Exercicio individual 4
(entrega 01/07/22)

* (1) Avaliar as analises quimicas
de agua subterranea do Aterro
Sanitario de Bauru, usando a
ferramenta dos mapas de
contorno das concentracdes de
Cl, Fe, K e Ca.

* (2) Avaliar as analises quimicas
de agua subterranea do Aterro
Sanitario de Bauru, usando a
ferramenta dos mapas de
contorno da razdo DBO/DQO.
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Exercicio individual 5
(entrega 15/07/22)

Tendo em mente as andlises
quimicas avaliadas nos exercicios
anteriores, avalie agora a
contaminacao gerada pelo
Aterro Sanitario de Bauru,
usando a ferramenta dos mapas
de contorno da resistividade

medida em superficie (geofisica).
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Exercicio individual 6
(entrega 23/07/22)

Discutir vantagens e limitacOes
das analises apresentadas nos
exercicios 3,4 e 5, quanto a
avaliacdo e/ou caracterizacdo da
contaminacao gerada por areas
de disposicao de residuos.

Well GWL p Chloride  Sulfate  Nitrate  Nitrite COD BOD Total coliforms  E. Coli Total Fe
(m) (Qm)  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (UFC/100 mL) (UFC/100 mL)  (mg/L)
Pl 9.4 63.3 125 <1 0.25 0.002 16 2 2,200 230 298
P2 8.5 20.5 305 <l 0.19 0.002 32 4 900 - 1.64
P3 10.7 79.4 33 <l 1.2 0.002 14 2 1,400 10 0.27
P4 33.5 21.5 1.5 <l 0.97 0.004 21 4 4,600 116 0.62
P5A 7.2 322 42 9 0.88 0.44 21 4 13,400 30 0.27
P5B 8.0 448 42 <0 5.27 0.005 6 1 4.600 20 0.02
P7 8.5 39.5 19.3 <l 0.17 0.001 32 3 2,700 130 4.61
P8 8.0 39.1 152 <l 0.43 0.002 13 2 270 10 0.19
P9 8.0 62.5 22 <l 0.86 0.003 15 3 580 32 042
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Metais toxicos no
ambiente

Andréa Teixeira Ustra
AGG 0201 Geoquimica de Ambientes Superficiais



Metais no
ambiente

Fundacdes da civilizacdo (Au,
Cu, Ag, Pb, Sn, Fe e Hg)

Era industrial — emissao e
disposicao de metais no
ambiente

Acumulo em ambientes
terrestres e aquaticos em altas
concentracdes — nOCivo aos
animais e humanos (ingestao
via solo, alimento, agua e ar)



Element Natural source Anthropogenic sources Commeon forms
or metallic minerals in wastes

Ag Free metal (Ag), chlorargyrite  Mining, photographic industry Ag metal, Ag-CN
(AgCl), acanthite (Agz5), complexes, Ag halides,
copper, lead, zinc ores Ag thiosulfates

As Metal arsenides and arsenates, Pyrometallurgical industry, spoil heaps As oxides (oxyanions),
sulfide ores {arsenopyrite), and tailings, smelting, wood preserving,  organo-metallic forms,
arsenolite (As;03), volcanic fossil fuel combustion, poultry manure, H,AsCO;CH5
gases, geothermal springs pesticides, landfills {methylarsinic acid),

(CH3)-AsO;H
{dimethylarsinic acid)

Be Beryl (Be;Al;5i5043), Nuclear industry, electronics industry Be alloys, Be metal,
phenakite (Be5i0y4) Be(OH);

