Mine water discharge in the Leitzach valley. Bavaria. Germany

From Ground Water to Mine Water

Environmental Hydrogeology in Mining
Mine Water Geochemistry

Kassel, 6. September 2022

Prof. Dr. habil. Christian Wolkersdorfer
Elke Mugova M. Sc.

krssel22 B

documenta Stadt Kassel 2022 Kg/



Prof. Dr. habil. Christian Wolkersdorfer 2022-09-06

i
From Mine Water to
Ground Water

Environmental Hydrogeology in Mining

Mine Water Geochemistry

Prof. Dr. Christian Wolkersdorfer (=#%)

South African Research Chair for Acid Mine Drainage Treatment

Contents — Whole Course

* Introduction, Historical Background
* Mining Methods, Technical Terms

* Water and Water Inrushes

» Dewatering methods; Recharge

* Mine Flooding

* Mine Water Geochemistry

* Prediction of Mine Flooding

* Mine Water Treatment

kassel22 — Grubenwasserchemie 1



2022-09-06

Prof. Dr. habil. Christian Wolkersdorfer

Contents

* Introduction

* Master Variables (pH, redox)

* Pyrite Weathering

Example

Ion

d Calculat

ICS an

Kineti
inera

* Weathering

Is

* Acidity & Alkalinity

» Secondary M

» Chemical Thermodynamics

Tshwane University

of Technology
Pr——

()
)

|

Periodic Table of the Elements

18

m w, off oxpel ot shs ke

17

16

15

14

13

12

1

10

cefgRe  ceRfgEe

A

iR 7lunn g

R ok

8
——— et T
H H 2 fs |

omiE nmmn =885 e sr it mmMm
—

oiE
m.m_mmw wm m m

NEEe Name- eu..uf ] zn..nn..q

3.2 -Rmm

amge wena mEgE- ceSmEE-

For elements with no stable isotopes. the mass number of the isotope with the longest half-life is in parentheses.

z:-n-z neZften

Rl w.h = I_m
2§

mnwmmw

nmEpen  ae2imec
s

et s mmm

fmegen  NeSHRen

sE”m 8 mm

cogfon  cegifon

mm m.nmm

z...x!. nuggRen

fw_wa mc

eson .i..wa-:

Emmm wﬁmm

naogan  Neoghen

fo e
uwmm 2638

i T

Hesfen  NeogRed

wmwm numm

ceggon  wemigec

Z _mic
BT unpmn

nmeaan  neegeen

umm m_mmm

2 f
numm 2238

o~ ;
2 =R m‘mm skt 2 mm
o 5 etieh sk
© M gds m mmmmOW mMm
ﬂrb > P g ....-u..“.: cmmggon
< aVa wmmunmm mmwmm%mm
c e g ) aopn- :ounum Bl
2L callghisksk
ol el aeh

n_.mm w_mm mmmm mmm

%)

Tshwane University
of Technology

kassel22 — Grubenwasserchemie



Prof. Dr. habil. Christian Wolkersdorfer 2022-09-06

Periodic Table of the Elements

)y <&

cle ..)z,\l’)!f’.’,\

H,

. % |
Lve swvil

Why to deal with mine water chemistry?

;ﬁ Tshwane University
. f Technolc
Cape Breton Island/Canada Mine Water Outfall w pillbaihenid
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Why to deal with mine water chemistry?

Tshwane University
of Technology
We empower peaple

A\

eMalahleni, South Africa unremediated open pit mine

7

Why to deal with mine water chemistry?

Eagle Picher Superfund Site/USA Mark R. Boardman @E?E%E;ﬁnxmy
8
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Why to deal with mine water chemistry?

;ﬁ Tshwane University
Former Kénigstein Uranium Mine, Saxony, Germany w bilbievd
9
L] L] L] 7
Why to deal with mine water chemistry?
\‘4
o #, ) Tshwane University
Pfunderer Berg/Southern Tyrol Armin Hanneberg @ bt
10
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Why to deal with mine water chemistry?

T : = 75 =

;ﬁ Tshwane University
Georgi Unterbau, Tyrol, Austria w blionied
11
L] L] L]
Why to deal with mine water chemistry?
%\ Tshwane Universit
shwane University
Natural Acid Rock Drainage at Halifax Airport; Nova Scotia/Canada @ e
12
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Why to deal with mine water chemistry?

Phillipsthal, Thuringia, Germany

13

History Pryce William (1778)

“By means of thefe acids, the Miners are often put to an extra-
ordinary expence for Brafs pumps inftead of Iron; for many of
the Mines have water {o fully imbued with acid, that the Iron
working-pieces, in which the pifton of the pump works, will
be entirely corroded therewith in {ix months; and a great ex-
pence and lofs of time will be incurred, if the pumps are not
previoufly furnithed with Brafs working pieces, as on them the
acids, which are already faturated with kindred particles, have

little effect.”

