
Abstract. This skdy descrilm the tmnspmt and speciation of meimry and the assmiated mle 
of mgaiic =atte in these proesses at tke emflueiwe of the Negro (‘blaek wate&) and 
Solimões (‘ifilte waters’) rivers which form the A m a n  river. The Negro presents the highest 

reaches values <XI74 ng $ at the surface) 10 to 20 ti.“ higher than these measured in other 
Amazon tributaries. The total organic. carbon analysed in the Nego consists primarily of 
particulate carbon (54,X%), \+%íle the dissolved organic carbon is composed mainly of humic 
compmnds (W!!,), carrim fm most .of the m e d  ions transp.atd in both ri&rs. At the 
eonflimee of the Nego wid Solimões Rivers, we obsewe atl a b @  dewease of the Mg 
content. lsotopic mass balance showed that the mixing of waters was ac.hieved 25 km 

represents a net loss of 5 kg dissolved f-ig d! and 15 kg particulate Hg d’, assuming that the 
discharge was constant chiring the sampling ~ n e y  and without significant input from odier 
tributaries. However, the observed lmses can be correlated to the distribution of the total 
s ~ q m k d  matter ilihich is RO.~ .cansmtiv.e hmU&out the mixing zone and with the prticulate 
and ooll&&I orpn-ie Garboft ; aet loss of POC -is also observed. We suggest that #me 
partiailate losses ocar &ring the flocculation of organic. matter within the zone of rapidly 

these particles along the mixing m e  favmrd by a , b a s i n g  river discharge during the 
sampling “y. 

tot!?! Hg content. U1,$ to 182 ng I !) &?e fP the ex!z?ms: B”rticLl!tli! Hg concentmt:lP!! Y M I  

do%&em the confluence. Six@ km d0!?38!.E!??, the flu3 _ofHg deoreases to 73 kg d’. Ehich 

ohani5ng P-b3h! n d  ch”cd Condit:l9JE dP>+F8E%n of the !x??fluel!c% and the dg?oslf:lo!! af 
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IFITRODUJCT-ION 

l i e  biogeacliaiiical .cycle .of mercury ín . t h  Amazon basin is a topic cowred by inany pap.g, 
yet ir is sti.ll mderstod. Previous researoh has focused primarily on the djnamies of 
mercury ‘in gold-mining areas. M ~ X C L I ~ ~  released f” gold-m’in’lng activities was cummonly 

et al., 1992 ; Pfeiffer et al., 1-9-92 ; Malm et al., 1.995 ; Maurice-Bourgoin et al., NW}. But recent 
shidies have shown the importance of the pre-anthropogenic sources in the elevated mercury 
concentrations meastiztd in the supdic.ia1 mineral horizons of remote forested oxisols (Rotilet & 
Luc.otte, 1995). These authcm .@aulet .et al., 19%) papose that erosion .of .defixei& soils 
~fallowmg .htmen colonisation emstí&ttes a major d i s ~ d x ”  of rhe nahm1 Hg eyele. There are 
two main sowces of mercury ín the Amazonian basin : long-term low-level atmospheric inputs 
_ _  from - 
anthropogenic. emissions during the .gold-mining activities .during wlonial4 1 550-1 880) and modm 
periods. In the Negro riva basin, a region with little gold-mining activity, mercury levels fotmd in 
mils are exceptionally high, fbm 44 to 212 ng . .  g’ (Silva-Forsberg 

..._ tho&?t ~. ~.e-yGWi!& for the Hg cont3m.inBtio.n ofngxtie EOSFt-eT!~ @M?? !?! 3.L 1 wo ; Nri%y 
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identified as the principal mechanism controlling the dynamics of mewiry in soils and its release 
and bansport to the river system. in thîs basin, soils itpresent the largest reservoir of mercury in 
the ecosystem and the greakst yotential s o w e  of mercury to aquatic environment. This study 
presents-the fmt xesults of total mmwy in W e t s  of the Negro river basin, cclmpms them with 
values meas~wed -in other tributafies, and discusses speciation and behaviour i-n the mixing zone 
of black and white waters. 