Cd Zinc carbonate and sulfide Mining and smelting, metal finishing, Cd? ions, Cd halides
ores, copper carbonate plastic industry, microlectronics, and oxides, Cd-CN
and sulfide battery manufacture, landfills and refuse  complexes, Cd{OH);

disposal, phosphate fertilizer, sewage sludge
sludge, metal scrapheaps

Cr Chromite (FeCra0y), Metal finishing, plastic industry, wood Cr metal, Cr u:r:n:iu:l&i.
eskolaite (Cry05) treatment refineries, pyrometallurgical {oxyanions), Cr™*

industry, landfills, scrapheaps complexes with
organic/inorganic ligands

Cu Mative metal (Cu), Mining and smelting, metal finishing, Cu metal, Cu oxides,

chalcocite (Cuz5),
chalcopyrite (CuFeS;),

microelectronics, wood treatment, refuse
disposal and landfills, pyrometallurgical
industry, swine manure, pesticides,
scrapheaps, mine drainage

Cu humic complexes,
alloys, Cu ions

Mative metal (Hg),
cinnabar (Hg3),

degassed from Earth's crust
and oceans

Mining and smelting, electrolysis industry,
plastic industry, refuse disposal/landfills,
paper/pulp industry, fungicides

Organoc-Hg complexes,
Hg halides and oxides,
Hg**, (Hg2)**, Hg"




Element Matural source

or metallic minerals

Anthropogenic sources

'Enmmpn forms
in wastes

sewage sludge, pesticides, scrapheaps

Ni Ferromagnesian minerals, lron and steel industry, mining and Ni metal, Ni** ions,
ferrous sulfide ores, smelting, metal finishing, Mi amines, alloys
pentlandite microelectronics, battery manufacture

Pk Galena (Pb%) Mining and smelting, iron and steel Pb metal, Pb oxides

industry, refineries, paint industry, and carbonates,
automobile exhaust, plumbing, battery Pb-metal-oxyanion
manufacture, sewage sludge, refuse complexes
disposal and landfills, pesticides, scrapheaps
stibnite (5b;5;), geothermal Microelectronics, pyrometallurgical Sb** ions, Sb oxides
springs industry, smelting, mine drainage and halides
Free element (5e), ferroselite Smeiting, fossil fuel combustion, Se oxides (oxyanions),
(FeSe;), uranium deposits, irigation waters Se-organic complexes
black shales, chalcopyrite-
pentlandite—pyrrhotite deposits

T Copper, lead, silver residues Pyrometallurgical industry, Tl halides,

microelectronics, cement industry TIHCN complexes

In Sphalerite {Zn3), Mining and smelting, metal finishing, In metal, Zn** ions,
willemite (£nz5i0y), textile, microelectronics, refuse disposal Zn oxides and
smithsonite {ZnCO5) and landfills, pyrometallurgical industry,  carbonates, alloys




Metais no ambiente

e Diversos processos biogeoquimicos envolvendo
argilas, oxidos e hidroxidos metalicos, raizes,
microbios, substancias humicas

e Esses processos controlam sua solubilidade,
mobilidade, biodisponibilidade e toxicidade no
ambiente



Metais nos sistemas biologicos

Alguns metais sao esenciais para plantas, animais e
humanos

Micronutrientes para plantas (B, Cu, Fe, Zn, Mn e Mo)
Nutricao animal (As, Co, Cr, Ni, Se, Sn e V)

Micronutrientes — pouca quantidade (diferentemente
de N, P e K)

TOXicos em excesso

Limitante em deficiéncia



Processos e caminhos biogeoquimicos dos metais nos solos

Fertilizers, land disposal, mining, atmospheric deposits

g 3
\\Colbids Transport
Particula and Mobility
do solo o



Processos e caminhos biogeoquimicos dos metais nos solos

1 Retencdo por
Fertilizers, land disposal, mining, atmospheric deposits plantas

/2 Bioavailability
'\

\\Golbids Transport
Particula and Mobility
do solo ¢



Processos e caminhos biogeoquimicos dos metais nos solos

1 Retencdo por
Fertilizers, land disposal, mining, atmospheric deposits plantas
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Processos e caminhos biogeoquimicos dos metais nos solos

1 Retencdo por
Fertilizers, land disposal, mining, atmospheric deposits plantas
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Processos e caminhos biogeoquimicos dos metais nos solos

