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Yanacocha
Chanaral
Pascua-LLama
Grasberg-Freeport
Sandoz — Schweizerhalle
Baia Mare - Rumanie
Bopal - Bophal
Bangladesh - arsenic
Aznalcollar - Donana
Seveso - IDioxine
Wismut — Uranium
Guarani
Runge
Petorca
Chernoby]l
Ajka, Hungria
Madre de Dios, Peru-Bolivia

Web of Knowledge (solo ISI:

Georeft:

(tambien abstractos)
ScienceDirect (Elsevier):

Springer:




Para entender el ciclo hidraulico hay que
entender lo siguiente:

- Evaporacion y evapotranspiracion

- Meteorologia

- Procesos de escuntimiento y infiltracion
- Flujo de aguas subterraneas

- Procesos geoquimicos

Agua subterraneo: un recurso vulnerable?

En Alemania y Europa no se creia hasta los anos 60.

- aumento de nitratos en acuiferos pocos profundos despues
de la II' Guerra Mundial

- aumento de pesticidas en acuiferos pocos profundos desde
1051960

- (Contamimacion’ debidor ar basurales: y- depositos: qUImiIcos
clandestinos

- Contaminacion por accidentes (Schweizerhalle, Seveso,
Baia Mare, Chernobyl etc...)

- Contaminacion debido a la mineria

Y en Chile?




Fuente

Liberacion:
Oxidacion
Dissolution

=> contaminacion

Retencion:

Reduccion
Precipitacion -
Sorpcion Sink

Tailings Dam failure
Aznalcollar 25.4.1998, Spain




Spread of the cyanide spill from Baia Mare
- cyanide concentration values
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| Measurement plac . | Mex.concentration: |
Szamos at Csenger | 0201. | 326 mg/l cyanide
Tisza atLonya 0203. | 135 mpi cyanide
TiszaalTiszakk | 0205. | 37 mghcyande
Tisza at Kiskore 0208. | 38mgicyande
TizaalSzonok | 0209. | 32mglcande
Tisza at Tapé | 0211. | 22mgicyande










Precipitacion
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Zona de suelo
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‘Leona borde de capilaridagy

Zona de saturacion,
por debajo de la napa

{Agua subtemanea)




Ley de Jurin
La ley de Jurin define la altura que se alcanza cuando se
equilibra el peso de la columna de liquido y la fuerza de
ascension por capilaridad. La altura h en metros de una
columna liquida esta dada por la ecuacion:

~ cost/

0qgr

Angulo de contacto.
donde:
= tension superficial interfacial (N/m)
0 = angulo de contacto
p = densidad del liquido (kg/m?3)
g = aceleracion debida a la gravedad (m/s?)
r = radio del tubo (m)
Para un tubo de vidrio en el aire a nivel del mar y lleno de
agua,
=0,0728 N/m a 20 °C

0 =20° l
p = 1000 kg/m?
g = 9,80665 m/s?

entonces, la altura de la columna de agua, en metros, sera:
Por ejemplo, en un tubo de 1 mm de radio, el agua
ascendera por capilaridad unos 14 mm.

Poros Fracturas Cavidades
Arenas, gravas Roca ignea karst




Particula con agua adsorbido

E% Aire de poros con humedad

Agua adherida

Zona no-saturada

Agua capilar

Aparente superficie freatica
(agua capilar)
Superficie freatica p= p,im

Agua subterranea
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Tipos de Acuiferos:

- relacionado al tipo de roca

- hard rock -> fracturas (granita, andesita)
- sedimentos -> poros (arena, gravas, limo)
- porosidad doble -> fracturas y poros
(areniscas)




Definiciones:

Acuifugo: No posee capacidad de
circulacion. ni. de retencion de agua
Acuicludo: Contiene agua en su interor,

inclusor hasta  la: saturacion, pero; no: la
transmite

Acuitardo: Contiene agua y la transmite
muy lentamente

Acuifero: Almacena agua en los poros y
circula con facilidad por ellos.

ACUIFEROS LIBRES

ZNS
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Existencia de zona no saturada

Nivel piezométrico real

Superficie libre de agua a presiéon atmosférica
Recarga directa
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Ausencia de zona no saturada
Nivel piezométrico virtual
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RELACIONES ENTRE ACUIFEROS

) Acuifero libre ;‘ Acuifero confina c. libre
PR Areade recarga_______ >
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[~ ] Materiales impermeables recientes

=21 Materiales impermeables antiguos == == Superficie piezométrica

EE Acuifero =P Sentido del flujo

(5 Manantial

Why does groundwater
flow?

» Driving force: potential difference
(pressure, gravity head, others....)

» Permeability of rock

« (porosity of rock [voids in hard rock])




Properties of transport and flow

Potential and distance
i & R
L
Resistivity

* viscosity (fluid)

» surface tension (rock / fluids)

Darcy law / permeability (k:)

Darcy 1803-1858

experiment: water circulation 1in filter tubes




Darcy law / permeability (ki)

ve= k¢ -A1 k= filtration coefficient
v, = filtration velocity

A1=AH /AL L = length, H = potential difference

velocity!