Pryce William (1778) Mineralogia Cornubiensis; a treatise on minerals, mines and mining

containing the theory and natural history of strata, fissures and lodes, with the methods of
discovering and working of tin, copper and lead mines and of cleansing and metalizing their
products; shewing each particular process for dressing, assaying and smelting of ores. To which is
added an explanation of the terms and idioms of miners. Phillips, London, p. 6

14
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Factors to be taken into account ¢,

* Source — Pathway — Target-Concept

* Type of mine water

« AMD acid mine drainage (< pH 5.6)
 circumneutral mine drainage (> = pH 5.6 — 8)
« SD saline mine drainage (> = 1000 mgL™")

 salt mine water NaCl, KCl dominated

* Pyrite (di-sulfide) weathering
* pH-dependence of metal dissolution

&
Factors to be taken into account ¢,
* Natural attenuation of contaminants
* Buffer reactions
* Microbiological processes
» Control of the source (“in-situ-methods”)
* Evaluation on a case-to-case basis every site is unique

kassel22 — Grubenwasserchemie
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What affects Mobility and Bioavailability

* Speciation
* Hydrolyses, complexation
* Solubility effects
* Redox transformations
* Fe?* > Fe3* + e
c Ut 5 U + 2 e
* Sorption (Adsorption/Absorption)
* Especially onto iron hydroxide mineral
« Silt, clay
* Wood
* Pore space

UJ
P #, ) Tshwane University
WD ) of Technology
We o eope

17
Source - Pathway - Target-Concept
* Sources of contamination
* Acidity pyrite (“di-sulfide”) weathering
* Metal ions sulfide weathering
» Chemical reactants (ore processing)
» Organic substances (e.g. timber impregnation)
* Pathways
* Alkalinity (calcite, alumosilicate weathering feldspars, zeolites)
* Precipitation, sorption of metal ions
* ochre precipitation
* "Targets”
* Surface water
» Ground water
) e
18
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Source - Pathway - Target-Concept

clean
ground water

Permeable

contaminated Treatment Wall
Source

mine water .
Area contaminated

ground water

Source ====p Pathway ===p Target

UJ
P #, ) Tshwane University
WD ) of Technology
e empomer pecple

19
Source - Pathway - Target-Concept
Sources
Pathways
* Tailings Targets
* Waste rock stockpiles * Infiltration through
* Ore stockpiles mine waste » Groundwater
« Heap leach material * Infiltration through « Surface water
« Pit walls soil/vadose zone * Sediment
« Underground workings ~ * Movement of mine waters  « Air
* Processing wastes * Uptake by biota * Soil
» Groundwater
» Surface Water
* Runoff
* Air
modified from GARD guide @I?%iﬂ;j";y eeeee '
20
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Mine Closure Systems

/%g;
D N

== =

[ 1 Soil cover [ Mine water
[ Impermeable rock I Damm or backfill
[ ] Permeable rock Ground water flow direction

[ v | Ground water table

Parizek & Karr 1972

21

Pyrite Weathering Processes

22
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Pyrite Weathering Processes
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Pyrite Weathering Processes

+ H,0 FE(”) + 522-
+ 02 + 02
> SO4% +Fe(ll) + H
fast
+ 0, +
slow
Fe(lll) <—— Fe(OH)s(s)+H*

Wolkersdorfer 2022 @? iﬁ,,mu:.‘ ‘

24
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26

Salt Dissolution

\.‘ o "
. Ban) o recnnology
Asse Salt Mine, Germany (L et

Salt Dissolution

Laborwerte Werte vor Ort
Datum CasOy CaCl, MgSO, MgCl, KClI NacCl MgBr, H,O0  Mg;Bs045 p* T P
[gn] [g/] [gN] [an] [gl] [an] [gl] [gll] [gn] [glem®]] [*C] [glem®]
10.04.1997 0,12 0 4339 43220 4,94 7,90
06.05.1997 0,10 0 39,36 424 40 457 7,40
12.08.1997 0,11 4224 412,95 7,19 8,03 6,60 856,00 1,333
06.11.1997 0,08 4309 41154 473 6,71 6,15 866,00 1,338
09.02.1998 0,07 4542 43516 3,74 6,31 6,69 848,00 1,345
11.05.1998 0,07 4521 43533 3,30 5,82 6,66 853,61 1,350
18.08.1998 0,07 <01 42,86 417,51 5,57 9,56 6,06 853,00 1,335
12.11.1998 0,08 44 11 401,98 6,22 11,78 6,61 866,00 1,337
26.02.1999 0,10 4343 420,10 5,26 6,99 5,88 853,00 1,335
02.06.1999 0,07 4292 417,35 5,82 9,80 6,21 851,00 1,333
27.08.1999 0,08 < 0,05 40,91 398,22 9,70 9,99 5,80 862,00 1,327
29.11.1999 0,07 < 0,01 4262 409,98 7,09 8,51 6,56 85317 1,328 347 1,322

29022000 [ 008 <001 4347 42989 391 8,23 6,37 84590 6,13 1,344 | 344 1,344

Stockmann et al. 2006, sampling location AS010 | Salzwelten Salzburg, Austria

kassel22 — Grubenwasserchemie 13
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Salt Dissolution — Jdnecke Diagramm

FMg

bi
bl
ca
ep
gs
hx
ka
ks
le
pc
sy
th

@ Typ 1 ("Asse-Siidflanke”)
@ Typ 2 (AS009)
@ Typ 3 (AS/007/008/010)

FSOd DIZ
Usdowski & Dietzel 1998 | Stockmann et al. 2006

27

FI(:

bischofite | MgCl,-6H,0
bloedite | Na,Mg(SO,),-4H,0
carnallite | KMgCl;-6H,0
epsomite | MgSO,-7H,0
glaserite | K;Na(SO,),
hexahydrite | MgSO,-6H,0
kainite | KMgCISO,'", H,0
kieserite | MgSO,-H,0
leonite | K;Mg(SO,),-4H,0
picromerite | K;Mg(SO,)2-6H,0
sylvite | KCI

thenardite | Na,SO,

UJ
P #, ) Tshwane University
WD ) of Technology
e empomer pecple

What to measure? On-site parameters ...