1 Retencdo por
Fertilizers, land disposal, mining, atmospheric deposits plantas
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Processos e caminhos biogeoquimicos dos metais nos solos

I
1 Retencdo por

Fertilizers, land disposal, mining, atmospheric deposits plantas
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Processos e caminhos biogeoquimicos dos metais nos solos

Fertilizers, land disposal, mining, atmospheric deposits
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E quanto as fontes de metais

* Exemplo: Minas Riotinto

* Intemperismo natural e pelo menos 5000 anos de
mineracao de depdsitos de sulfetos = natural
acid rock drainage (NARD) e AMD -2 rio vermelho
e acido (pH = ~1.7-2) = 60 km a jusante da area

* |nput constante de rejeitos mantem o pH tao
baixo, além de microrganismos oxidam a pirita
(FeS) e dissolucao de sulfatos
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Rejeitos de minas: Passado, presente e
futuro

* Materias que nao tem mais valor econémico

* Volumes grandes, frequentemente com alta
concentracao dos elementos e compostos
NOCivos a0 meio ambiente



Passado

* Humanidade sempre
explorou metais para “Mining for Metal”
uso, energia e
construcao

* Exploracao de metais
- riquezas . Ex “Idade
do ouro” da espanha
nos séculos 16 e 17 foi
construida pela
extracao de ouro e
prata de minas nas
Americas
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Presente

Exploracdo mineral = producao
de grandes quantidades de
residuos sélidos e liquidos 2
legado ambiental global

Residuos podem conter As, Pb,
Cn em concentracdes de risco
ambiental

Acid mine drainage (AMD) =
residuos liduidos acidos, tem
grande impacto ambiental —um
dos maiores desafios ambientais
da industria de mineracao

Geochemistry Hydrology

Sulfide oxidation

_ : Vadose zone
and acid generation

Acid neutralization Cavillary fringe
and chemical precipitation Py T

e e _}y _______ i

Aftenuation Saturated zone

and dissolution * + +

- < <<

Transport of
dissolved species

Groundwater zone

Figure 9 Schematic diagram showing the hydrology and geochemistry
of a decommissioned min-tailings impoundment. Reproduced with
permission from Blowes DW and Ptacek CJ (1994) Acid-neutralization
mechanisms in inactive mine tailings. In: Blowes DW and Jambor JL
(eds.) The Environmental Geochemistry of Sulfide Mine-Wastes, vol. 22,
pp. 271-292. Nepean, ON: Mineralogical Association of Canada.



D,renagem
Acida de
Mina (DAM)

Solugao acida enriquecida em
ions dissolvidos, especialmente
em metais, cuja redu¢ao do pH
ocorre em funcao da oxidacao de
minerais sulfetados e posterior
formacao de acido sulfurico

Processo natural - equilibrio
entre os sistemas hidroldgico e
geoldgico

Mineracao — intensifica a
oxidacao dos sulfetos pela maior
disponibilidade de oxigénio e
infiltracdao de agua em pilhas de
rejeito

Geochemistry Hydrology

02 HQO

Sulfide oxidation

. : Vadose zone
and acid generation

Acid neutralization Capillary fringe
and chemical precipitation iy B

B = _P _______ -

Attenuation Saturated zone

and diSSOluti:)n + + +

- < < <

Transport of

. . Groundwater zone
dissolved species

Figure 9 Schematic diagram showing the hydrology and geochemistry
of a decommissioned min-tailings impoundment. Reproduced with
permission from Blowes DW and Ptacek CJ (1994) Acid-neutralization
mechanisms in inactive mine tailings. In: Blowes DW and Jambor JL
(eds.) The Environmental Geochemistry of Sulfide Mine-Wastes, vol. 22,
pp. 271-292. Nepean, ON: Mineralogical Association of Canada.