RELACIONES ENTRE ACUIFEROS
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RELACIONES ENTRE ACUIFEROS

Acuifero libre

;1 Acuifero confinaWc. libre

|:| Materiales impermeables recientes

2] Materiales impermeables antiguos == = Superficie piezométrica

EZ] Acuifero =3 Sentido del flujo

o Manantial
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A) Connected stream - Gaining stream B) Connected stream - Losing stream C) Disconnected stream

7
Unsaturated
Unsaturated

Unsaturated zone &

Satured zone Satured zone

*Rio influyente
(perdedor)

*Rio efluente
(ganador)

*Rio desconectado
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Depdsitos fluviatiles
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arenas, limos, arcillas
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gz = Como funcionan
Glaciares...
Rocas
Gravas
Arena
Limo
Arcillas

Karst:

corosion quimica de la roca
carbonatos, dolomita, (calcita, dolomita,
yes0, anhidrita, halita)
corosion de los carbenatoes debido al (€O5
en agua y aire (climal)

- forma cuevas, “sinkholes™ y rios
subterraneos




Karst erosion comienza en la superficie




Evolucion de un sistema de karst

Aguas subterrdneas en karst:

- un caso especifico como hay flujo
preferencial

- kanst poco protundos tiene: alto) riesgo de
contaminacion

- la capacidad de retencion es poca

- la velocidad de flujo es muy alto




Flujos de lava

Vesicular structure near top of each flow —,

volcanic rocks may form excellent
aquifers !




Surgencias,
fuentes




mining activities

open pit mining may deep mining may alter
destroy aquifers for ever the permeability







T ordmangeraht
2 Elomentoymbol 13 14 15 16 17 18
1 10 13| | 3 Relative Atommasse. I Va 1 [ [ ]
4 Schmelzpunkt ‘S i . 4.0026]
1966 4l 3 Esirmmeie " Period derEl 2 72
7 Oxidatiomstuten jocansy 26893
3727 5| | @ Hektronenkonfiguration Periodic Table of the Elements H e
M Tabla Periodica de los Elementos
. e e mess 4
I TosTiv2oni] Ta00r|n Teeeg 18998 . 2018
6 Elocironegativiy (Allred, Rachow) 5 207906 3367|7 -20086|8 -218.4|9 -219.62( 102867,
; : 2550 827" oss|  -18296| 1814|2465
20 25 % 3 i
Metalle, metals, metales
et L N Ne
1,2,3,47) sl renis ozt nasisen| heaias wozrizgs| wazeizg
A Miditn o 26,982 28.086 30974 066 35.453 39.948
[ Kradsss' o e T 1735518 S
5 PAC, Nomenclature of norganic Chamistry, 1989 2353 67| oas|  1ss7
. wra i . 7 21 5 28
Si P Cl “Ar
-3,3,5| -2,2,4,6(-1,1,3,57
[ i 1 b B S = [ ub Neds23p?| Neds23ps| Ne3s23pS| Ne3s23ps
47.88 51.996 54.938 55.845 58.933 58.693 63.546 65.39) .61 74.922 78.96 79.904 83.80]
21 22 éeo 24 " 1557|25 " 1223|126 153527 " 1a95|28 1453|129 1083|300 2196 574(33 " '517(34 217|135 " 7.2(36 -156.6
b1 26|7§ 2870 2732 907 0 613 684.9 58.78 -152.3|
Sc CGr =N leviZn As = =Br “|Kr
3 2,3,4,5 2,3,6| 2,3,4,6,7 2,3,6 2,3 2,3 1,2 2 -3,3, -2,4,6(-1,1,3,5,7 2,4
Ar3d'4s? Ar 3d24s? Ar 3das? Ar3dsas! Ar 3 2 Ar 3d64s? Ar3d74s2 Ar3d®4s2| Ar3di%s!| Ar3d'04s? 24p* pt
85,468 2 0 87.62 88.906 | 1 91.220] 1 92906 | 1 95.94| 1 298906 2 101,07 10291 - 10642 | 10787 5 o 112,41 127.60| g o 126:90] - 131.29
37 38.89(38 769| |39 1522|840 82|41 226842 2617|143 3172\ 44 2310|85 1566|846 1552|147 9619|148 3209 52 as0s 5|54 111
o 135 528 77 a2 1612 4577 3900 3727 3140 212 765 90 saa| 1071
¢ ¥ i T 1 Ta T4 s T4 T4 s
Rb”|Sr Y "Zr "INb”/Mo”Tc “Ru “|Rh”Pd “|Ag"/Cd Xe
! | 2 3 4 3,5 2,3,4,56 4 3,4,8 1,2,3,4 2,4 1,2 2 2,4,6
Kr5s! Kr 552 Krad1552 Kr4d2552 Kr4diss! Kr4ds5s! Kr4dé5s! Krad7ss! Kradsss! Krad'©| Krad'05s' | Kr4d'05s2 P’ Pt
19291 = 19733 13891 178.9| 18095 |5 1 183.84 | . 18621 | 190,23 192,22 > > 195.08 | 19697 | o 200,59 22202
55 2540|156 725 (57 921|72 2227|73 2996|748 3410|75 3180|76 305|77 2410|178 1772|79 1064 |80 asisa 86 7
a7 1610 57 602 sezs 5660 S627 s027 130 3527 2807 356 7| e
¥ G ¥ % T4 i s T4 4 Vs
Cs ”Ba " |La "Hf “[Ta "W “Re Pt “Au“|Hg Rn
1 2| 3 a 5| 2,3,4,56 2,4,7| 2,3,8,68| 1 2,4 1,3 1,2 al 2
Xe 65" Xe 652 Xe 5d'652 Xedf145d%s! |
,'223.02 *226.03 | *227.03 y 26111 26211 126312 y 26212
8775 88™5% |89™iia 104" | 105™*" 1067 1077*" 108 109 R Bohertrdom + WPAC pletlngen 1957
7 14 3200 Db Dubnium 1UPAC Recommendations 1997
09, 1.0 1.0| %k f k| b *k k| h 55 % Sg Seaborgium IUPAC Recomendaciénes 1997
Fr “Ra” Ac ”"Rf Db **Sg **Bh **Hs|**Mt o e
o | 2 3 Hs Hassium
Rn7s! Rn 752| Rn 6d'752 Mt Meitnerium
z 180.12] £ 014091 | 140.28] 1 186.92] ) 150.36] o 151,96 . p 157.25| - 158.93| o, 162.50| o 164.93] 0 167,26 4 g 168.93| oy 173.08| 1 178,97
Lanthaniden |58 "“9%(59 5360 "631 61755 |62 irs |63 "*ii 64 s |65 15%a |66 s 67 "ura |68 'Tare 69 22|70 Tais |71 Viees
ey 3426 12 30 2460 1791 1397 3266 a1z 2562 2695 290 1947 1194 3395
anthanides " SN 0 8 “Gd"Th - n i it Yy it
aa Ce Nd"Pm"Sm"Eu “Gd"Tb "Dy "Ho"|Er " Tm"|Yb"|L
Lanténidos 34 3,0 3 3 23 23 3 34 a a 3 23 23 s
Xe 42652 Xe 43652 Xe 4f4652 Xe 4f5652 Xe 4f6652 Xe 47652 | Xe 4F75d 652 Xedf%6s2| Xeaf'96s?| Xedf''6s2| Xedf'2652| Xedf136s2| Xeaf146s? | Xe af145d16s2
i 252,08 0 231,08 238,03 0 237,03 | o 1244.06 | 0 243,06 | 0 247,07 | 0 1247.07 | g 0725108 | g 252.08 |y <25718 |1 25810+~ =29.10, 26211
Al 90775091 605 |92 2i8 (937 | 9442895 73%% |96 “ies 9727 (987|997 [106™7"* 101" [103°"° 103
e 7% ase 2902 232 2607 -
ctinides hi i T2 2 12 i’ lcmi’BkICf a2 i“Md”
A Th "|Pa " U Pu “|Am’|Cm"|Bk "|Cf “|Es "|Fm"’/Md"|No |Lr
a 45| 3456 3456 3,456 3456 3, 3,4 3,0 3 3 3 2,3 3
5f46d'752 Rn 5f6752 Rn 5f7752 | Rn 5f76d1752 Rn5f7s2| Rn5f107s2| Rn5f17s2| Rn5f127s2| Rn5f137s2| Rn5f14752 | Rn5f146d!75?
280002 Morck KGa, 64271 Darmstads, Germany