* ... are meta-stable, redox or pressure-dependent

» Temperature

* Electrical conductivity

. pH

* Oxygen concentration

* Redox-potential

* k, (Acid Capacity, Alkalinity)
* kg (Base Capacity, Acidity)

« Fe?*, Fep

* Filtered/unfiltered samples

28
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Naming of parameters

* Physico-chemical Parameters (selection, there are many more)
* Temperature
* Electrical conductivity
« pH
* Redox-potential

» Chemical Parameters
* k,, kg, Oxygen concentration

i
uuuuu

e Main ions
« Cations Na*, K*, Ca%*, Mg?*
* Anions Cl, NOy, SO,%, HCO;
 Trace elements
* Semi-metals (metalloids) eg. As, Sb,Se T
* Metals e.g. Al, Fe, Co, Ni, Cu, Cr, Mn, U, Zn, Cd, Hg, Pb, Bi, Sr, Ba
29
“master variables” in mine water
* pH * E,
* Redox potential or
» Oxidation-reduction
o potential (ORP)
* Proton-activity | .
* tlectron-activity
*|pH = —log {H"}] g
*FeS,+ 3% 0, + H,0 > PE = —l¢g {e}
Fe’* + SO, + 2 H* o Ut > Ub+ + 2 ¢
* measurement e Fe2* 3 Fe3t+ T e
’ pH'miter * measurement
nounits * Redox-probe
®* NO conversion
* mV (orV)
» conversion to SHE
30

kassel22 — Grubenwasserchemie
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Redox Process

“The extent to which redox reactions occur in
groundwater systems s therefore significant with respect
to many practical problems, for example issues of
groundwater quality for drinking water, the attenuation
of landfill leachate plumes and the remediation of sites
contaminated by organic pollutants.”

Hiscock KM and BENSE VF (2014) Hydrogeology — Principles and
Practice, Blackwell, Oxford, 2" ed, 519 p.

31

Redox Process

32
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Redox potential — Nernst equation

E, =E° +£ln([[ox1dants] ]_El? N 2.303-RT o ( [oxidants] J

nF reductants] [reductants]

with
E}  reference condition, mV
R gas constant, 8.3144621 J mol 'K

T temperature, K
n number of electrons involved, —
F  Faraday constant, 96 485.3365 C mol

Fet 2+ 3+ _
£ =288k pE=13.05+log| LS Fe >Fem re
I’ZF [Fe ] [FeZ+]
K — 5 — 101305
FC " <2 %\ Tshwane universi ty
[Fe” el ) e
33
Redox potential — Correction to SHE
Eos 0 = Et—0.108x (T = 25)+y/a — bxT
with
Eops-cy redox potential corrected to SHE, mV
E measured potential of secondary electrode, mV reference
T temperature, °C electrode
ab coefficients
Sensor Type Coefficient a Coefficient b
Mercury calomel KCI 67798 324
Ag/AgCl KCI 1 mol L 62775 284
Ag/AgCl KCI 3 mol L 50301 297
34

kassel22 — Grubenwasserchemie 17
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35

36

Redox potential — Correction to SHE

Hanna Ag/AgCl, KCl, 1 mol/L 69791 196
Hanna Ag/AgCl, KCI, 3 mol/L 49296 298
Hanna Ag/AgCl, KCl, 3.5 mol/L 50301 297
Hach Ag/AgCl, KCl, 3 mol/L 50301 297
Ag/AgCl, KCl, 4 mol/L 56544 287
Calomel Hg/Hg,C,, KCI, 0.1 mol/L 112238 58
Calomel Hg/Hg,C,, KCI, 1 mol/L 82571 183
Calomel Hg/Hg,C,, KCI, saturated 67798 324
Mercury sulfate Hg/Hg,SO,, K,SO,, saturated 451702 1.090
Silver chloride, Argenthal, Silamid Ag/AgCl 62755 284
KCl, 1 mol/L
KCl, 3 mol/L 50301 297
KCl, 3.5 mol/L 49083 310
KCl, saturated 47591 356
Thalamid Tl, Hg/TICI, KCI, 3.5 mol/L no solution found

www.wolkersdorfer.info/ORP

Redox potential — Correction to SHE

« Measured values (Ag/AgCl KCI 3 mol L-electrode)
« ORP —44 mV
* Temp. 23.4 °C
Eo@s oc) = Et—0198x (T = 25)+y/a — bxT

Sensor Type Coefficient b

Ag/AgCl KCI 3 mol L 50301
0.198x (T -25)+~a—bxT =
0.198x(23.4-25)++/50301-297x23.4 =

0.198x(~1.6) ++/43351 =

—0.3168+208.2095 =

E =—44mV +208 mV =164 mV (160 mV according to ISO DIN 38404-C6)

025°C) —

kassel22 — Grubenwasserchemie

2022-09-06

Example

18



Prof. Dr. habil. Christian Wolkersdorfer

Redox Process

SYSTEM Fe-0O-H
25°C, 1 bar |
(OH), i
|
-0.2 A =
‘,ﬁ =
-0.4 Oar Fe 0.7
Fe (OH),
~0.6
_0_8 1 1 1 L 1 1

37

pH-calculations

* How is the average of pH-values calculated?
PRSI

739 sty T
7.30

7.52
7.23
7.07

pH= 25 =730 wrong!

