracted (Huygues-Belrose & 
Bruleaux, 1 988; Petot, 1 993).  The Regional Bureau for lndustry, Research and 
Environment, or DRIRE (Direction Régionale à l ' Industrie, la Recherche et 
l 'Environnement), estimates that 200 to 300 tons of mercury have been dissemi­
nated into the Guianan environment (DRIRE, pers. comm.) .  This situation 
corresponds to the totality of the mercury used since the beginning of gold-mining 
activities, as no recycling was practiced in French Guiana. Starting a few years 
aga, the amount of mercury released into the environment has decreased. lt is 
recuperated through distillation and re-used. The study of mercury levels in the 
different abiotic and biotic components of the waterways in French Guiana began 
in 1 990. The survey, originally limited to the catchment basin of the Sinnamary 
River (Richard, 1 996, 1 997; Richard et al. , 1 997), and expanded later to other 
Guianan rivers, has been conducted on numerous sail, sedimentary, and especially 
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fish samples (Richard et al. , 2000), and has permitted the detection of elevated 
concentrations of mercury in sorne fish species, especially carnivores (up to 
1 .94 !J.g g-I , fresh weight) .

The creation of the Petit Saut reservoir has brought about numerous 
hydrochemical and hydrobiological changes, most notably by modifying the 
nutriment cycle (Richard, 1 996), and primary (Vaquer et al. , 1 997), and secondary 
production (Mérona, 1 997 ; Horeau, 1 996; Horeau et al. , 1 997; 1 998). From the 
beginning of the filling phase (January 1 994), the lake became stratified with the 
formation of an oxygenated epilimnion measuring seven meters in 1 998. The rest 
of the water column is characterized by the complete absence of dissolved oxygen. 
Temperature profiles show that the stratification is stable all year long (Richard, 
1 996; Richard et al. , 1 997). 

Downstream from the dam, the waters flow from the anoxie part of the 
reservoir. In arder to maintain a concentration in dissolved oxygen compatible 
with aquatic life, an aeration system was set up in the outflow of the turbines. This 
system triggers the saturation of the waters in dissolved oxygen. Nonetheless, a 
residual reducing agent is apparent in the progressive consumption of dissolved 
oxygen whose minimum is reached between Pointe Combi and the town of 
Sinnamary (Galy-Lacaux, 1 996; Galy-Lacaux et al. , 1 997 ; Gosse, 1 994; Gosse & 
Grégoire, 1 997; Richard et al. , 1 999). Because of their position at the end of the 
food chain, fishes are probably the best indicators of a possible change in the level 
of mercury contamination through bio-accumulation. Since the dam reservoir at 
Petit Saut was filled, fishes have been sampled from upstream, the reservoir itself, 
and downstream. The objective of this study is two-fold. The first objective is to 
determine the mercury concentrations in fish flesh in the catchment basin of the 
Sinnamary River in arder to define the risk linked to the consumption of fishes 
originating from the reservoir and from downstream. The second objective is to 
determine what influence the filling of the dam reservoir has had on mercury 
concentrations in fish flesh (Porvari & Verta, 1 995). 

MATERIALS AND METHODS 

STUDY STATIONS 

In French Guiana, the bedrock is made up of a Pre-Cambrian insular shelf; 
two-thirds of the surface are occupied by granites and migmatites .  Schists, green 
rocks (amphibolites ,  lava, dolerites, etc.) and detritic continental sands are also 
present. No rock containing the minerais of mercury, such as cinnabar, has been 
found in French Guiana (Bureau de recherches géologiques et minières [BRGM], 
pers. comm.). 

The dam at Petit Saut was built on the Sinnamary River by the Centre 
National d 'Equipement Hydraulique (CNEH) d 'Electricité de France; its principal 
characteristics are presented in table I (Sissakian, 1 997; Huynh et al. , 1 997) .  The 
river runs through the equatorial forest from the centre of French Guiana towards 
the north where it spills into the Atlantic Ocean (Fig. 1 ) .  Its average flow is 
267 m3 s- 1 . The source of the Sinnamary River is situated at 1 50 rn in altitude and
250 km from the estuary. Overall, the slope is 0.5 rn per km. The filling of the dam 
reservoir began in January 1 994 and took 1 8  months. 
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TABLE 1 

General characteristics of the reservoir at Petit Saut. 

Size of the catchment basin 
Mean annual flow of the river 
Minimum flow 
Dam closed 
Date, end of the filling phase 
Maximal depth 
Minimal depth** 
Reservoir surface area at 35 rn* 
Reservoir surface area at 3 1  rn* 
Total island surface area at 35 rn** 
Tidal range surface* 
Maximum length 
Maximum width 
Maximum depth 
Mean depth 
Residence time 
Total volume 
Install capacity 

5927 km2 
267 m3 s· 1

80 m3 s- 1

January 1 994 
June 1 995 
35 m 
3 1  rn 
365 km2 
223 km2 
105 km2 
142 km2 
60 km 
60 km 
35 m 
JO rn 
6 months 
3 ,5 . 1 09 m3
1 1 6  MW ( 4 turbines of 29MW) 

** Theoretical value, as from January to April 1 998, the leve! feil below this benchmark. 
* Estimations by the remote detection laboratory (IRD Cayenne) (HUYNH et al. , 1 997).