FCSz(S)‘F%Oz-FHzO—’Fez++25042_+2H+ [1] Oxidagéo da pirita

The Fe(u) thus released may be oxidized to Fe(iu):

1 1
Fe2+ +Z‘Oz + HY — Fe3+ +5H20 [2]
Fe(m) oxyhydroxides such as ferrihydrite (nominally 4FeAsS + 110, + 6H,0 => 4Fe*" + 4H;3As0;
5Fe,03-9H,0) may precipitate: + 4804% [18]
Fe** + 3H,0 — Fe(OH), + 3H* 3] 2H3As03 + O, = 2HAsO,*~ + 4H" [19]
2H3As03 + O, = 2H,AsO4 + 2H" [20]

where Fe(OH); is a surrogate for ferrihydrite. Adding eqns

[1]-[3] yields the overall reaction:

15

F682( ) +— 4

2

— 2804 + Fe(OH)5

7
Ozaq +=H

+4H" 5q)

[4]

This overall reaction results in the release of four moles of

H™ for each mole of pyrite oxidized.

_ In natural oxygenated
enmronments, galena will weather to anglesite, which is
weakly soluble below pH 6 (Lin, 1997; Shapter et al., 2000):

PbS(s) + 20;(aq) = Pbl;) + 504> (o) [13]

Phyéte. 4 8042_(an = PbSO4(S) [14]

{aq

Galena may also be oxidized by Fe(m) under acidic condi-
tions (Rimstidt et al., 1994):

PbS + 8Fe** 4+ 4H,0 = 8H™ 4+ SO4>~ + Pb*" + 8Fe?* [15]



7
FCSZ(S) +502 + Hgo 23042_ @

The Fe(u) thus released may be oxidized to Fe(iu):

1 1
Fe2+ +'£—1'02 + HY — F€3+ +5H20 [2]
Fe(m) oxyhydroxides such as ferrihydrite (nominally 4FeAsS + 110, + 6H,0 => 4Fe*" + 4H;3As0;
5Fe,03-9H,0) may precipitate: + 4804% [18]
Fe** + 3H,0 — Fe(OH), + 3H* 3] 2H3As0;5 + O, = 2HAsO,?~ +4H" [19]
2H3As03 + O, = 2H,AsO4 + 2H" [20]

where Fe(OH); is a surrogate for ferrihydrite. Adding eqns

[1]-[3] yields the overall reaction:

15 7
_02(aq) +

F682 (S) . 4

2

— 28042 -+ FC(OH)3(S) + 4H" (aq)

[4]

This overall reaction results in the release of four moles of

H™ for each mole of pyrite oxidized.

_ In natural oxygenated
environments, galena will weather to anglesite, which is
weakly soluble below pH 6 (Lin, 1997; Shapter et al., 2000):

PbS(s) + 20;(aq) = Pbl;) + 504> (o) [13]

Phyéte. 4 8042_(an = PbSO4(S) [14]

{aq

Galena may also be oxidized by Fe(m) under acidic condi-
tions (Rimstidt et al., 1994):

PbS + 8Fe** 4+ 4H,0 = 8H™ 4+ SO4>~ + Pb*" + 8Fe?* [15]



7
FeSy(s) +202 + H0 — Fe’™ +2804%” +2H" 1]

The Fe(u) thus released may be oxidized to Fe(iu):

1 1
Fe?t +ZOZ +H" — Fe3t +5H20

(2] Acdo microbiana = oxidacdo do ferro

Fe(m) oxyhydroxides such as ferrihydrite (nominally 4FeAsS + 110, + 6H,0 = 4Fe’™ + 4H3As0;
5Fe,05-9H,0) may precipitate: Dre nagem acida +480,*" [18]
Fe3+ 4 3H20 —_ Fe(()[_{)3 3 3l_l+ I3I 2H3ASO3 -+ 02 = 2HASO427 +4H™ [19]

2H3As0;3 + O; = 2H,AsO4 +2H* [20]

where Fe(OH); is a surrogate for ferrihydrite. Adding eqns

[1]-[3] yields the overall reaction:

15 7
+ O20a9) +5H200q)

— 2804 + Fe(OH),, + 4H" (5q)

F682( ) t—

[4]

This overall reaction results in the release of four moles of

H™ for each mole of pyrite oxidized.