(]
~—_ 7

TRANSFER OF
ELECTRON

SHARING OF
ELECTRONS

®

negative
ion

positive
ion

molecule

covalent bond ionic bond

Legend:Atoms can attain a more stable a
formed when electrons

angement of electrons in their outermost shell by interacting with one another. An ionic

are transferred from one atom to the other. A covalent bond is formed when electrons are shared between atoms.
cases shown represent extremes; often, covalent bonds form with a partial transfer (unequal sharing of electrons), resulting in a
polar covalent bond




HYDROGEN BONDS

Because they are polarized, two o v
adjacent H,0 molecules can form

alinkage known as a hydrogen bl g

bond. Hydrogen bonds have

only about 1/20 the strength LTI 20"

of a covalent bond.

[
Hydrogen bonds are strongest when hydrogen bond
the three atoms lie in a straight line.

bond lengths

hydrogen bond
H 0.27 nm
| —— |
AN
O ummmmH—O—
/ [
H 0.10 nm

covalent bond

d

WATER

Two atoms, connected by a covalent bond, may exert different attractions for
the electrons of the bond. In such cases the bond is polar, with one end
slightly negatively charged (0-) and the other slightly positively charged (I7).

electropositive
region

electronegative
region

Although a water molecule has an overall neutral charge (having the same
number of electrons and protons), the electrons are asymmetrically distributed,
which makes the molecule polar. The oxygen nucleus draws electrons away
from the hydrogen nuclei, leaving these nuclei with a small net positive charge.
The excess of electron density on the oxygen atom creates weakly negative
regions at the other two corners of an imaginary tetrahedron.

WATER STRUCTURE

Molecules of water join together transiently
in a hydrogen-bonded lattice. Even at 37°C,
15% of the water molecules are joined to
four others in a short-lived assembly known
as a "flickering cluster.”

The cohesive nature of water is
responsible for many of its unusual
properties, such as high surface tension,
specific heat, and heat of vaporization.

HYDROPHILIC MOLECULES

Substances that dissolve readily in water are termed hydrophilic. They are
composed of ions or polar molecules that attract water molecules through
electrical charge effects. Water molecules surround each ion or polar molecule
on the surface of a solid substance and carry it into solution.
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lonic substances such as sodium chloride H’O\H
dissolve because water molecules are
attracted to the positive (Na*) or negative Polar substances such as urea
(CI) charge of each ion. dissolve because their molecules
form hydrogen bonds with the

surrounding water molecules

HYDROPHOBIC MOLECULES

Molecules that contain a preponderance of non-
polar bonds are usually insoluble in water and are
termed hydrophobic. This is true, especially, of
hydrocarbons, which contain many C-H bonds.
Water molecules are not attracted to such
molecules and so have little tendency to surround
them and carry them into solution.
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WATER AS A SOLVENT
Many substances, such as household sugar, dissolve in water. That is, their

molecules separate from each other, each becoming surrounded by water molecules.