STUDY AREA 
We colleted samples at the confluence of the Negro and SolimzseS rive=, near Manaus 
(longitude W (jtY’15’ and tatittide 5 OY04’). Tlie nmn annual discharge of the Negro and 
Solímões rivers are quite large, with 28 400 and 103 000 rd s-’, respectively. The sampling 
occurred m September, 1997, during the cnd of the dry season, as indicated by the discharge 
meaawemmts of 24 ?O0 md 61 300 m3 s-’, for the Nego and Solimões tivers. The tiibutaries of 
the Amazon have traditionally been classified as cleanmter, whitewater, or blackwater rivers 
(SioljJ j950). Blaoegter tr;butnjig like the N y y o  River, als chappterisd by low 
concentrations of both su.yended sediments and nutrients, and by brown-co~ou& acidic waters 
due to a high content of humic compounds derived -íkm infiltration through sandy podzols. 
Whitewater tributaries, due to suspended sediment fi-om their Andean sources, like the Solimões 
and Madeira rivms, p s e n t  hj&r conocntrations of major elements, a neutral pH and lower 
eoneentratiom of dissolved organic carbon (DOC). The waters of the Nego eoqmd to the 
Solimões, present very low velocity vahies (0.4 and 0.8 m S’ respectively), condtxtivity (8 and 
70 pS cd), turbidity (5 and HO NTU), and pH (5.5 and 7.0). Rue to significant differences in 
density and velocity between these WQ types of waters, black and white waters need to travel 
more than 20 kilometres to be wet1 mixed ; isotopic mass balance shaved that the mixing of 
waters was achieved 25 km downstrean the confluence. 

MATEFUALS AND METHODS 

Sampling Procedures 
olts sampling survey was canied out in the mixing z ~ e  of black and %We waters of the 
Amazon River. in September 1994. Water samples were cotlectd for major ions. isotopes of 
water, organic carbon, and trace elements. Water samples for mercury analyses were collected 
using Teflm bottles and s t d  in polyethylene bags, at 4@C, ~ltitil filtration. All handling 
operations were pexformed using ‘ultra-clean’ techniques (Ahlen et al., 1C)sK); Gaudet et al., 
1999, including a pxtable laminar flow hood to avoid contamination. Water samples were 
filtered bem& 1 and G houtr, after sampling on pre-washed (5% v/v distilled HNO,) and pre- 
bmed membranes (Whatman QM/A). The dissolved Sraetions were kept ín Teflon flasks, and 
immediately stabilised with distilied HCI (5%). 

Sample Treatment 
In order M minimise the possibiliry of contammation mdtmg h m  reaction with exogenously 
applied chemicals, water samples were analysed in a sea-water matrix acidified with .t4,SO, 
(1% vlv) without further treatment. Particulate mercury retained on the filters was dissolved 
using the acidified sea--mter matrix. To strip particles from the membranes;, samples were 
sonicated for 40 mmutes. Organic mercury complexes were broken down by addition Of  50 pl of 
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KMnO, (6%) (Quémemis d Cossa, 1995). All samples were then neutmali,sed with 
hydroxylamine (NH,OH,HCl 12 g I"). 
Analysis 

Atomic Flwrescence Spectrophotometry in Cold Vapour KV-AFS) was ~fied for the detection 
of dissolved and particulate mercury in water samples. Total mercury was reduced to elemental 
mmiky by additicm of Sack, evaporated by argon bubbling and transported by an argon current 
to a gold trap and detected by AFS at 253.7 tim. Analyses were conducted in duplicate. 
Reprcdicibility was 0.1 to 2% and accuracy was 5 pg. The reactive blanks were in the same 
range as the limit of detection fuced by the argon blank (2-8 pg Hg). The acid blank used for the 
stabilisation of water filtrates repraents a -mercui=y emkïbution of 0.24 ng per sample. The 
accuracy of the particulate mercury analysis was l í í t ed  by rhe standard deviation of membrane 
blanks= Wh-íG11 Jmghed 1 16% llg 6". 