Since 1 99 1 ,  fishes were sampled throughout the catchrnent basin in the three 
principal zones: the zone situated upstream from the reservoir (from Saut Maïpouri 
to Saut Tak:ari Tanté) ,  the reservoir itself (from Saut Tak:ari Tanté to Petit Saut), and 
the zone downstream from the reservoir (Fig. 1 ) .  

FISH SAMPLING AND MERCURY ANALYSIS 

Fishes were captured using gill nets (mesh width of 50 to 70 mm, 25 rn in 
length and 2 rn in depth), set lines being also used. Both were checked moming 
and evening. The captured fishes were identified (Le Bail et al. , 1 984a, b & c; 
Planquette et al. , 1 996; Rojas-Beltran, 1984), measured (length and weight) and 
freezed for conservation. Their age was not determined as techniques designed to 
determine the age of tropical fish species are not yet available (Meunier et al. , 
1 994) .  

A ftesh sample (approximately 1 00 g) was  freeze-dried. The ratio fresh/dry 
weight was determined. After crushing and homogenization, mineralization was 
conducted on a one-gram trial sample with 1 0  ml of nitric acid (d = 1 .40) at 1 50 oc 
for two hours in a Teflon® bomb placed in a stainless steel case. The product of the 
mineralization was then mixed with highly pure de-ionized water to 1 00 ml. The 
dosage was made through atomic absorption using the cold vapors method: after 
the permanganic oxidation of the trial sample and the elimination of the excess 
oxidant using hydroxylarnine chlorhydrate, Hg2+ was reduced to Hg0 through
stannous chloride and transported by an air current into the cell of a Perkin-Elmer 
mercury analyzer. Standardization was conducted under identical conditions from 
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Figure 1 .  - Location of study stations . 
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successive dilutions of a stock solution of mercurial nitrate at 1 g r1. Mercury 
concentrations in the fish were expressed as 11g Hg total g-1 (fresh weight). The 
limit for detection was 0.001 11g g-1• 

European standards conceming the limits of mercury concentrations in fish 
flesh intended for consumption are established at 0.5 rg g-1 for non-camivorous 
fishes (omnivorous and herbivorous) and at 1 .0 11g g- for camivorous ones; the 
World Health Organization (WHO) bas set the limit at 0.5 11g g-1 (fresh weight). 
However, studies conducted on the stomach contents of fishes originating from the 
neotropical region (Marlier, 1 968; Knoppel, 1 970; Saul, 1 975 ; Ferreira, 1 984; 
Boujard et al. , 1990, 1 99 1 ), especially from French Guiana (Lecomte et al. , 1 993; 
Rojas-Beltran, 1 989; Horeau et al. , 1 996, 1 998),  suggest the need to distinguish 
three fish groups: carnivorous, herbivorous and omnivorous (Richard et al. , 2000) . 

Analyses of variance (ANOVA) (Scherrer, 1 9 84) with 3 factors of variability 
(year, zone and diet) were conducted to test the effects of these factors and their 
possible interactions. Statistical analyses were carried out using Systat® 9.0 for 
Windows. 

RESULTS 

SPECIES CAPTURED 

The fish species analyzed, the number of individuals and their diets are 
indicated in table Il. The present results correspond to the 1 ,690 analyses 
conducted between 1 993 and 1 998.  Of these, 889 fishes were camivorous, the rest 
including 432 herbivores and 369 omnivores. Severa! species were particularly 
well represented, Leporinus friderici, Hoplias aimara, Myleus temetzi and M. 
rhomboïdalis representing 79 % of the sample. 

MEAN CONCENTRATIONS PER YEAR AND GROUP 

Total sample 

We calculated the mean concentrations, in 11g g-1 with regard to the fresh 
weight, from 1993 to 1 998 per year and for the three fish groups (Figs. 2 and 3). 
The minimal concentrations are equal or close to the limit of detection and the 
maximal concentrations reached 1 .94 11g g -l (Acestrorhyncus falcatus, upstream 
zone, 1 996; mean concentration = 0.79; SE = 0 .38 ;  range: 0.07- 1 .94; n = 79) . 
Mercury concentrations significantly increased since the beginning of the filling 
phase and their was a significant effect of diet and zone (ANOVA, Table III) . 

Herbivores 

Figure 2 describes variations in the concentrations over time for the entirety 
of the catchment basin. Few variations have been observed since 1 993 .  The mean 
concentrations are less than 0.064 11g g-1. The maximal concentration of 
0. 1 8  11g g-1 was observed in a M. rhomboïdalis specimen captured in 1 998 and 
weighing 2 000 g. In the species M. rhomboïdalis, the mean concentrations are 
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TABLE Il 

Fish species, number of specimens (N) captured and diet (C: carnivorous, 
0: omnivorous, H: herbivorous).