—_—
sugar
dissolves

water
molecule

sugar crystal sugar molecule

ACIDS

Substances that release hydrogen ions into solution
are called acids.

+

HCl —_— H + cr
hydrochloric acid hydrogen ion chloride ion
(strong acid)

Many of the acids important in the cell are only partially
dissociated, and they are therefore weak acids—for example,
the carboxyl group (~COOH), which dissociates to give a
hydrogen ion in solution

(weak acid)

Note that this is a reversible reaction.

When a substance dissolves in a

liquid, the mixture is termed a solution.
The dissolved substance (in this case
sugar) is the solute, and the liquid that
does the dissolving (in this case water)
is the solvent. Water is an excellent
solvent for many substances because
of its polar bonds.

HYDROGEN ION EXCHANGE

Positively charged hydrogen ions (H*) can spontaneously
move from one water molecule to another, thereby creating
two ionic species.
" /
AN
ollliH—o
7/
H

" BN [©) oM
— ~
S O—H =+ O
H
hydroniumion  hydroxyl ion
(water acting as (water acting as

a weak base) a weak acid)
often writtenas:  H,0 T= H* =+ OH"
hydrogen hydroxyl
ion ion

Since the process is rapidly reversible, hydrogen ions are
continually shuttling between water molecules. Pure water
contains a steady state concentration of hydrogen ions and
hydroxyl ions (both 107 M).




pH

The acidity of a
solution is defined

by the concentration

of H* ions it possesses.
For convenience we
use the pH scale, where

PH = -10g;0[H*]

For pure water

[H*] = 107 moles/liter

Acid Solution

ACIDIC

ALKALINE

e
conc.
moles/liter

107"
107
10?2
10"
10%
10
107
10®
107°
107
0™
10"
10"
0™

-
- S

N B W N =

BASES

Substances that reduce the number of hydrogen ions in
solution are called bases. Some bases, such as ammonia,
combine directly with hydrogen ions.

NH; + HY —— NH,*

ammonia  hydrogen ion ammonium ion
Other bases, such as sodium hydroxide, reduce the number of

H* ions indirectly, by making OH™ ions that then combine
directly with H* ions to make H,0.

NaOH =— Na° + OH~
sodium hydroxide sodium hydroxyl
(strong base) ion ion

Many bases found in cells are partially dissociated and are termed
weak bases. This is true of compounds that contain an amino
group (-NH,), which has a weak tendency to reversibly accept an
H* ion from water, increasing the quantity of free OH™ ions.

- NH, - NH;*

pH = -log [H"]

0

Stomach acid
Lemon juice

Grapefruit juice
Wine
Tomato juice

Urine

Milk

Pure water
Human blood

Seawater

Milk of Magnesia

- =2 O 0 N O o A N

- O

Household ammonia

Household bleach

Oven cleaner
Lime water

.
A w N



Redox reactions

-@"

pe = -log [e7]

Acid - Base -Salt

Base

(NaOH




Definitions

® pH = -log[H*] — low pH = high [H*] = acid
® pe = -log [e] —, low pe = high [e-] = reducing
® Eh = Redox Potential (volt) = 0.059 x pe
® Acidity = capacity of water to donate protons
® Alkalinity = capacity of water to accept protons

(Acid Neutralizing Capacity)
® Total Alkalinity = [HCO; | + 2[CO;*| + [OH] - [H]
® Mol = 6.02205 x 10?* particles (Avogadro number)
® Molecular weight [g/mol]

Eh-pH diagram

SYSTEM O-H Eh-pH diagram




T ¥
I
s it

35




Water sampling

Filter Acidification
Standard 0.45um HNO, or HCI -> pH < 2
Recommended 0.2um

SO, SO,

Fe> Fe2+
SO
C uz Cu2+
Zn* Zn*

T, pH, Eh, O,,
conductivity,
alkalinity, Fe? - Fe*

Anions Cations
untreated, refrigerated

Diameter in microns (x 10 6 meters)

104 10-3 10-2 10-1 100 101 . fg2
3 % - & & : ¢
P e sdicsolved” T “particulate” :
1,000 30,000 MW UF filters  0.45 pm silt | sand

L 4
Sclites < Colloids sl m s~ S;‘;ﬁ';ﬁ;d

)
A = = ,
3 Claysand ) Aggregated
R clay-organic complexes ¥® colloids
Hydrated e ——i
lons E Metal oxide ,
i precipitates
Humic ® & .
Substances : ’\/‘ _ Bacteria
rus Organic fibrils

FIGURE 8.2—The solute/colloid/particle size continuum and examples
of aquatic colloids. _ '




Water analysis

Atention with the Material of Filters (depends what you want
analyse

CATIONS:
Atomic Absorption Spectroscopy (AAS) & IC

Inductively Coupled Plasma - Atomic Emission Spectroscopy.
(ICP-AES)

Inductively Coupled Plasma - Mass Spectrometry (ICP-MS)

ANIONS:
lon chromatography (IC, HPLC, GC, CE)

Organic compounds (e.g. LMW organic acids)
GC-MS

pH - pe (Eh) - pK




pH

H,0 = H* + OH-
For wich at 25°C
_ qody
[H;O1F =
pH=-log{H*} a=1 =>-log[H*] a = activity
low pH = high [H*] = acid

Oxidation - Reduction pe (Eh)