RESULTS- AND DZSC CJS.SIOIv 
Mercury in Negra river waters 
The Negro tiver -Is the Amamn bibtitay whbh preset3ts the highest memwy coneentratiem in 
waters (figure 1). Dissdved Hg concentm~ons reached 7.10 ng T' at the surface and 6.OQ ng T' 
-. at . 6m .. -. - CI~IIL and pfijoLikite -Hg c~n_cm!~tio.ns t w ~  Ij..M and 2.-6! .ng I', r~p~otivdy..  These 
.wncet".tians are very eleva.ted compared wíth values reporred in the Tapa@ River (Roula et 
al., 1998.) and in the Madeira River (Mauric.e-Bourgoin et al., 1997). M e r ~ ~ i ~ y  analysed in the 
wspsions of the Negro exceed values obtained in the other tributaries by almost 10-fold. They 
reach 2.074 ng g', .at 20.m .depth, .and 113.0 ng $I,' at .h .depth. These wry hi& .wnc.entrations 
-mast be emrelated with the -reduced p H  and the high organic carbon content of waters. The 
black waters of the Negro are particularly rich 'in organric carbon -in its particulate form (WC) 

in prep.). At .the swface, .che POC .represents 1.6.&% of the total suspended solids : .the highest 
content measured during this sampling survey. The DOC mched X.46 mg I' at the surface and 
7.73 mg I'' at Gin depth. In 1994, Kiic.hler et al. faLmd,kfiat, in the same river, 30 to 50% of the 
DOC &as $ixsent in its .~olloidal fmn. in these saniples, the colloidal frac.tioii repieSa.lts 1.0 to 
30% of the TOC (Emedetti et al., tlis synposli~~m). The same authors have shmw that 67% of 
the total metal complexing capacity is hie to the colloidal fractions. Highest Hg concentmtions 
_. ore - correlated . - - - - --. . - .. y?& h-ighcst vgiges of .FQC and pp!!pi&il orgy& oarbn.. Dis d.isk¡bu!.íon 
indicates the presence of .organic colloids with a spciWcally high a.ftlníty for metal ions, as 
mercury. The high adsorption capacity of the Hg and the stability of its links with the organic. 
carbon are the reasons why, when solid burden is high, Hg is mainly transported in its particuIate 
form ; d ~ e n  lirunic .c011ip~uids .are .daiimant, Hg is'niai~¡y tmispted in .the colloidal fraction .of 
the organic matter. i t 'has  been shown (Kiiehhter et al. , 1994) that .&e eolloidal fiaetion (1- 
10kDa) of the organ.ic carbon of aie Negro river k composed mainly of humic. and fiilvic ac'ids. 

.complex with hrimíc. and fiilvic acids, with sli.&tly lower reactivity for che fhlvic. ac-i& c~mplexe~. 
T~LIS, the humic acids are the most probable colloidal carriers of trace metallic. elements like 
mercury. The orjgm of the very high Hg burdens in the Negro river is in the soils of the drainage 
hsm. M ~ I X L U ~  lmls  reported in dils .of the Nego basin &e .exceptionally high, fia11 44 .to 212 
ng g1 fS iha -Fmhg  et al., 1.999). To explain .the high metmrj. eoneentrations measured in 
waters of the Nego river, we have to consider the relevance of surface water nm-off ín the 
drt&ge basni aiid the mer;mry spg&ion p p c e s ~  in sandy ~ O & Q ~ S  sails.. EE~.~veljr~ ni 

P$i& EprESFm more thn!! the hn!f Pf t k  t9M Eg?.ni_c on&Pn (Toc) W:X%, &Pm Pste! _e.t a!, 