_Z{H"}
-5

nd past

Histogram of your pH values excluding outliers

{H*} =530x107% = pH 7.28 —

www.wolkersdorfer.info/ph

38
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Pyrite Weathering Processes ()

(1) 2 @+ 7 Onaq + 2H,0 —> 2 Fe?* + 4S0,4 + 4 H*
(2)2Fe’* +1%2 0, + 2H* - 2 Fe** + H,0

(3) 2 Fe** + 6 H,0 <> 2 Fe(OH);, + 6 H*

(4) 14 Fe3+ + + 8 H,O — 15 Fe?* + 2SO, + 16 H*

(5) Fe2* further reacts in reactions 2-4
(1) and (2) are catalysed by bacteria e.g. Acidithiobacillus thiooxidans,

Gallionella

39

Pyrite Weathering Processes ¢

»ﬁ Tshwane University
Reiche Zeche shaft, Germany K‘l'/ bt

40

kassel22 — Grubenwasserchemie 20
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Pyrite Weathering Processes ¢

StraBberg silver mine, Germany K"li) E%ZRZ,‘ES";W
41
Pyrite Weathering Processes ¢
%\ Tohwane Universi
shwane University
Iron Mountain, California (Michael Kersten 2014) KF"/ of echmolcsy
42

kassel22 — Grubenwasserchemie 21
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Bacterial Processes

Acidithiobacillus thiooxidans, Gallionella, Beggiatoa and Thiothrix
increase the reaction speed 10°-fold

ADP + P~ < ATP AG® = +32 kJ
22 +4H,0t+0,2° +6H,0
2°+6H,0+30,<>2:0,2 +4H;0% aG* = -498 K/

oS pH-range Eh-range, mV
Sulfate reducing 42..99 -450 ... + 115

Thiobacteria 1.0..9.2 -190 ... + 855
Niederschlema 64..89 +3..+530 TT:‘ e
Bacterial Processes
N _
. ol
: Bas Becking et o 1960 A —

kassel22 — Grubenwasserchemie 22
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45

46

Sulfide Weathering

sphalerite ZnSy + 2 Oyaq) = Zn2* + SO4%
galena PbS) + 2 Oy = Pb?* + SO,%
millerite NiSi + 2 Oyq — Ni#* + SO,
greenockite  CdS( + 2 Oy, — Cd?* + SO,
covellin CuS) + 2 Oy = Cu?t + SO

copper pyrite CuFeSy, + 4 Oy — Cu?* + Fe2* + 2 50,2

Release of potentially toxic metals and sulfate, but no acidity (except
copper pyrite)

Mineral weathering

* Depending on the pH-value, different metals coexist (“species”)
 pH-value controls the release of contaminants (“master variable”)
* At low pH-values the metal solubility, usually, is high

* Mobility and bioavailability at low pH-values is usually high

kassel22 — Grubenwasserchemie 23
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48

Weathering Kinetics

2

3 1 Carbonates

-4 1 Calcite

Pyrrhotite Oxidation byFe3*
-5 1 in equilibrium with Fe(OH),

6 Dolomite

-7 3
1 Mafic
Silicates

log Rate (mol m2s™)

K Fe'dspar
Pyrite oxidation Biotite, Chiorite
by O,
-14 —— T
2 3 4 5 6 7

pH

13 i Pyrite Oxidation byFe*
| in equilibrium with Fe(OH),

from Geller et al. 2013; data from Williamson & Rimstidt (1994

pyrite); Palandri & Karaka (2004  pyrrhotite, carbonates,

pH-Values and Metal Concentrations

mmmmlmmm

Iron Mountain, Cal (Cu)'  -2.5 760,000 111,000 1,420 23,500 4,760
Iron Mountain, Cal (Cu) 1.1 41,000 7,820 1,410 11 1,860 360
Pyrite mine 25 5110 1,460 84 3 1 0.2
abandoned coal mine 3.6 1,044 101 17 4 0.2 0.007
abandoned coal mine 42 1,554 180 <05 6 0.06

waste rock dump (coal) 5.5 146 287 1 5 0.05 < 0.007
St. Johannes Stollen® 6.7 272 6 <0.1 12 <001 <0.01
StraBberg Germany 6.3 359 31 6 0.9 0.08
abandoned coal mine 6.3 83 5 0.08 0.4 0.05 0.005
metal mine 6.5 124 15 0.1 2 0003

Niederschlema Germany 7.1 1,138 3 0.4 3 0.1 0.03
mine water (coal) 8.2 7 <001 <0.02 0.004 0.055 <0.005

concentrations in mg L’
from Wolkersdorfer 2008, '"Nordstrom 2011, 2Wedewardt 1995

kassel22 — Grubenwasserchemie
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pH-Dependency of Metal Solubility

\

|_

2k
— 3
Y
2
mql_
2

Fe

\\2
(1]
z n'z\ Fe'

T
Mg
dz

i

5_ +3 3 CU 2 Ag’ .
Cd’ \
6 L. \ | \ | \ \\ ] |
2 4 6 10 12
pH
Stumm & Morgan 1996
49
pH-Dependency of Me-oxide solubility
0 —— Al(OH)s
1 —— Ca(OH)2
2 —— Cd(OH)2
—— Co(OH):
3 —— Cu(OH)2
= 4 [ —— Fe(OH):
= 5 A // —— Fe(OH)s
é 7 N ) Hg(OH)2
5 6 | A\“‘v"// —— Mg(OH)2
s ' \‘-- / —— Mn(OH)2
= 7 )
o0 —— Ni(OH):
0 8 —— Pb(OH)2
9 | —— Zn(OH)2
10 -
n
12 T T T T T T
0 2 4 6 8 10 12 14
pH
from Wolkersdorfer 2014, after Cravotta pers. comm.
50
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pH-Dependency of Metal Solubility