® Elements can occur in more than one oxidation
state e.g. Fe(IIT)/Fe(1l), As(V,)/As(III)

® Major redox elements are H, O, C, S, N, and Fe
(Mn)

® [n ore deposit systems U, Cr, As, Mo, V., Se,
Sb, W, Cu, Au, Ag, and Hg may be important

® Oxidation state controls the chemical and
biological behavior as toxicity and mobility




pH - pE (pe — Eh)
. pg @000 pE @

*F'ree H* exists in water or as H;O* f'ree e- do not exists in water

sReversible sirreversible

sElectrodes respond to H*(aq) sElectrodes respond to electron
from solutes and solvents transfer from solutes

*H*(aq) is a weak oxidizing agent; *¢’(aq) once formed, is a stronger
It can be reduced to H, ,, in solution reducing agent than metallic Na

Standard Hydrogene Electrode

SHE Hf + ¢ = I/ZHZ(g)

Cu?t +2¢- = Cu®

Positive

terminal Positive Cu2+ + HZ(g) —] 2H+ + Cuo

ele € electrode

28 ) Salt bridge e
) Measurement by platinium

or glassy carbon indicator
electrode and a calomel
(Hg,Cl,/Hg") or Ag/AgCl
reference electrode of known
. potential
: ) => Correction to SHE !!!
Ci A i

(HY}=1m [Cu**}=1m
Py, = l‘ atm {Cu(s)} = 1

From Stumm and Morgan, 1996



Reference Glass + -—=1
electrode Unshielded electrode Shielded H te= /2H2(g)
l |/ cable | |/ cable
2+ - —_ 0
o o Cu*t + 2¢ = Cu
2+ — + 0
Sealed internal Cu + HZ(gD = 2H + Cu
Side arm L— element
electrolyte =ifll
b filling hole
BE= Measurement by platinium
i KCl1 1 1
T electrode or glassy carbon indicator
— = solution
= electrode and' a calomel
e Internal element @
e (Hg,Cl,/Hg?) or Ag/AgCl
Gl Ag-AgCl) reference electrode of known
potential
b= ——__ Openingto Silver wire coated => (Correction to SHE !!!
electrolyte with AgCl
Asbestos fiber 2 0.IM HCI Redox-Pufferldsung o et
liquid junction \ electrolyte Redox Buffer Solution a3
pH-sensitive Solution tampon Redox 227
glass bulb 220mV (pH 7) /9881 ! s
et | Ordex o,/ No o code
. e ’ : 51 340 065 250 ml | =
Figure 5.1 Basm‘demgn of a typical commercial reference electrode and glass electrode. 51340 081  6x250ml 314
After D. Langmuir, Eh-pH determination, in Procedures in Sedimentary Petrology, 51319 021 1000 ml '("
R.E. Carver, ed. Copyright © 1971 by John Wiley & Sons, Inc. Used by permission of John - . -
Wiley & Sons, Inc.

The Eh Probe

® Eh is not a comparative measurement. An absolute
measurement of cell potential - reference electrode
VS. reactions at a Pt surface

® [he Eh probe is not adjusted to the value of known

standards. It 1s compared to known standards.
e.g. Zobell’s solution:

An equi-molar solution of Fe(CN).°>- and Fe(CN)*
has an expected E__.. =+186 mV

00(H R




Measurement
® Measured and calculated Eh are in good agreement for
systems controlled by Fe, Mn, sulfide sulfur
® In bad agreement for C, N, O, H
® Mixed potentials:
Fe(IID)/Ee(ID);
As(V)/As(IIT) slow kinetics

® —> Eh measurements not very stable and
thermodinamically useful in surface waters, except
acid waters e.g. acid mine drainage (AMD)

Aqueous Complexes




Aqueous Complexes

Complex = metal cation + ligand

Why is complexation important?
1) increase of solubility => increase of mobility.
2.) some elements are mainly as complexes present
3.) complexation changes sorption porperties

4.) Toxicity and bioavailability depends on speciation or
complexation of the metals

Outer- and Inner-sphere Complexes

Inner-sphere Outher-spherg

Metal Cation Ligand

Aquo-complex




Outer- and Inner-sphere Complexes

Primary region with
completely oriented water

Secondary region with
partly oriented water

Metal Cation Ligand

Aquo-complex




Char potential

TABLE 3.1 Radii of some cations in solids {chiefly oxides) and their ionic potentials (Ip = z/r)

Cation Radius (&) Tp Cation Radius (A) p

Cst 1.88(12) Ni2t 0.69(6) 290
1.67(6) 0.60 Be? 0.45(6) 444
Rb* 1.7212) Ut 0.89(6) 449
1.52(6) 0.66 Fe** 0.645(6) 465
K* 1.51(8) v 0.64(6) 469
1.38(6) crt 0.615(6) 4.88
Hg 1.19(6) . Co* 0.61(6) 4.92
1.00(4) Pb 0.775(6)
1.15(6) AP* 0.39(4)
1.02(6) 0.535(6)
0.60(4) Ti% 0.605(6)
0.77(6) 0.58(6)
0.76(6) 132 0.530(6)
1.35(6) 1.48 0.73(6)
1.42(8) 0.54(6)
1.19(6) 1.68 i 0.26(4)
1.18(6) 1.69 0.400(6)
1.26(8) 0.60(6)
1.02(6) 1.96 0.59(6)
1.00(6) 2.00 0.46(6)
0.95(6) 2.11 0.27(6)
Mn2* 0.83(6) 241 : 038(6)
Fe* 0.78(6) 256 + 0.44(6)
Co 0.745(6) 2.68 0.42(6)
Zn* 0.74(6) 270 029(6)
Cu 0.73(6) 274 0.16(6) .
Mg 0.72(6) 278 0.13(6) 385