De EbiiShd d3ta demOrls.~te B strong tendmy for .Smdl nr? hkhly c-hmgd meta! iPn3 to 
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fertilitic soils, '.the behaviour and .the ackumulahn .of H i  appears .to :be entirety miitrolled by 
complexíng li~imnic compomds and their adsorption to the surface of iron and dumíniim oxy- 
hydroxydes (Roulet and Lucotte, 1995). Ac,cording to B. Forsberg, podzols .represent 85% of the 
Negro basin soits and mercury has .ac.wmul&tcd in these soils for 30.0 .or 400 yean. Pdzolizaticin 
was -ídaitified as ,the -pt%icipal -me&anifim c.onh.ol?~ing the dyiarnios of r"wy 411 soils and -its 
release and tramport to the r.iver system. The highest rates of podmkarion in the Amazon are 

.cif the land ~. fo l lawí~~ .burning of :the dense'.for&t si@.if&cintly inmiis& the .retease .of Hk-from 
the superficial and sub-superfioial horimm of the deforested soils. The source of Hg in soils of 
the NeFo basin is unclear. During the colonial period, fim 1550,to 188q it has been estimated 
.&at 1% .OM t .of Hg swc released .during mm&g .acti\ritics in .aU .the Spanish colonic% .of South 
A-me~c.a (Map, 1993). To tl-lls anthropogenic mirce, can be added .the long-tem 4ow-levels 
atmospheric inputs from natural processes stich as volcatfim 'in the Andes and oceanic 

contailis in Its soils one of the largest, .or the lat!gest, .wewoi.r.of .Hg in cl= kinazon hydrosystem. 

%ceu.nte-ed ... il the L T W  Rie w@9 bn:$.in .(s~!,lvp~LFeBb!g- et fi!.-= 1 9%. Fk!fihemlPE, GL?!tiWh!m 

- €"SSiOnS. - - - I . - - __. . _I! appeax5 tbet til!e .Negre Liver bfi:&, RbgBoter-i~Cd by @F ge!d;Ej?.i!tg %!i~!k% 

Total mereor?. distribution in rhe mMng mne of'bladt and whitemters 
A m m n  River I 

1 
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Mercury in Soiimões river waters 

The S&limiies kiver-with a netitrai pH and m average e.on&i&v&y (74 $3 em-' the sampling 
day), is dassified as a ivhite water river. ln spite of low values of organic. c.arbon (DOC = 2,82 
nig 1' .nd !OC = 2% 5s); tatnl m e m y  can&1?ttrt!ie1?3 >vater are &G!e!!igh CFiig. .O. With an 
avaage of 5,97 -+ 0~92 ng r l ,  dissolved "my wnsentrations a= re~a t ix~y homogeneous in 
the section unlike the trend observed in the particulate mercuty conc.entrations, wh-ich are more 
elsvated near the left bank (14 ng than the right bank (45 ng 8')- This sampling station is 
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located downstream af the city Manacapuru and large faims are also located on the l& bank. 
These human activities could explain the inermry gradient observed in this section. 

Mereury in the ccmfiuence Mine of white and black waters 

In the mixing zone .of h e  bhck and w4G.k sv$her rívcrS, w&ers n.ot s e m  will mixed, €or physicd 
and chemical feasons. Bffeetively, the SoEmBes iiver, with a dise.harge 2,s times higher than that 
of the Negro R., has cut a channel tsvice as deep as the Negro, physically liiniting the water 

dosv”eam (Tao et gl., this s p p i u m ) .  For &e m e ~ m y  behaviour in &e mixing zone, we cat? 
observe a net decreasing of‘ memiry fluxes, sixty kilometres downstream. Total mercuiy 
!“ported by the Negro and SolimBes rivers is respectively 39 and 5-5 kg day” ; 60 km 
doimS.kreamjG8 tmm&Q, his fl~Lu is only 73 kg d’, representing 3 net demease di 5 kg dl 
(1 1%:) for the dissolved biwclen atld I5 kg d’. (3.2%) for the partiadate b~wden. We e.an caleulate 
a net loss of particulate organic. carbon, 60 km domstream, of 32 ?A too. The heterogeneity 