2022-09-06

Stumm & Morgan 1996; Sigg & Stumm1994

T L T T T -2 T T T T
| |
1 sl 1 AlOH)3
2+ N 1 :
" am-FellOH)(s) “4r 1
2 Al(OH) ) (Glbbsite)
O 4~ Sr : T
o
o o
N g -6 4
o a1 1
8-
AlIDH2+
L I |\ M| 1 L
b N 3 4 5 [ 7 8 9
Fe(0H);” \FelOH); o

51
Pou rbalx-dlag Fam (Confusogram sensu P. Wade)
14 T 14
1,24 3=25°C;p=1bar
Y Fe=10%Mol; =S = 102 Mol|;
101 % ([H,CO;] + [HCO; 1+ [CO52]) = 107
084 Mol
06 ~~ - 0,6
3 T~
2 041 Hog T 0%
ﬁ 024 FE(DH)g L 0.2
004 - 0,0
02 ™~ 0.2
ou] o[
Fe(OH),.
-061 T roe
- FeS.
084  Fe  TTT== T~ o
-1,0 T T T 1,0
o 1 2 3 4 5 6 7 8 9 10 N 12 13 1%
pH
Fe-S-CO,-H,0O Tischendorf & Ungethim 1965 <, -
> Tshwane University
\lEE
52
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Pourbaix-diagram Fe-S-CO,—H,0

14 T — 16
12 I 9=25°C;p=1bar
S~ I > Fe = 106 Mol; £ S = 102 Mol;
|

% ([H,CO,] + [HCO; ]+ [CO.2) = 10 Mol

08
I 06

~4 04

% Tshwane University
Tischendorf & Ungethiim 1965 @ blionied
53
L] L] L] +
Uranium Speciation (U%+)
80 (UO,)5(OH);*
° T
o
€
g
S
2
3
o
pH 0=25°, u=01M
Meinrath 1998 ‘1\;‘: )K\T:zzinl::;\;ersny
54
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Weathering Processes (.

* The weathering of minerals (except di-sulfides such as pyrite)
produces alkalinity and, therefore, buffers the acid

« Carbonates mineral formula pH-buffer range
Calcite CaCO; 65..75

* Feldspars Dolomite CaMg[CO], 65..75

. Siderite FeCO, 48 .. 63

¢ M ICas Mix carbonates (Ca, Mg, Fe, Mn)CO; 4.8 .. 63
Gibbsite Al(OH); 40.. 43
Ferrihydrite Fe(OH), <35
Goethite a-FeOOH 13..18
K-Jarosite KFe 3[(OH)|(SO4)2] 1... 2 (laboratory experiments)
Alumosilicates (feldspars, zeolites) 1... 2 (laboratory experiments)

0
B #, ) Tshwane University
WD ) of Technology
e empomer pecple

55
Weathering Processes ¢,
Carbonates
* Calcite (buffers at pH 6.5...7.5)
« CaCO; + H* «+» Ca?* + HCO;"
* Dolomite (buffers at pH 6.5...7.5)
« CaMg[CO;], + 2 H* «»> Ca’* + Mg?* + 2 HCO;"
» Siderite (buffers at pH 4.8 ...6.3)
» FeCO, + H* <> Fe2* + HCO;
* Fe2* + ¥4 0, + % H,0 > +2 H*
Tl
56
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58

Weathering Processes ¢,

Feldspar

* K-Feldspar

» KAISi;Og + H* + % H,0 — K* + 2 H,[SiO,] + 2 ALSi,O4(OH),
» Anorthite

» CaALSi,0f + H* + H,0 — Ca2* + 2 H,[SiO,] + V2 Al,Si,O-(OH),
* Albite

* NaAlSi;O4 + H* + %, H,0 — Na* + 2 H,[SiO,] + 2 Al,Si,O5(OH),

Weathering Processes ¢,
Mica

* Biotite
KMgs,,Fes ,[AlSi;04,](OH), + 7 H* + 2 H,0 —
K* + 3%, Mg?* + %, Fe2* + 2 H,[SiO,] + V2 ALSi,O.(OH),
* Muscovite
KAL[AISi;0,, 1(OH), + H* + ¥, H,0 — K* + ¥, Al,Si,Os(OH),
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Keep in Mind Mineralogy and Kinetics

* Disulfides are abundant in nearly all rocks as trace minerals

* Other minerals, for example silicates, are fare more abundant

* Pyrite weathers more rapidly than silicates and therefore causes
acid mine water (AMD)

* Already small amounts of di-sulfide cause severe problems due to
different weathering kinetics of the minerals

59
Secondary Minerals ¢
» Metal oxides and -hydroxides
Gibbsite Al(OH),
Iron hydroxide Fe(OH),
Zinc hydroxide  Zn(OH),
* Metal carbonates and hyd roxy—carboné';ces”"”""%—w
Cerrusite PbCO;
Malachite Cu,(OH),(CO3) -
} X 3
05g5e) e mar
60
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Secondary Minerals ¢,