Note: Radii, which are from Shannon (1976), are for the coordination numbers (CN’s) given in parentheses.
Where more than one CN is given, the table has been arbitrarily ordered with increasing Ip values for the six-
fold coordinated cations. Radii and Ip values for C** and N** are from Ahrens (1952). Radii and Ip values for
cations having Ip’s greater than about 5 are of questionable meaning, given their tendency to form strongly co-
valent rather than jonic bonds with oxygen.
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hydroxycations &
hydroxyanions
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[m]

Cations and aquocations
i L
0.5 L0
Apparent cationic radii (A)

Figure 3.4 Charge of corc cations in their aquocomplexes plotted against apparent crys-
tal radii of the cations in solids (1 A = 1 nm). The radii are mostly from Shannon and Pre-
witt (1969). Dashed curves roughly divide species by their behavior. Radii of the cations
were computed assuming the radius of the oxygen atom equals 1.4 A and is constant. How-
ever, itis less than 1.4 A in the oxyanions because of strong covalent bonding between oxy-
gen and multivalent cations of N, C, S, and B, for example. Consequently, the apparent radii
of these cations shown in the figure are only qualitatively meaningful. (@) cations and
aquocations; (O) hydroxycations and hydroxyanions; (x) oxycations; ((J) oxyanions.
Reprinted with permission from Techniques of estimating thermodynamic properties for
some aqueous complexes of geochemical interest, D. Langmuir. In Chemical modeling in
aqueous systems, ed. E. A. Jenne, Am. Chem. Soc. Symp. Ser. 93. Copyright 1979 Ameri-
can Chemical Society.




Coordination chemistry of complexes

Low

~_
Change in speciation with increasing pH

Jonic potential Speciation of some hard
R e | Galions in aqueous solution

-3

(H48i0,0)

k hydroxo- % eﬁ‘s%'g‘)es
ear

Hydroxo-complexes \ complexes M ./

(aquo-ions) 1A

H. OH "
Hign LE. Failstack 112001 rev 32001 e s e e e
pr ot

TABLE 3.2 Some important ligands and the nature of their bonding in complexes

Monodentate
H,0, OH", NH;, CI, F~, Br, HPOF, PO}, SO2-, CO3-, HCO3,
40 //O
cH ¢ HC! 0% CNSHS
oo i}
Bidentate
0
Glycinate NH,CH,C,
o

o]

o, £
Oxalate Cc-C
@7 o

L0 orthophenantrolne
N

0

('\
Salicylate @( o

o)
Ethylenediamine NH,CH,CH,NH,
Tridentate
Citrate H,CCO3

HOCCO;
H,CCO3
Tetradentate

Nitrilotriacetate N(CH,CO3);

Hexadentate
“0,CCH, , CHCO3
Ethylenediaminetetraacetate NCH,CH,N
(EDTA) anion -0,CCH,” \ CH,CO;

Note: Inorganic ligands are chiefly monodentate, whereas organic ligands are most often multi-
dentate in complexes.
Source: Modified after Pagenkopf (1978) and Phillips and Williams (1965).




Aqueous Complexes

General trends of Complexation

1.) The stability of complexes increases with increasing charge and/or
decreasing cation for a given ligand, or ligand for a given cation. Ion pairs or
outer-sphere complexes are weak and electrostatically bonded. Inner-sphere
complexes involve covalent bonding between cation andligand'and are
generally stronger.

2.) Cations and'ligand that form strong complexes also tend to form minerals
with low solubility

3.) Complexing tend to increase the solubility of minerals that contains the
species being complexed. Complexing of a species may also enhance or inhibit
its adsorption an will usually affect its toxicity and bioavailability.

4.) The more saline a water, the more 10ns in it exist as complexes

5.) The more saline a water, the more soluble minerals tend to be in it, both
because of complex formation and activity-coefficient effects.

Hydrolysis




Mole fraction of ¥, Fe(lll)aq)

Speciation of Fe2- and Fe(ll)-OH complexes

as a function of pH

Fe(OH)3

Y

9 10 Fe(OH); 11
pH

Z1 12.1 Mole fraction of total dissolved Fe(Il) present as Fe?* and Fe(II)-OH com-
=xss 2s a function of pH in pure water at 25°C.

Speciation of Fe3 and Fe(lll)-OH complexes
as a function of pH

0.8

0.6

0.4

0.2

Fed* Fe(OH)3°
I Fe(OH)2*
e

Fe(OH)4

10




Hydrolysis

Table 2: Hydrolysis reactions of Fe(Ill) species and the associated protons produced (from Stumm and
Morgan, 1996).