“pol.ltt€bn” of black- waters of Ehe &to & Eva river \<;hich k emaging 01-1 &e left bank of this 
transect. In black waters of the N e p ,  mercury is mainly complexed to d.le colIoidal hction of 
the dissolved organic csarbon. At its confluence with white waters, due to the sudden change of 
ph.ysiul ad cimical ipzx~tm, organic colloids, well h x v n  for heir high a ~ n i t y  for  eta^ 
ions as i ~ ~ ~ ~ ~ ~ ,  -may have fioce.Lilated due to the sudden c.hasge of physicochemicaf conditions. 
The decrease of the river velocity coupled with this geochemical process may favour the 
d903?iGB !?f f.r-w&td mtfer: J! YW!d be inlter&?!$?g tP .n&s th. btw sediment3 
dgosikd in EI% mixing zotte. Comparing thee resut& with the ,fedimmf budget ( L m q w  ef al., 
this symposi~nn), it appears that the net loss (-22.4%) of the solid transport m the mixing zone is 
more due to the discharge decreasin-g with time (-15%) than the decrease of suspended solids 
.c.oriceibtidzis d~vnS.&am x-Xl’i%)..  ELI^ in the mixing zone we can abseme a negative 
cmelation ofpa&date -memq with the siqended solids (Fig. 2). So, It appears thaf without 
any anthropogenic. disturbance and chiring the lowwater season, tl ie mercury behaviour is mainly 

mi.-mg ne ana!>& i$ F3ter h.!!?pe& ;liptv fhat the mixkg !?f %werCi is .Wved u km 

Ob%Ped i!! rhe GX. m3sst nr! the iE~@XB!?t neggtivf: m.3 hp!.nce can b!? expJaind by rhs: 

C9!>diti!?Xd by the pr@?k!C nd ‘Gdl@i&i !x@J?iP !%rb@J! CGl!tent n d  bebVi0LV. 
/ 
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M O O  'f 

CQflCLUSIQN. 
Even given Ehe elevated total mercury concentradons that have ' k e n  measured 'in the N e p  
- Ri%- %We% &e ta Ihe !@@h-@g ~f3ai!s x! .chd $u mes~w du-6~ ~e p c k x d ~ ~ ~ ~ n  pmss 
the .mercury burdm -of .the Amazon is aot very h.igh. In terms .of . f l ~ ~ e s ,  the mercury b~rden 
transported by the Amazon river at itacoatiara reaches 68 kg Hg 6' ìn lowwater season, wìth a 
contribution by the Madeira river of 9%. This .contribution is comparable with these obtained in 
thi 1995' h3gIi-kater Ga&n .(Marnrice-BmF@in .et al.? 1997). DmmbGe .of tfie .Ccmfluenix .6f 
the Amazon and Madeiia &es, mmtiry behwes like a -conservative element -tilike in the 
mixing zone of black and w%ite waters where we ,observe a net decrease of the particulate Hg 
bwdeu.. A t  the P@~Ue~I?Ge' Qf the "Q Lind sP!.im:% Wte% Ive mPlQ% thH the .allP&J 
herion .of . t h  .organic .~irbon, well :known .fat+ its .hi& apfiniy far me mit$ ions, flocculakzs 
and deposits along the channel. A net decrease of suspended solids has also been observed m 
the mixing zone, mamly due to the discharge decrease during the sampling survey. Further 
.aiaJysis .of nieremy and .oqanic .c~&oI? in batbm, sediments w" help .evaluate .ais 
lypothesís.i.t appears .hat, yjithout any anthropogenic dism-bance and &ring {he 'lotv-water 
season, the mercury behaviour is mainly conwlled by the pmtic.ulate and colloidal organic carbon 
cmmt and ,blmía.u.r. 
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