» Metal sulfates and -hydroxy-sulfates

Jarosite KFe;(SO,),(OH),
Melanterite FeSO, 7H,0O
Szomolnokite FeSO,- H,0O

Epsomite MgSO,- 7H,O ———
Alunite KAI;(SO,),(OH),
Jurbanite AISO,(OH) - 5H,0

Schwertmannite  Fe,¢[O¢|(OH),|(SO,)5] - 1T0H,O ——
Anglesite PbSO,

A %3
UJ
P #, ) Tshwane University
WD ) of Technology
e empomer pecple
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L]
Secondary Minerals ¢,
Pyrite (FeSz)
Oxidation
ﬁ Fez’ ar 5042- l l l
Oxidation Oxidation Oxidation Oxidation Anoxic
pH15-3 pH3-4 pH>4 pH>5 pH>6
[SOs27] >30 mmol  [SO427] >10—-30 mmol  [SOa27] < 10 mmol
Jarosite Schwertmannite Ferrihydrite Siderite
(H,K,Na)Fes(OH)s(SOa)2 FesOs(OH)s-x(SOa)x Fe20s3- 1.8 H20 FeCO3
|—> Goethite <+«
a-FeOOH ¢ Oxidation
Tmmol [SOs2] = 96 mg ~
\./
»ﬂ Tshwane University
after Bingham et al. 1992, Hoglund et al. 2004 K"') e
62
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Control of Contamination Source

» Contaminant load (e.g. metals, acidity, sulfate) depends on:
* Red-Ox conditions (does O, exist)
* Weathering rate
» Oxygen transport (diffusion)
* Dissolving (transport remain in mine or transport to ecosphere)
* Bacteria

63
First Estimation
Metal loads released from a mine (or dump) reflect the weathering
reactions involved
Q. (Infiltration):
FeS, + 7/, 0, + H,0 — Fe?* + 2SO, + 2 H*
ZnS + 2 0, > Zn?* + SO,*
PbS + 2 O, — Pb2* + SO,
NiS + 2 O, — Ni2* + SO,
CuS + 2 0, —» Cu?* + SO,
CuFeS, + 2 0, —» Cu?* + Fe?* + 2 SO,* —
Qout (Mine water):
H*, SO,%, Fe?*, Zn?*, Pb2*, Ni%*, Cu?*
05g5e) e mar
64
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Niederschlema Uranium Mine

4500
40007 | P Total dissolved solids
3 pH-value
T, 3500
[)]
£
o 3000
=
E
2 25007
2
@ 2000
5 - -9
£ 15001 — — :
e 7
6o
1000 :3 <
| F3 &
500 L5
H1
0 T 0

to level -240 to level -360 to level -540 to level -990 to level -1710

65

Acidity — Alkalinity

* Acidity of mine water is due to the mixing of infiltration waters that
are

* in contact with pyrite and produce acidity
* in contact with carbonates or silicates and produce alkalinity

* Weathering rate acidity > alkalinity = mine water is acidic
» Weathering rate alkalinity > acidity = mine water is alkaline

* Acidity "base capacity” kg
Alkalinity “acid capacity” k,

66
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Acidity — Alkalinity

strong acids weak acids/bases strong bases
43 8.2 @3
37———5.1
pH-value 1 2 3 4 5 6 7 8 9 10 11 12
D |

HCl; H,SO, Kpg: alkalinity «—————
HCl; H,SO, Ky, total alkalinity S

8N ———— > Kgg,, total acidity NaOH

T A

Ky, total acidity NaOH
A

——=8 K, ;, acidity NaOH
K, acid capacity 8.2 ( ) alkalinity (strong bases); old p-value
K, acid capacity 4.3 (methylred-bromcresolgreen) total alkalinity (weak/strong bases); old m-value
Ky base capacity 8.2 ( ) total acidity (weak/strong acids); old -p-value
Ky base capacity 4.3 (bromphenolblue) acidity (strong acids) ; old
m-value 1 [mmol L] = 1 [meq L] =<50-a4ermgt=-CaC0;]

2022-09-06
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Acidity — Alkalinity
* Acidic waters have a pH-value < 5.6
* Alkaline waters have a pH-value > 5.6
boundary is due to the end point of carbon acid titration
(use of buffer capacity)
» Acidic waters mobilize metal ions in a greater extend than alkaline
ones
* Neutralisation of acidity also demobilizes metal loads (attenuation
of metal contamination Natural Attenuation)
68
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Acidity — Alkalinity

* Relationship between alkalinity and acidity is of complex nature and
results mainly from interplay of
« Strong acids and bases
» Weak acids and corresponding bases
» Thermodynamic laws (mass action law, conservation of matter)
* Mass and charge balance in aquatic systems
* pH-value (“master variable”)

* Microorganisms speed up chemical reactions, but they never enable
reactions that are thermodynamically impossible!

« Alkalinity excess of strong base over strong acid in a natural water

69

Definitions

* “I found at least 20 different definitions of alkalinity!”
An ocean carbon cycle modeller from Hamburg.

* “... alkalinity, one of the most central but perhaps not the best
understood concept in aquatic chemistry.”

Morel & Hering (1993, p. 157)

* "Alkalinity is an important and very useful concept in the context
of the carbonate system in seawater. It is also called total
alkalinity or titration alkalinity and is denoted by TA.”