Species Equation Fe’* H' logK(I=3M)
Fe** 1 0 0
Fe(OH)* Fe* + H,0 < Fe(OH)* + H* 1 -1 3.05
Fe(OH)," Fe** + 2H,0 < Fe(OH)," + 2H" 1 2 631
Fe(OH); Fe'*+ 3H,0 <> Fe(OH), ,,+ 3H" 1 3 -13.8
Fe(OH), Fe* + 4H,0 < Fe(OH), + 4H" 1 4 227
Fe,(OH)," 2Fe™ + 2H,0 <> Fe,(OH),* + 2H" 2 2 291
Fe,(OH),* 3Fe* + 4H,0 <> Fe,(OH),” + 4H* 3 4 577

%3 - PBrphyry copper tailifgs

(1.7 % pyrite)
16.yeags oxidizing
F % e El
? '




Log concentration

Solubility of Fe(OH)3

carbonate speciation

CaCO0s = Ca?* + COz*
HCO, co,> ©CaCOs+H"=Ca* +HCOs

——— —‘“*..\. ............. CaC03 + 2H* = CaZ+ + H2C03O

H,C0z°= HCOz + H"

[HCOz] + [H7]
PK= Ky ="TH,C0a0] = 10°%°

HCOs = COs% + H
— [COSZ-] i [H+] -10.33
[HCOa7= 107




n-1
. Log(TDC)
n-2

n-3

n-4

n-1
Log(TDS{)

n-3

n-4

Speciation

3+ 2+ 5
M\ A1 (0H) Al(0H)

-8 -
7 Log (TOM)

Log(TOM) - 1

pe (Eh)-pH diagram
SYSTEM O-H
1/402(g)+ H + e = 1/2H,0
H* + er = 1/2H2(q)

1/2[ H,0]
Ki= 1/4pOa)e [H7T: [€]

=>log K =-1/4 log Po,+pe+pH

log K, = 20.75
log K, =0

Pour Py,=1 atm ->1.og Py, = 0
=> pe = 20.75-pH
1/2P,
Ko (AT [e]
=> Log K, =1/2 log Py ,+pe+pH
Pour P,,=1 atm

— pe = -pH




Eh-pH diagrams

1 mine waters

2 rain

3 streams

4 normal ocean water
5 aerated saline water
6 ground water

7 bog water

8 water-logged soils

9 euxenic marine watel|

10 organic-rich saline
waters

after Brookins (1988)

Eh (V)

=05

=09

@

252@

Fe(OH);

Fe(OH)3

Figure 12.8 Eh-pH diagram at 25°C'
for aqueous species in the system
Fe-0,-H,0 at concentrations low
enough so that polynuclear complexen
are not predominant. Circled numbery
are the numbers of corresponding reie
tion equations in Table A12.2.




solubility Eh-pH diagram

SYSTEM Fe-O-H

0 2 4 6 8 10 12 14
pH

Concentration 107 M

Concentration 1M

m Cu

SYSTEM Cu-C-S-O-H

¢ uz2(OH)2C 05!
‘ ¢u022'

14
Activity Cu =106, S =103,C =10"3




Eh-pH diagram Mo

1012 14 Activity Mo = 108, S = 103

Acid - Base




Acidity
Acidity = capacity of water to donate protons
Acidity is measured by titrating water with a strong base (e.g. NaOH)

H* + OH: = H,0
HSO, + OH = SO,>+ H,0

H,S sy + OH: = HS# H,0
H,CO; + OH: = HCOj + H,0
HCO, + OH = CO,2 + H,0

@) Metallons
hydrolysisionly: Al**+ 30H - = Al(OH),
oxidation & hydrolysis: 2Fe? + 40H - + H,0+ '/,0, = 2Fe(OH);

e.g. AMD total acidity:
C,=H*+HSO, + 2Fe? + 3Fe® + 2FeOH?"* + 3AI3*

Mineral acidity: e.g. jarosite, schwertmannite,
or Fe¥* sulfates: Fe,(SO,);* nH,O e.g. lausenite, coquimbite, cornelite etc. => hydrolysis

Acid Producing Processes
® Sulfide oxidation (e.g. pyrite)

FeS2 + 7,02 + H20 --> Fe?" + 2S04+* +
FeSz + 14 Fe®" + 8H20 --> 15 Fe?" + 2S04 +

Fe? + 11,02 + <> Fe®*+ 1/,H20 (microbiological catalyzed e.q., A.ferrooxidans)

Fed* + 3H20 > Fe(OH)s +
=> FeSz + 15/202 + 7/2H20 > Fe(OH), + 25042 +

KFe3(SO4)2(OH)s = 3FeO(OH)+ K* + 2S04 +
FesOs (OH)6S04 + 2H20 = 8FeO(OH)+ S04 +




acid production by hydrolysis

Equation H*/mol mineral

Fe3 + 3H,0 = Fe(OH),, + 3H
10Fe3* + 60H,0 = 5Fe,0,9H,0 + 30H*
schwertmannite  8Fe¥ + SO,2+ 14H,0 = Fe,04(OH),SO, + 22H*

jarosite 3Fe¥ + K + 250,27+ 6H,0 = KFe,(SO,),(OH), +6H*

Formation and transformation
i pathways of iron oxides

O hexagonal
close packing

De rot i
protonation O cubic - close
packing

Hydrolysis, Nuc ea nan Crystalhzanon

Goethite

& - FeOOH]

Maghemite

Y -Fe,0,

Oxidation + carbonate

Dehydroxylatjoi _ Oxidn.
higher temp.

Lepido- Magnetite
i e g Feroxyhyte)

Y-FeOOH 6-FeOOH

Oxidn., | Deprotnn.

Transformation of ferrihydrite to hematite

From Cornell & Schwertmann, 1996




pe-pH diagram of the system
Fe-S-K-O-H at 25°C

after Bigham et al. 1996

Formation of Hematite vs. Goethite
in relation of pH and Temperature

From Cornell & Schwertman, 1996



Formation of Hematite vs. Goethite
in relation of Temperature




Other acid producing sulfides

® Pyrrhotite (Fe;,S)

FeyxS + (2-x/2)0, +xH,0 -> (1-x)Fe?* + SO, +2xH*

x can vary from 0.125 (Fe,Sg) to 0.0 (FeS, troilite)

if x = 0 and the formula is FeS, no H* will be produced in the
oxidation reaction

® Chalcopyrite(CUEES?)