_ In natural oxygenated
emnronments, galena will weather to anglesite, which is
weakly soluble below pH 6 (Lin, 1997; Shapter et al., 2000):

PbS(s) + 20;(aq) = Pbl;) + 504> (o) [13]

Phyéte. 4 8042_(an = Pb304(3) [14]

{aq

Galena may also be oxidized by Fe(m) under acidic condi-
tions (Rimstidt et al., 1994):

PbS + 8Fe** 4+ 4H,0 = 8H™ 4+ SO4>~ + Pb*" + 8Fe?* [15]



F652(3)+%Oz+H20—’Fez++25042_+2H+ 1 Oxidagao da pirita

The Fe(u) thus released may be oxidized to Fe(iu):

1 1
Fe?* +ZOQ + H* — Fe3t +5H20 [2]
Fe(m) oxyhydroxides such as ferrihydrite (nominally 4FeAsS + 110, + 6H,0 => 4Fe*" + 4H;3Xs05
5Fe,03-9H,0) may precipitate: + 4804% [18]
Fe>* + 3H,0 — Fe(OH), + 3H" 3] 2H3 4503 +0; = 2HASO, ™ +4H [19]
2H3As03 + O, = 2H,AsO4 + 2H [20]

where Fe(OH); is a surrogate for ferrihydrite. Adding eqns

[1]-[3] yields the overall reaction:

15

FESQ( ) +— 4

2

— 2804”" + Fe(OH)5

7 . r- ~
Ozaq) +7H20 Intensificacao da

+4H" 5q)

[4]

This overall reaction results in the release of four moles of

H™ for each mole of pyrite oxidized.

_ In natural oxygenated
env1ronments, galena will weather to anglesite, which is
weakly soluble below pH 6 (Lin, 1997; Shapter et al., 2000):

PbS(s) + 20;(aq) = Pbl;) + 504> (o) [13]

Phyéte. 4 8042_(an = Pb804(3) [14]

{aq

Galena may also be oxidized by Fe(m) under acidic condi-
tions (Rimstidt et al., 1994):

PbS + 8Fe** 4+ 4H,0 = 8H™ 4+ SO4>~ + Pb*" + 8Fe?* [15]



7
FeSy(s) +202 + H0 — Fe’™ +2804%” +2H" 1]

The Fe(u) thus released may be oxidized to Fe(iu):

pe + 10, 4 1Y — e 1+ L1ty0 2] Arsénio acompanha
Fe(m) oxyhydroxides such as ferrihydrite (nominally 4FeAsS + 110, + 6H,0 => 4Fe*" + 4H;3As0;
5Fe,03-9H,0) may precipitate: + 4804% [18]
Fe3+ 4 3H20 —_ Fe(()[_{)3 3 3l_l+ I3I 2H3ASO3 -+ 02 = 2HASO427 +4H™ [19]
2H3As03 + O, = 2H,AsO4 + 2H* [20]

where Fe(OH); is a surrogate for ferrihydrite. Adding eqns

[1]-[3] yields the overall reaction:

15

F682( ) +— 4

2

— 2804 + Fe(OH)5

7
Ozaq +=H

+4H" 5q)

[4]

This overall reaction results in the release of four moles of

H™ for each mole of pyrite oxidized.

Chumbo também

_ In natural oxygenated
emnronments, galena will weather to anglesite, which is
weakly soluble below pH 6 (Lin, 1997; Shapter et al., 2000):

PbS(s) + 20;(aq) = Pbl;) + 504> (o) [13]

Phyéte. 4 8042_(an = Pb304(3) [14]

{aq

Galena may also be oxidized by Fe(m) under acidic condi-
tions (Rimstidt et al., 1994):

PbS + 8Fe** 4+ 4H,0 = 8H™ 4+ SO4>~ + Pb*" + 8Fe?* [15]
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nas subterraneas

S

Conceptual models of underground mines:
operational phase
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to the water table
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Unsaturated
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water table Drift
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Figure 4 Schematic diagram showing underground mine workings. Modified from Morin KA and Hutt NM (1997) Environmental Geochemistry of
Minesite Drainage: Practical Theory and Case Studies. Vancouver, BC: MDAG Publishing.