Zeebe & Gladrow-Wolf (2003, p. 27)

70
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71

72

Strong Acids and Bases

» Complete dissociation

« Strong bases (base cation + OH")
* NaOH < Na* + OH-
» Mg(OH), <> Mg?* + 2 OH-

« Strong acids (acid anion + H*)
e HCl & CI- + H*
* H,50, <> SO, + 2 H*
* [Aci] = "2 [H*] -2 [OH]" = 2 [SO,%] + [CI] - [Na*] = 2 [Mg?*]
* [Alk] = —[Aci] = [Na*] + 2 [Mg?*] - 2 [SO,?7] - [CI]
* [ACi]caiculated = 2 [FE2*1/56 + 3 [Fe3*]/56 + 3 [Al]/27 + 2 [Mn]/55 + 2
[Zn]/65 + 1000 (10-PH), mol L’

Weak Acids and Bases

« Carbon acid is a weak acid resulting from the dissolution of CO, in water
* Stepwise dissociation
* Partly protonated, partly deprotonated species:
* CO, (g + H,O0 > H,CO; log K, = -1.27
* H,CO; <> HCO5 + H* log K; = —6.35

» HCO, «» CO2 + H* log K, = -10.3
* H,O < H* + OH" log Ky, = -14.0
for all K 8 =25°C; /=0 mol

* at pH 5.6 [HCO;] substantially increases (7 titration curve)

Photo by Wesley Shen on Unsplash B o Tectmolosy
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Thermodynamic Laws

» Carbon acid balance (mass action law)
[H,CO;]

K, =10""=——2=—"332__ (8=25°C;I=0mol; pCO, =10 atm)
[H,O] pCO,(g)
K, =10 = [HCO, JIH] (9=25°C; 1 =0 mol)
[H,CO;]
2- +
I(2 = 10710'3 = 7[(:03 ][31__1 ] (19 =25 OC; =0 mol)
[HCO™]
Ky = 10" = [HT][OH™] (9=25°C;1=0 mol)
co,
(gaseous)
N
CO, + H,0 &> H,CO; «> H* + HCO;"
(aqueous)
e
73
Distribution of Carbon Species
o ‘ ‘ ‘ ‘
— log[H"]
—— log[OH] -1
= log[H,CO;]
—— log[HCO; ] = -2
—— 10g[CO,"] g
— ZC é _3 -
7 4
* log[H+] = —pH 8 ,
3 4 5 6 7 8 9 10 11 12
* log[OH-] = =14 + pH pH
* log[H,CO;] = -1.27 — logpCO, pCO, = —log P = — log 0.00045 = 3.347
¢ log[HCO;] = -6.35 + log[H,CO;] + pH
¢ log[CO;*] = -10.3 + log[HCO;] + pH .
e
74
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BJERRUM plot of Inorganic Carbon Species
[CO32Tr = 2.19 MM = 131.42 mg
10 —2% HCO;~ cos*
0.8
s 0.6
* 0.4
0.2
0.0
0 2 4 6 8 10 12 14
pH
Medusa Hydra Geochemical Software; Ignasi Puigdomenech 2010-2013 1\;’: Tabwane University
75
Mass and charge balance
* Ground water is always electro-neutral:
Tqlpositive charged ions] = X ,[negative charged ions]
* Charge balance results of the summation of all cations and anions
of all strong and weak acids and bases:
[H*] + [Na*] + [K*] + 2 [Ca**] + 2 [Mg?®*] =
= [OH"] + [HCO;] + 2 [CO5%] + [CIT] + [NO5] + 2 [SO,%]
* Rearranging results in (strong acids and bases to the left side):
[Na*] + [K*] + 2 [Ca?*] + 2 [Mg?*] - [CI]] - [NO5] - 2 [SO,*] =
= [HCO;] + 2 [CO5%] + [OH] - [H7]
* And, finally, expressed as a term of the bicarbonate buffer system:
[Alk] = [HCO;] + 2 [CO5%] + [OH] - [H7]
)
76
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Bicarbonate Buffer System

« Alkalinity in relation to the bicarbonate buffer system:
[Alk] = [HCO;] + 2 [CO5%] + [OH] - [H*]

« Conservation of matter for HCO;-, CO5%;, OH- results in a relation

between alkalinity and pH-value:
_pCO, (g K,  [HCO, K, Ky _

Alk]= H*
A= ey ey

« for 6 < pH < 9 the following simplification applies

[CO;%7], [OH], [H*] << [HCO;7]
» consequently
[Alk] = [HCO4] for most natural waters

77

Relation to the pH-value

 Within certain pH ranges, the relation between alkalinity and pH-
value can be simplified. In the case of acidic mine water the
following simplification can be applied to:

[H,CO,]K

[AlK] = ] L_[H'] molL" (pH<8.3)

* solving the equation for [H*]:

_ —[AIK]+JJAIK]® + 4 [H,CO,]K,

[H'] 3

78
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pH-Value and Alkalinity

» Water usually between pH 7 and 8

 Within broad pH-ranges water is of
good quality and consequently
good bioactivity

net acidic i

net
alkaline

* Acidic water consumes alkalinity and
reSUItS |n IOW H'Values 4 H eoretica
p 3 __/ : tittrr;tiontcurile
» Under acidic conditions, that means i '
at pH < 5.6, the pH-decreases 05 0 0s i E