2CuFeS, + 40, -> 2Cu?* + Fe?*+ SO ,*>

2CuFeS, + 17/20, +5 H,0 -> 2Cu?*+ 2Fe(OH), + 4SO,% + 4H*

® Arsenopyrite (FEAsS)

4FeAsS + 130, + 6H,0 -> 4Fe?* +4S0,%> + 4H,AsO, + 4H*




Non acid producing sulfides

® Sphalerite (ZnS) and galena (PbS)
ZnS +20, -> Zn?* + SO,*
PbS + 20, -> Pb?* + SO,*

sphalerite may contain environmentally dangerous amounts of
Cd and Thallium (TI). In addition, Fe may significally substitute for

Zn, in cases up to 15 mole %, in sphalerite.

® 2MeS + 4Fe3* + 30, + 2H,0 -> 2Me?* +4Fe?* + 250, + 4H*

oH Neutralization

3456 7
® Carbonates

Fe(OH)s
CaCO0s + H = Ca?' + HCO3 calcite pH 7

Al(OH);  FeCOs+ 2H" = Fe*" + H,CO3 siderite. pH 5
o

Al(OH)z + 3H" = AIP* + 3H>0 gibbsite pH4.3
Fe(OH)s +3H" = Fe*" + 3H20 ferrihydrite pH 3.5

calcite | @ Silicates

2KAISiO308 + 9H20 + 2H" = Al3Si205(0OH)s + 2K* + 4H4SiOx
K-feldspar kaolinite




Log concentration

CaCO; consumed

carbonate speciation

CaCO0s = Ca?* + COz*
HCO, co,> ©aCOs+H"=Ca® +HCOs

.\. ............. CaC03 + 2H* = CaZ+ + H2C03O
N
N

N
N

— - — g
.
o
o

N H,C03°= HCOs + H”

[HCOs] + [H]
PKy= Ky ="TH,Cc0a7 = 10°%°

HCOs = CO&> + H*

— — [CO32-] + [H+]1 -10.33
14pK2— K, = [HCOs] — U

carbonate neutralization

FeSz + 15/402 + 7/2H20 --> Fe(OH), + 2S04* +

HCO;;
CaC0z+ | = Ca?" + HCOs

= Ca® + H,COx

6 8 10
H* consumed




Neutralization reactivity of feldspars

Orthoclase
KAI Si30s

Albite . Anorthite
NaAl Si308 Plagioclase feldspars CaAl2Si20s

Neutralization Reactivity

Table 4: Acid-neutralization capacity of minerals (in Jambor and Blowes, 1998, after Sverdrup, 1990).

Group Typical Minerals Relative Reactivity
(pHS5)

1. Dissolving calcite, dolomite, magnesite, aragonite, brucite 10

2. Fast weathering anorthite, olivine, garnet, diopside, wollastonite, 0.6

jadeite, nepheline, leucite, spodumene

3.Intermediate enstatite, augite, hornblende, tremolite,

weathering actinolite, biotite, chlorite, serpentine, talc,
epidote, zoisite, hedenbergite, glaucophane,
anthophyllite

4. Slow weathering plagioclase (Abqgg-Abzp), kaolinite,
vermiculite, montmorillonite, gibbsite

5. Very slow weathering K-feldspar, muscovite

6. Inert quartz, rutile, zircon
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Figure 5.6 The carbonate distribution diagram of a solution with constant Cr = 2.5 X

10 M showing (a) the strong acid titration curve for the same solution from pH 12 to 3

and strong base titration curve between pH 3 and 12. Dashed straight lines in (b) indicate

concentrations of H- and OH", which are independent of Cy. Modified after V. L. Snoeyink

and D. Jenkins, Water Chemistry. Copyright © 1980 by John Wiley & Sons, Inc. Used by
G Sdribei
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Figure 3.8. The titration curve and the buffer intensity are related to the equilibrium species
distribution., For a monoprotic acid-base system (HB-B), (a) gives the logarithmic distribution
diagram. «; and  are the ionization fractions of B and HB, respectively. (b) The log concentration—
pH diagram is the superimposition of the semi-logarithmic distribution diagram (a) and the concen-
tration condition (log C = constant). Points X and Y correspond to the equivalence points on the
alkalimetric or acidimetric titration curve. (c) Plot of the titration curve. The equivalence points (X
and Y) and the half-titration point pH = pK are as given in (b). The equivalence fraction of the
titrant added, f, shows, over a significant portion of the titration curve (0.1 < f < 0.9), the same
dependence on pH as «;. (d) The buffer intensity, 8, corresponding to the inverse slope of the
titration curve (dCp/d pH), can be computed from a log concentration-pH diagram by multiplying
by 2.3 the sum of all concentrations represented by a line of slope + 1 or — 1 at that particular
pH in the diagram. (See Section 3.9.)
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Figure 3.10. Equilibrium composition, buffer intensity, and titration curve of diprotic
acid-base system. (a) Species distribution. (b) Buffer intensity. (c) Titration curve. The
equivalence points, x, y, and z (a), are representative of the composition of pure so-
lutions of H,L NaHL, and Na,L respectively, and correspond to minima in the buffer
intensity. The smaller the buffer intensity, the steeper is the titration curve.
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