Order Family Sub-family Species N 

Clupeiformes Clupeidae Opisthonemn oglinum 20 
Pellona jlavipinnis 8 

Engraulidae Pterengraulis antherinoides 1 
Cypriniformes Anostomidae Leporinus fasciatus 14 

Leporinus friderici 216 
Characidae Bryconidae Triportheus rotundatus 77 

Characinae Acestrorhyncus falcatus 79 
Acestrorhyncus microlepis 5 

Stethagonopterinae Poptella orbicularis 1 
Curimatidae Curimnta cyprinoides 17 
Erythrinidae Hoplerythrinus unitaeniatus 2 

Hoplias aimnra 691 
Hoplias mnlabaricus 50 

Hemiodidae Hemiodus unimaculatus 2 
Serrasalmidae Myleus rhomboidalis 263 

Myleus temetzi 1 69 
Gymnotidae Gymnotus sp. 3 

Si! uri formes Ariidae Arius coumn 58 
Auchenipteridae Pseudauchenipterus nodosus 8 

Perciformes Cichlidae Cichlidae sp. 2 
Sciaenidae Plagioscion squamosissimus 4 

TABLE III 

Di et* 

0 
0 
0 
0 
0 
0 
c 
c 
0 
0 
c 
c 
c 
0 
H 
H 
0 
c 
0 
c 
c 

Result of the ANOVA testing for the effect of year, diet, zone and ali interactions 
between factors on mercury concentration (flg g-1 ).

(N = 1690, multiple R = 0,833, R2 
= 0,694) 

Source df F p 

Year 5 4.504 0.000 
Di et 2 69.642 0.000 
Zone 2 7.296 0.001 
Diet x Year 9 5 . 1 89 0.000 
Year x Zone 8 2. 103 0.033 
Diet x Zone 3 0.262 0.853 
Year x Diet x Zone 1 9  1 .678 0.033 

0.03 ± SE 0.02 flg g-1 (range = 0.00 1 -0. 1 8 ;  n = 263) .  No fish had concentrations
higher than the standards .  No significant difference was demonstrated between 
years for the concentrations (Fig. 2).  In the species Myleus ternetzi, for example, 
the mean concentrations are less than 0.02 flg g-1 . The maximal concentration of
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Figure 2. - Mean concentrations in mercury (J-tg g-1 ) per year and group (error bar represents 
standard error) . 
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Figure 3 . - Mean concentrations in mercury (J-tg g-1 ) per year and zone (error bar represents standard 
error). 
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0.08 f.tg g-1 was observed in an individual captured in 1 994 and weighing about
600 g (species mean concentration = 0.02 ± SE 0.01 f.tg g-1 ; range: 0.001 -0.08;
n = 1 69) .  

Omnivores 

The mean concentrations were less than 0.3 1 f.tg g-1 (Fig. 2). Amongst
omnivorous fishes, 1 3  individuals (3 from the reservoir and 1 0  downstream) 
representating 3 .6  % of samples had concentrations higher than 0.5 f.tg g-1 • The
maximal concentration of 0.79 f.tg g- 1 was observed in an O. oglinum specimen
captured in 1 997 and weighing 1 ,800 g (species mean concentration = 0.30 ± SE 
0. 1 6  f.tg g-1 ; range:  0. 1 -0.79; n = 20) . Globally, the concentrations increased
progressive! y over time. By choosing Leporinus friderici as an example from the 
group of omnivores, one can note that this species has concentrations that are 
relatively high, and close, even superior, to the European standards for consump­
tion (0.5 f.tg g-1 ) .  Over time, the mean concentrations of mercury in the fiesh of
Leporinus friderici increase (Fig. 4 and Table IV) . Thus, the increase in the 
concentrations observed between the period corresponding to prior to the filling of 
the dam reservoir and 1 997 is significant (p = 0.05). The increase observed 
between 1 994 and 1 995 is also significant (p = 0.05) .  
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� 0.4 �---------------...., 
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0 0.3 

:.;:::. 
� 
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Q) 
(.) 
c: 
0 0. 1 
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. . . .  * · · · ·  downstream 
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� 
Q) 

1 993 1 994 

� 
1 995 
Year 

1 996 1 997 

Figure 4. - Temporal variations in mercury concentrations (flg g-1 ) in Leporinus friderici per zone 
(error bar represents standard error) . 

Carnivores 

Sixty-five camivorous fishes (7 . 8  % of total sample) corresponding to 23, 1 8  
and 24 individuals that were captured upstream, in the reservoir, and downstream, 
respectively, had concentrations greater than 1 f.tg g-1 (Fig. 2). The mean concen-
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TABLE IV 

Re suit of the ANOVA testing for the effect of year and zone, and the interaction on 
mercury concentration (�g g-1) in Leporinus friderici (A) and matrix of pairwise
comparison probabilities using Bonferroni adjustment (B). (N = 216, multiple

R = 0.692, R2 = 0.479).

(A) 

Year 
Zone 

Source 

Year & Zone

(B) 

Pairwise 
comparison 

1993 
1994 
1995 
1996 
1997 
1997 

1993 

1 .000 
1 .000 
0.000 
0.025 
0.001  
1 .000 

df 

5 
2 
8 

1994 

1 .000 
0.004 
0.089 
0.009 
1 .000 

1995 

1 .000 
1 .000 
0.056 
1 .000 

F 

8.9 1 2  
0.061 
2.245 

1 996 

1 .000 
0.08 1 
1 .000 

1 997 

1 .000 
1 .000 

p 

0.000 
0.941 
0.026 

1998 

1 .000 

trations were Jess than 1 .0 �g g-1 , the maximal concentration of 1 .94 �g g-1 being
observed for a Acestrorhyncus fa/catus specimen captured upstream in 1 996 and 
weighing 260 g. Globally, the concentrations progressive! y increased over time: 
the increase in the mean concentrations from year to year was significant 
(p = 0.05) .  A total of 645 Hoplias aimara individuals were analyzed. This species, 
whose diet is strictly camivorous, bas high concentration levels (Figs. 5 and 6) 
close to or higher than European standards for consumption established at 
1 �g g-1 . Individual fishes with concentrations higher than 1 �g g-1 represent
2.4 % of the total sample (39 specimens),  or 6 %  of the species Hoplias aimara. 
When considering ali of the zones together, the results show that the concentra­
tions of H. aimara increase over the course of time (Table V). 