The Deepest Gold Mine in the
World: Mponeng Mine

Mais de 4 Km de profundidade
Temperatura atinge 65 oC



Cavas abertas
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Figure 5 Schematic diagram of an open-pit mine during and after
operation. Modified from Eary and Castendyk (1999).



Mina de Cobre - Chuquicamata, Chile




Pilhas de rejeitos

Oxygen Rainfall Oxygen

b

Oxidation and chemical reactions

Oxygen

Chemical reactions

—

Groundwater flow

Figure 6 Schematic diagram of a waste-rock dump. Reproduced with permission from Ritchie AIM (1994) Sulfide oxidation mechanisms: Controls
and rates of oxygen transport. In: Blowes DW and Jambor JL (eds.) The Environmental Geochemistry of Sulfide Mine-Wastes, vol. 22, pp. 201-246.
Nepean, ON: Mineralogical Association of Canada.

~ Evaporation NRenoffwater/ | Rainfall |
S “N.infiltration
N z s,
S of efffc?rggggﬁp salts Dissolution
Alteration of suffides . 1, \of efflorescent salts
E;?epggﬂtci):nosf L Decreasing | Alteration of sulfides & ¥ Increasing
Formation of efflorescent ,’ AMDrichin | Dissolution of sulfates AMD rich in
salts (sulfates) -~ Fe, Zn, Mn, Generation of AMD Fe, Zn, Mn,
- ‘-‘) Cu, Cd, As = Metal leaching Cu, Cd, As
Ui irrzzivearsd & S Sk \
AL Tallmgs 1 L. A 1
A Devonian ' * B ST ; e
- shales and phyllites Qi T oy . PO Trra
Figure 2: Element transport at the Excelsior waste rock dump. A: during the dry season:

B: during the wet season



Barragens

Quais sao oS riscos:

Contaminacao do ar e solo, aguas superficiais e
subterraneas

Rompimento (mais de 70 rompimentos de
grande escala desde 1970)
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Aroa do reservatdrio: 258 605,14 mr
Volume do reservatonio: 12 7 Mm Voluma Remanescente: 735554 m* (now/2015)
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Tabela 8- Niveis de resposta por situagdo - PAE

NIVEL DE
RESPOSTA

SITUACAO

ﬁ]MHWMWMMM&:M

AMARELO

Situacbes que impdem um estado de atengdo na barragem e/ou no vale a jusante, inclusive
no caso em que a magnitude da vazdo afluente ao reservatdrio exija a liberagdo de vazao
efluente superior as condigdes de restri¢do a jusante (cotas ou vazdes limites impostas para
evitar inundac3o de habitagdes ou infraestruturas importantes). As caracteristicas principais
sao: i) a situacdo tende a progredir lentamente, permitindo a realizacdo de
estudos para apoio a tomada de decis3o;

ii) existe a convicgdo de ser possivel controlar a situacdo, embora o coordenador do PAE
posa vir a necessitar de assisténcia especial de entidades externas;

iii) existe a possibilidade de a situagdo se agravar e de se desenvolverem efeitos perigosos no
vale a jusante sobre pessoas e bens.

FONTE: Autor, 2018 (Adaptado do PNSB, 2018)
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Futuro

* Volume de rejeitos apenas cresce

e Reciclagem, reuso e reabilitacao de rejeitos

 Gordon et al. (2006) — na atual taxa de
consumo, as reservas de Cu, Zn e Pl acabarao

no futuro “imediato”



Discussao em grupos 5

Metais poluentes
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