[Alk], eq L

rapidly and metals will dissolve
* High mobility and bioavailability

Younger et al. 2002, p. 90

e
79
Mixing of Mine and Surface Waters
* The mixing of mine water with ground or surface water is
conservative, because cations and anions won't interact with each
other (no chemical interactions):
V (-[Aci] )+V_([Alk].)
[Alk] =—M M R R
M VM+VR
V\yquantity of mine water, m?® s
V quantity of surface water, m® s!
[Aci]y,= acidity of mine water, mmol L
[Alk],,= alkalinity downstream of mine water discharge
[Alk]= alkalinity of surface water, mmol L™’
Gt ™
80
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82
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Chemical-Thermodynamic (“Geochemical”) Models

* A large number of models available
* PHREEQC
 WATEQ4F
* MINTEQAZ2
+ CE-QUAL-W2
EPA-NET
GOLDSIM
KYBL-7
NETPATH
* SOLMINEQ
» Geochemists Workbench (GWB)

Example ¢,

Working example

Temperature = 25.0 C Pressure = 1.013 bars
pH = 8.341 log fO2 = -0.699

Eh = 0.7255 volts pe = 12.2638

Ionic strength 0.652142

Charge imbalance 0.000117 eq/kg (0.01027% error)
Activity of water 0.982034

Solvent mass 1.0000 kg

Solution mass 1.0364 kg

Mineral mass 0.00000 kg

Solution density 1.029 g/cm3
Solution viscosity 0.010 poise

Chlorinity

Dissolved solids

Hardness
carbonate

non-carbonate
Carbonate alkalinity

Water type
Bulk volume
Fluid volume
Mineral volume
Inert volume
Porosity
Permeability

0.565633 molal
35075 mg/kg sol'n
6338.64 mg/kg sol'n as CaCO3
119.70 mg/kg sol'n as CaCO3
6218.94 mg/kg sol'n as CaCO3
119.70 mg/kg sol'n as CaCO03
Na-C1
1.01e+03 cm3
1.01e+03 cm3
0.000 cm3
0.000 cm3
100. %
98.7 cm2

UJ
P #, ) Tshwane University
WD ) of Technology
We o eope

The following mine water analyses in mg/L shows, that sulfate and copper are
abundant. Both are a result of pyrite (FeS,) and copper pyrite (CuFeS,)
weathering. Assumed, that no natural attenuation takes place ("no buffering”),
the number of protons originating for the weathering shall be equal to the pH-
value. Calculate the acidity due to the di-sulfide weathering and determine the

degree of neutralization.

pH 76  SO2 1350 Ca
Al 05 Cu 02 Fe
Na 511 K 43 Si

analyses Niederschlema/Alberoda (Wismut GmbH) 11.8.1994:
366b (m-331). Also 43mgL'Uand4.2mgL’As

kassel22 — Grubenwasserchemie
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Example ¢,

1. Calculation of sulfate and copper molecular weight
element S O Cu
molar mass 32.065 15.9994 63.546, g mol’
Mso,2. = 32.065 + 4 - 15.9994 = 96.063 g mol-"

2. Molar concentration of sulfate and copper in the mine water

[SO,*] = 1350/ 96.063 = 14.05 mmol L'
[Cul] =0.2/63.546 = 0.003 mmol L
3. Release of sulfate from pyrite (Sp, — Scypy)
[SO42_]Py = [SO42_]T_ 2 [CU2+]
[SO,2Tp, = 14.05 - 2 - 0.003 = 14.04 mmol L s

Example ¢

4. Protons from pyrite weathering 2 protons per mole of Fe,
assumed that pyrite weathers to sulfate and ochre
[H*] = [SO4*]p, = 14.04 mmol L™

Annotationthe 7 mg L of iron (0.13 mmol L) prove, that nearly all Fe?*
from pyrite (7.02 mmol L' = 392 mg L") precipitates as ochre

kassel22 — Grubenwasserchemie
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Example ¢,
5. pH-value from proton activity
pH = —log[H*] = -log[1.404 - 10°] = 1.9

The pH-value measured is 7.6 and therefore = 6 “units” above the pH
calculated. Therefore, buffering must be assumed, resulting from the carbonate
and silicate weathering. These reactions can be proved by the existence of
“base cations” (Na*, Ca?*, K*, Mg?*).

[ACi] aiculated = 23 mg CaCO; (0.5 mmol)
[AIK] caiculateds = 308 mg CaCO; (6.2 mmol)

[ACi] ccutateg = 50 {2 [Fe21/56 + 3 [Fe3+1/56 + 3 [Al]/27 + 2 [Mn]/55 + 2 [Zn]/65 + 1000 (10-PH)}

[Alk];%{w] mol L (pH <8.3) .
Q) o™
85
Example ¢,
6. Calculate the annual sulfate and calcite flux from the mine
discharge with a quantity Q = 220 L s™
[SO,2Tp, = 0.014 mol L
[Ca2*] = 0.271 g L' = (0.271/40.078) mol L' = 6.76 - 103 mol L'
7. Multiply concentration with mine water make
Fs=Q-[SO*]p, =220 Ls"-0.014 mol L' = 3.08 mol s
Fc,=0Q-[Ca?*] =220 Ls'-6.76 - 103 mol L' = 1.49 mol s’
8. Annual weathering rate pyrite and calcite (1 a = 3.16 - 107 s)
Rp, =2 Fs = 1.54 mol s" = 4.86 - 107 mol y! = 5850 t FeS,
Reaicit = Fca = 149 mol s1 = 4.70 - 10’ mol y-1 = 4700 t CaCO;,
86
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