MEAN CONCENTRATIONS PER YEAR, BY GROUP AND ZONE 

The analyses presented above were conducted zone by zone showing that 
mercury concentration increase mostly occurs downstream for ali of the groups 
pooled (Fig. 7). In the upstream zone, no variation was noted among the 
herbivores. Among the omnivores,  the year 1 996 peaked due to the higher levels 
of concentrations, whereas the highest concentrations occurred in 1 993 for 
carnivores. In the lacustrine zone, the variations among the herbivores were related 
to weak concentrations while in the omnivores and carnivores, no change was 
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Figure 5 . - Mean concentrations in mercury (�-tg g-1 ) in Hoplias aimara per zone (error bar represents
standard error) . 

TABLE V 

Result of the ANOVA testing for the effect of year, zone and the interaction on 
mercury concentration (f.tg g-

1
) in Hoplias aimara (A) and matrix of pairwise 

comparison grobabilities using Bonferroni adjustment (B). (N = 691, multiple
R = 0.423, R = 0. 1 79). 

(A) 

Year 
Zone 

Source 

Year x Zone 

(B) 

Pairwise comparison 

Upstream 
Reservoir 
Downstream 

df 

5 
2 
9 

Upstream 

1 .000 
1 .000 
0.0 14  
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F 

10.698 
8 .361 
0.087 

Reservoir 

1 .000 
0.000 

p 

0.000 
0.000 
0. 126

Downstream 

1 .000 
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Figure 6. - Mean concentrations in mercury (f.Lg g-1 ) in Hoplias aimara per year (error bar represents
standard error) . 

observed. The changes that occurred downstream was essentia11y 1inked to a 
significant increase in mercury concentration in the carnivores flesh and to a 1esser 
extent in the omnivores one (Fig. 7) .  

DISCUSSION - CONCLUSION 

A comparison with other regions can be made. Fernandes et al. ( 1 989) 
pointed out mercury concentrations between 0.04 and 0 .42 !lg g-1 for herbivorous
fishes and between 0.05 and 2. 1 9  11g g-1 for carnivorous fishes in the Carajas
(Brazil) region. Lacerda & Sa1omons ( 1 99 1 )  report a value superior to 2.7 11g g-1

for a carnivorous fish in the ltacaiunas-Paraobedas (Caraj as district) system. A 
more detai1ed study shows that the concentrations are between 0.3 11g g-1 and
0.9 1 11g g-1 for Hoplias malabaricus and between 0 .01  11g g-1 and 1 .37 !lg g-1 for 
a group of 1 9  piranhas (Lacerda et al. , 1 994) and the concentrations remain 1ow for 
herbivores. 

In the reservoir at Tucuruf in Brazil, Au1a et al. ( 1992) mention a mean 
concentration of 2.6 11g g-1 for piranha (Serrassalmus sp. ), 1 .3 !lg g-1 for the other
predators, and 0.21 !lg g-1 for non-carnivorous fishes.  For carnivorous fishes in the 
Madeira River, the 1argest tributary of the Amazon, concentration 1eve1 of 
2. 1 !lg g-1 in a Brachyplastitoma sp. (20 kg) are mentioned by Malm et al. ( 1 990)
and concentrations higher than 2.7 !lg g-1 are mentioned by Pfeiffer et al. ( 1 989).
In Jaciparana River, a tributary of the Madeira River, a Pseudoplastitoma 
sp. (685 g) shows a concentration of 2.7 11g g-1 (Ma1m et al. , 1 990).
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Figure 7. - Mean concentrations in mercury (flg g-1 ) per year, zone and group (error bar represents 
standard error). A : Carnivores, B : Omnivores and C : Herbivores.  

At the end of the filling phase, we put forth the hypothesis that the submersion 
of the lake zone would have for its only apparent consequence the dilution of 
mercury, which explains the tendency for the amounts of mercury noted in fish 
(Richard, 1 996) to decrease. Lacerda et al. ( 1 99 1  b) attributed weak mercury 
concentrations (mean lower than 0.06 1-1g g-1 ) for piranhas in the Poconé district in
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Brazil to a similar phenomenon. They ascribed these results not only to dilution, 
but also to the exportation of particle matter loaded with mercury towards the flood 
zones, marshes, and lakes of the catchment basin as weil. In the case of Petit Saut, 
the particle matter is partially deposited in the deep zone of the lake and cao 
constitute in this way a reservoir of mercury that is potentially solubilizable. Th us, 
the processes of decomposition of the organic matter currently take place at the 
bottom of the lake and continue for many years (Richard, 1 996) . The diffusion of 
mercury depends directly on these processes that interact with the physico­
chemical conditions of the milieu and the microbiological activity. These factors 
seem to influence the mobilization of the mercury currently dispersed in the 
different zones of the lake. The hypothesis that a process of accumulation of this 
metal exists, notably in the deepest layer of the lake, should be considered given 
the recent existence of the reservoir. The present results show that the flooding of 
this zone seemed to have, at first, consequences on mercury concentrations in fish 
in the downstream section. This section essentially receives, indeed, hypolimnic 
waters which are the privileged site of physico-chemical and bacteriological 
processes, as the evolution of mercury to methylmercury depends amongst other 
things on reducing conditions and on the presence of organic matter in large 
quantities. 

During this phase of the study, measuring contamination levels in the flesh of 
fish from the lake allowed the greater solubilization of the mercury present in the 
submersion zone of the lake to be suggested. lndeed, a significant correlation 
between the levels of organic matter in the sediments and the mercury concentra­
tion in the water (floating or interstitial) was observed in the lakes of the Pantanal 
District in Brazil (Lacerda, 1992; Lacerda et al. 1 99 1b;  Lacerda & Salomons, 
199 1 ), which underlines the essential role that organic matter plays in the 
mobilization of this metal. In Canada, high levels of mercury concentrations found 
in the fish from the reservoirs of hydroelectric dams are related to the flooding of 
soils containing metallic mercury. The decomposition of the flooded organic 
matter by rnicroorganisms brings about a methylation of the metallic forrn and 
facilitates its passage into the food chain (Bodaly et al. 1 984; Hecky et al. , 1 987). 
A direct relationship between the surface area of the flooded terri tory and the level 
of accumulation of mercury in fish in hydroelectric systems indicates that in 
addition to a process of diffusion of the submerged soils there is an inflow from the 
catchrnent basin (Lodenius et al. , 1 983 ;  Bodaly et al. , 1 984; Boucher et al. , 1 985; 
Jones & Saint-Onge, 1 985 ; Hecky et al. , 1 987; Jackson, 1 988a, 1 998b) . Porvari & 
Verta ( 1 995) demonstrated in laboratory experiments that flooded soils (humus and 
peat) under anoxie conditions have high diffusion levels of methylmercury. These 
authors link these mechanisms to the high concentrations of methylmercury that 
were demonstrated in the reservoirs . 

The increase in mercury concentrations in fish downstream the dam of Petit 
Saut implies the regular follow-up of this zone, especially since the retum to 
rnining activities in the catchment basin in 2000. For the reservoir, the progressive 
homogenization of the water mass might bring about an increase in mercurial 
contamination through ali of the scattered sources. Such increase might affect, 
first, the deep zone of the lake, second, the subj acent layers through diffusion 
and/or dilution, and third the fish in the superficial zone through the trophic chains 
in a more significant way as initially suggested by Aula et al. ( 1 992) in Tucuruf. 
It is therefore advisable to pursue the study of this metal in the fish flesh of the 
reservoir. 

- 72 -



ACKNOWLEDGEMENTS 

This study was supported by a contract HYDRECOIEDF-CNEH. We would like to thank 
everyone who participated. We would particularly like to thank R. Aboïkoni, S .  Carême, P. Gombauld, 
L. Guillemet, P. Raverat, C. Zouiten and J. Valère. A special thanks to Yvonne Vaquer and Andréa 
Dejean. Thanks to B .  de Mérona and M. Roulet (IRD), the two reviewers. 

REFERENCES 

AULA, 1 . ,  BRAUNSCHWEILER, H. ,  LEINO, T. , MALIN, 1., PORVARI, P., HATANAKA, T. , LODENIUS, M. &
JURAS, A. ( 1 992). - Levels of mercury in the Tucuru{ Reservoir and its surrounding area 
in Para, Brazil. Poster presented at the "International Conference on Mercury as a Global 
Pollutant", Monterey, USA' , 3 1 -V; 4-VI. 

AKAGI, H. ( 1995). - Mercury pollution in the Amazon, Brazil. Jpn. J. Toxicol. Environ. Health, 41 :  
107 .  

BABIARZ, C.L.  & ANDREN, A. W. ( 1995). - Total concentration of mercury in Wisconsin (USA) lakes 
and rivers. Water, Air, and Soi/ Pol/ut. , 83: 173- 1 83 .  

BERKMAN, H.E.  & RABENI, C.F. ( 1987). - Effect of siltation on stream fish communities. Envir. Biol. 
Fish. , 1 8 :  285-294. 

BODALY, R.A., HECHY, R.E. & FuDGE, R.J.P. ( 1984). - Increases in fish mercury levels in lakes 
flooded by the Churchill river diversion, Northem Manitoba. Can. J. Fish. Aquat. Sei. , 41 :  
682-69 1 .  

BOUCHER, R., SCHETAGNE, R .  & MAGNIN, E .  ( 1985). - Teneurs en mercure des poissons des 
réservoirs La Grande 2 et Opinaca (Québec, Canada) avant et après la mise en eau. Rev. fr. 
Sei. Eau, 4: 1 93-206. 

BOUJARD, T. , SABATIER, 0., ROJAS-BELTRAN, R., PRÉVOST, M.F. & RENNO, J.F. ( 1990). - The food 
habit of three allochtonous feeding characoids in French Guiana. Rev. Eco/. (Terre et Vie), 
45 : 247-258 .  

BOUJARD, T. , LECOMTE, F.,  RENNO, J.F., MEUNIER, J.F. & NEVEU, P. ( 199 1) .  - Growth in  four 
populations of Leporinusfriderici (Bloch, 1794) (Anastomidae, Teleostei) in French Guiana. 
J. Fish. Biol. , 38 :  387-397. 

DRISCOLL, C. ,  & HOLSAPPLE, J . ,  SCHOFIELD, C.L. & MUNSON, R., (1998). - The chemistry and 
transport of mercury in a small wetland in the Adirondack region of New York, USA. 
Biogeochemistry, 40: 1 37- 146. 

FERNANDES, R.S. ,  GUIMARÂES, A.F. ,  BIDONE, E.D., LACERDA, L.D. & PFEIFFER, W.C. ( 1989). -
Monitoramento do mercurio na area do projeto Carajds da companhia Vale do Rio Doce 
(CVRD), Estado do Para, Brasil. Report, 26 p. 

FERREIRA, E.J.G. ( 1984). - A  ictiofauna da represa hidrelétrica de Curua-Una, Santarém, Para. II -
Alimentaçào e habitos alimentares das principais espécies. Amazoniana, 1 :  1 - 16. 

GALY-LACAUX, C. ( 1 996). - Modifications des échanges de constituants mineurs atmosphériques 
liés à la création d 'une retenue hydroélectrique. Thèse de doctorat, Université de Toulouse,
210 p .  

GALY-LACAUX, C. ,  DELMAS, R. ,  ]AMBERT, C. ,  DUMESTRE, J.F., LABROUE, L., RICHARD, S .  & GOSSE, 
P. ( 1 997). - Gaseous emissions and oxygen consumption in hydroelectric dams: A case 
study in French Guiana. Global Biogeochemical Cycles, 1 1 :  47 1 -483. 

GossE, P. ( 1 994) . - Hypothèse d 'une influence des gaz formés en anaérobiose dans le réservoir de 
Petit Saut sur les baisses d'oxygène dissous sur le Sinnamary aval. Rapport 
EDF/DER/HE3 1 194/38, Paris, 26 p. 

GossE, P. & GRÉGOIRE, A. ( 1 997) .  - Artificial reoxygenation of the Sinnamary, downstream of Petit 
Saut dam (French Guiana). Hydroécol. Appl. , 1 -2: 23-56. 

HECKY, R.E., BODALY, R.A., STRANGE, N.E., RAMSEY, D.J., ANEMA, C. & FuDGE, R.J.P. ( 1987). ­
Mercury bioaccumulation in yellow perch in limnocorrals simulating the effect of reservoir 
formation. ln: Summary Report, Canada-Manitoba Agreement of the study of Mercury in the 
Churchill and Nelson Diversion. Pub!. by the Govemment of Canada and Manitoba. 

HOREAU, V. ( 1 996). - La mise en eau du barrage de Petit Saut. Hydrobiologie /- du fleuve 
Sinnamary avant la mise en eau, 2- de la retenue pendant la mise en eau, 3- du fleuve en 
aval. Thèse de doctorat, Université d 'Aix - Marseille 1, 258 p.

73 



HOREAU, V., CERDAN, P., CHAMPEAU, A. & RICHARD, S. ( 1 996). - Importance des apports exogènes 
dans le régime alimentaire de quelques poissons de "criques" du bassin versant du fleuve 
Sinnamary (Guyane française). Rev. Ecol. (Terre Vie), 5 1 :  29-41 .  

HOREAU, V., CERDAN, P. & CHAMPEAU, A .  ( 1 997). - Filling of Petit Saut hydroelectric reservoir 
(French Guiana): impact of invertebrates and fish nutriment. Hydroécol. Appl. , 1 -2: 2 1 3-240. 

HOREAU, V., CERDAN, P., CHAMPEAU, A. & RICHARD, S. ( 1 998). - Importance of aquatic 
invertebrates in the diet of rapids-dwelling fish in the Sinnamary River, French Guiana. J. 
Trop. Ecol. , 14: 85 1 -864. 

HUYGUES-BELROSE, V. & BRULEAUX, A.M. ( 1988) . - L 'orpaillage en Guyane du siècle des lumières 
aux années folles. Archives Départementales de la Guyane, 17 p .  

HUYNH, F. , CHARRON, C., BÉTOULLE, J.L., PANÉCHOU, K., GARDEL, A., PROST, M.T. & LOUBRY, D. 
( 1997) . - Suivi de l'évolution géomorphologique et botanique de l'estuaire du Sinnamary 
par télédétection. Rap. Final ORSTOM-EDF, 64 p. 

JACKSON, T.A. (1986). - Methylmercury levels in a polluted prairie river-lake system: seasonal and 
site specifie variations and the dominant influence of the trophic conditions. Can. J. Fish. 
Aquat. Sei. , 43: 1 873-1 887. 

JACKSON, T.A. (1988a). - The mercury problem in recently formed reservoirs of Northem Manitoba 
(Canada): Effects of impoundment and other factors on the production of methylmercury by 
microorganisms in sediments. Can. J. Fish. Aquat. Sei. , 45 : 97- 1 2 1 .  

JACKSON, T.A. (1988b ) .  - Accumulation of mercury b y  plankton and benthic invertebrates i n  ri v erine 
lakes of Northem Manitoba (Canada): Importance of regionally and seasonally varying 
environmental factors. Can. J. Fish. Aquat. Sei. , 45 : 1 744- 1757. 

JONES, H.G. & SAINT-ONGE, J. ( 1985). - Inventaire physico-chimique et ichtyologique des eaux du 
réservoir Manicouagan-5 (Québec). Rapport à la direction de l 'Environnement, Hydra­
Québec (Montréal), INRS-Eau, 1 1 0  p. 

KNbPPEL, H.A. (1970) . - Food of central Amazonian fishes. Contribution to the nutrient-ecology of 
amazonian rain-forest streams. Amazoniana, 3 :  257-352. 

LACERDA, L.D. ( 1985). - Monitoramento ambiental do mercurio utilizado na mineraciio de ouro 
terciario. In Rel. Final Programa Polo Noreste. Oikos Pesquisa Apl. Sc/Lt, Rio de Janeiro, 
248 p. 

LACERDA, L.D. ( 1992). - Trace metals distribution in sediment profiles from remote lakes in the 
Pantanal swamp, central Brazil. Geochim. Brazil, 6: 103- 1 09. 

LACERDA, L .D. & SALOMONS, W. ( 1991 ) .  - Mercury in the Amazon. A chemical time bomb ? A report 
sponsored by the Dutch Ministry of Housing, Physical Planning and Environment, 46 p. 

LACERDA, L.D. & SALOMONS, W. ( 1998). - Mercury from gold and silver mining: A chemical lime 
bomb ? Springer-Verlag, 146 p. 

LACERDA, L.D., PFEIFFER, W.C. & BASTOS, W.R. ( 1 99 1a) . - Mercury dispersal in the Poconé region, 
State of Mato Grosso, Central Brazil. Ciência e Cu/tura, 43: 3 1 7-320. 

LACERDA, L.D., PFEIFFER, W.C., MARINS, R.V. ,  RODRIGUES, S., SOUZA, C.M.M. & BASTOS, W.R. 
( 199 1  b). - Mercury dispersal in water, sediments and aquatic biota of a gold mining tai ling 
deposit drainage in Poconé, Brazil. Water, Air, and Sail Pollut. , 5: 283-294. 

LACERDA, L.D., BlDONE, E.D, GU1MARAES, A.F. & PFEIFFER, W.C. ( 1 994) . - Mercury concentrations 
in fish from the Itacaiunas- Parauapebas river system, Carajas Region, Brazil. An. Acad. 
bras. Ci., 66: 373-379. 

LE BAIL, P.Y., PLANQUETTE, P. & GERY, J. ( 1 984a) . - Clé de détermination des poissons 
continentaux et côtiers de Guyane. Bulletin de liaison de la Recherche Agronomique, l,
61 p. 

LE BAIL, P.Y., PLANQUETTE, P. & GERY, J. ( 1984b) . - Clé de détermination des poissons 
continentaux et côtiers de Guyane. Bulletin de liaison de la Recherche Agronomique, III, 
63 p. 

LE BAIL, P.Y., PLANQUETTE, P. & GERY, J. ( 1984c). - Clé de détermination des poissons 
continentaux et côtiers de Guyane. Bulletin de liaison de la Recherche Agronomique, IV, 
67 p .  

LECOMTE, F. , BOUJARD, T. , MEUNIER, P.J. ,  RENNO, J.F. & ROJAS-BELTRAN, R. ( 1 993). - The growth 
of Myleus rhomboidalis (Cuvier, 1 8 17) (Characiforme, Serrasalmidae) in two rivers of 
French Guiana. Rev. Ecol. (Terre et Vie), 48: 42 1 -434. 

LODENIUS, M., SEPPÀNNEN, A. & HERRANEN, M. ( 1983). - Accumulation of mercury in fish and man 
from reservoirs in Northem Finland. Water, Air, and Sail Pollut. , 19 :  237-246. 

MALM, 0., PFEIFFER, W.C., SOUZA, C.M.M. & REUTHER, R. ( 1 990). - Mercury Pollution due to gold
mining in the Madeira River Basin, Brazil. Ambio, 19 :  1 1 - 1 5 .  

MATTHEWS, W.J. ( 1998). - Patterns in freshwater Fish Ecology. Chapman & Hall, 756  p .  

74 



MÉRONA, B .  DE ( 1 997). - Structure et biologie des peuplements ichtyques du fleuve Sinnamary en 
Guyane française. Rapport ORSTOMIEDF, 26 p. 

MARLIER, G. ( 1968). - Etudes sur les lacs de l'Amazonie centrale. III, les poissons du lac Redondo 
et leur régime alimentaire; les chaînes trophiques du lac Redondo; les poissons du rio Preto 
da Eva. Cademos da Amazonia, 1 1 :  2 1 -57. 

MEUNIER, F.J. ,  ROJAS-BELTRAN, R.,  BOUJARD, T. & LECOMTE, F. ( 1 994) . - Rythmes saisonniers de 
la croissance chez quelques Téléostéens de Guyane française. Rev. Hydrobiol. trop. , 27: 
423-440. 

NRIAGU, J.O., PFEIFFER, W.C. ,  MALM, 0., SOUZA, C.M.M. & MJERLE, G. ( 1992). - Mercury 
pollution in Brazil. Nature, 356: 389. 

PETOT, J. ( 1 993). - Histoire de l 'or en Guyane. L'Harmattan, Paris. 256 p. 
PFEIFFER, W.C. & LACERDA, L.D. ( 1 988). - Mercury inputs into the Amazon region, Brazil. Environ. 

Technol. Lellers, 9: 325-330. 
PFEIFFER, W.C. ,  LACERDA, L.D., MALM, 0.,  SOUZA, C.M.M., SILVEIRA, E.G. & BASTOS, W.R. ( 1989).

- Mercury concentrations in inland waters of Rondônia Amazon, Brazil. Sei. Total. 
Environ. , 87/88 :  233-240. 

PLANQUETTE, P., KEITH, P. & LE BAIL, P. Y. ( 1 996). - Atlas des poissons d 'eau douce de Guyane. 
Collection du Patrimoine Naturel. Vol. 22. IEGB - M.N.H.N., INRA, CSP, Min. Env., Paris, 
429 p. 

PORVARI, P. & VERT A, M. ( 1 995). - Methylmercury production in flooded soils :  A laboratory study. 
Water, Air, and Soil Pollut. , 80: 765-773 . 

RJCHARD, S. ( 1 996) . - La mise en eau du barrage de Petit Saut. Hydrochimie 1- du fleuve Sinnamary 
avant la mise en eau, 2- de la retenue pendant la mise en eau, 3- du fleuve en aval. Thèse 
de doctorat, Université d 'Aix - Marseille I, 278 p. 

RICHARD, S. ( 1 997). - Suivi de la qualité physico-chirnique des eaux de la retenue de Petit Saut et 
du tronçon aval. C. R. J. Envir. : 6-2 1 .

RICHARD, S . ,  ARNOUX, A .  & CERDAN, P. ( 1997). - Evolution in physico-chirnica) water quality in 
the reservoir and downstream following the filling of Petit Saut dam (French Guiana). 
Hydroécol. Appl. , 1 -2: 57-83. 

RICHARD, S. ,  ARNOUX, A., CERDAN, P., REYNOUARD, C. & HOREAU, V. ( 1999). - Influence de la
mise en place d'un lac artificiel sur la teneur en mercure de la chair des poissons en milieu 
néotropical: le fleuve Sinnamary (Guyane française). 4° congrès international Limnologie­
Océanographie, 7- 10  septembre 1999, Bordeaux, France. 

RICHARD, S. ,  ARNOUX, A., CERDAN, P., REYNOUARD, C. & HOREAU, V., (2000). - Mercury levels of 
soils, sediments and fish in French Guiana, South America. Water, Air, and Soil Pollut. , 124: 
221 -224. 

ROJAS-BELTRAN, R. ( 1984). - Clé de détermination des poissons continentaux et côtiers de Guyane. 
Bulletin de liaison de la Recherche Agronomique, II, 63 p. 

ROJAS-BELTRAN, R. ( 1 989). - Quelques aspects de l'écologie alimentaire de trois mâchoirans 
(Teleostei, Siluriforrnes, Ariidae) de la Guyane. Cybium, 13 :  1 8 1 - 1 87. 

ROULET, M., LUCOTTE, M., CANUEL, R. ,  RHÉAULT, I . ,  TRAN, S. ,  DE FREITOS GOG, Y.G., FARELLA, 
N., SOUZA DO YALE, R.,  SOUSA PASSOS, C.J., DE JESUS DA SILVA, E., MERGLER, D. & 
AMORIM, M. ( 1 998a). - Distribution and partition of total mercury in waters of the Tapaj6s 
river basin, Brasi1ian Amazon. Sei. Total Environ. , 213 :  203-21 1 .  

ROULET, M., LUCOTTE, M., SAINT AUBIN, A., TRAN, S. ,  RHÉAULT, I . ,  FARELLA, N., DE JESUS DA 
SILVA, E., DEZENCOURT, J . ,  SOUSA PASSOS, C.J., SANTOS SOARES, G. ,  GUIMARÀES, J.-R.D., 
MERGLER, D. & AMORIM, M. ( 1 998b).- The geochemistry of mercury in central 
Amazonian soils developed on the Alter-do-Chao formation of the lower Tapaj6s River 
Valley, Para state, Brazil. Sei. Total Environ. , 223 : 1 -24. 

SAUL, W.G. ( 1975). - An ecological study of fishes at a site in upper Amazonian Ecuador. 
Proceedings of the Academy of Natural Sciences of Philadelphia, 127 :  93- 134. 

SCHERRER, B. ( 1984) . - Biostatistique. Morin, G., Boucherville, 850 p. 
SIOLI, H. ( 1984). - The Amazon and its main affluents: Hydrology, morphology of the river courses, 

and the river types. Pp. 1 27- 1 86 ln: The Amazon, limnology and landscape ecology of a 
mighty tropical river and ils basin, Dr W. Junk, Netherland. 

SISSAKIAN, C. ( 1 997). - General presentation of Petit Saut hydroelectric installation (French Gui ana) 
and ecological program. Hydroécol. Appl. , 1 -2: 1 -2 1 .  

TElERINA-GARRO F.L. ,  FORTIN, R. & RODRIGUEZ, M.A. ( 1998). - Fish communities structure in 
relation to environmental variation in floodplain Iakes of the Araguaia River, Amazon basin. 
Environ. Biol. Fsh., 5 1 :  399-4 10. 

VAQUER, A., PoNs, V. & LAUTIER, J. ( 1 997). - Distribution spatio-temporelle du phytoplancton dans 
le réservoir de Petit Saut (Guyane française) . Hydroécol. Appl., 1 -2: 169- 193.  

75 



W.H.O., ( 1990) . - Environmental Health criteria 1 01 .  Methylmercury. World Health Organization, 
International Program on Chemical Safety, Geneva, 1 68 p. 

76 




