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 Mine wastes are the largest volume of materials handled

In the world!
e In 1982, annual worldwide production of mine wastes
was >4.5 billion tonnes
-> in Canada, mine waste production: ~980 Mt

- Iin Finland, mine waste production in 2015: ~77 Mt

Households and Electricity, gas, steam and
senfices 2764 air conditioning supply 1251

Manufacturing 8 906

Mining and
quarrying 76 777

Coaonstruction 15060

Waste generated by sector and type in 2015, 1,000 tonnes per year

(http://www.stat.fi/til/jate/2015/jate_2015 2017-06-15_tie_001_en.html)
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e >6400 km of rivers and streams in the Eastern U.S. and
8000-16000 km of streams in the Western U.S. are
affected by mine drainage

« Estimated costs for remediating mine wastes
Internationally = tens of billions dollars

(Blowes et al., 2014, Treatise on Geochem.)

the E U Eun Union

3 M. Muniruzzaman 05.12.2017 2014—2020 m



 Representation of a real world problem in mathematical
forms derived from e.g., first principles such as the
conservation of mass, energy and momentum

« Based on theory and experiments, and often apply
approaches to integrate them

o Assumptions related to the simplification of reality are
often made

 Mathematics is the language for quantitative process
descriptions

the E U EunUnIon
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Processes (e.g., geochemical reactions) typically occur
In open systems where fluxes drive physicochemical
mechanisms

o “Slowness” and “nonlinearness” of processes requires
predictive capabilities

 Difficult to evaluate quantitatively the importance of time-
dependent processes without considering them as a part
of a complex coupled system

 Models can provide testing of hypothesis as well as
guantitative predictions

* For risk assessment and design of adequate measures
for waste management

* *
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Basic Philosophy of Predictive Modeling

Real-world Mathematical
Problem Formulation

Test Analysis

Comparison with Mathematical
Reality Interpretation Conclusions

Predictions/
Explanations

M. Muniruzzaman 05.12.2017 ECI;L?—ZEOECJ) European Union



Why Predictive Modeling?

Effects

y I
Decisions

Predictions

What will happen? How do we How will these

When it will happen? benefit from deCISlonS Impact

Why it will happen?

\
T :
. Predictive analysis
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Typical Models in Mining Environments

o : : Empirical
Empirical/Engineering Model Approach
Geochemical Model
Mechanistic
Approach
Reactive Transport Model

—

Leverage from
the E U European Union
Dot g
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Based on statistical relationships (e.g.,
regression/correlation analysis)

Y
493
391
502
578
427

Historical Database

X1
3.29
5.61
1.42
0.83
2.93

X2 ...

yes
no
no
yes
yes

Xk
5348
$810
$756

$2,448
$539

—_—T e dimension reduction

Prediction Model
e data preparation

e variable selection
e etc.

l

Prediction Formula
Y =614.8+ 228X, — 0.09 X,

Examples codes:
RATAP (MEND, 1990)
WATAIL (MEND, 1993)
MINEWALL (MEND,1995)
etc.

Relies on empirical data and ignores detailed
physicochemical mechanisms

Can be computationally inexpensive
Lacks theoretical rigor and predictive capability is limited!
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« Describes chemical reactions occurring in mine wastes

 Based on the theoretical equations describing
geochemical reactions - mechanistic formulation

o Uses thermodynamic databases

e Can simulate a plethora of geochemical processes:

- Aqueous complexation/speciation reactions
- Acid-base reactions

- Redox reactions

- Cation exchange and surface complexation
- Sorption/desorption

- Dissolution-precipitation reactions (equilibrium and kinetics)
- Solid/gas phases

- Microbial reactions

the E U EunUnIon
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Popular computer codes:

« WATEQA4F (Ball and Nordstrom, 1991)

« MINTEQAZ (Allison et al., 1991)

e GEOCHEM (Parker et al., 1995)

« EQ3/6 (Wolery et al., 1992)

e CHESS (van der Lee et al., 2003)

« PHREEQC/PHREEQM (Parkhurst and Appelo, 1999)

the E U Eun Union
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Reactive Transport Model

 Most comprehensive model among these model types

e Solves simultaneous system of PDEs describing
physical and geochemical processes

Geochemical
Processes

Flow and Microbial and
Transport Electrochemical

Processes Processes FF]?EMU
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o Capable to simulate multidimensional fluid flow,
multicomponent solute/gas transport, and
biogeochemical reactions

—> a hybrid between hydrogeological and geochemical models

o Can predict non-intuitive system behavior when multiple
processes are coupled and they collectively control
system dynamics

* A high resolution model calculations can be
computationally heavy!

the E U Eun Union
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Reactive Transport Model (cont’d)

A\
TI{V‘IESCALE
YEARS) :
Landscape Evolution
10°
10*
10?
10° Watershed
Hydrogeochemistry Bjggeochemical Cycling
102
104 | YR T
>% ':‘— 5 >
10% 10 10° 10° 10°
SPATIAL SCALE (METERS)
(Li et al., 2017, Earth-Science Reviews) Leverage from
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Popular computer codes:

PHREEQC (Parkhurst and Appelo, 2013)
MIN3P (Mayer et al., 2002)

CrunchFlow (Steefel and Lasaga, 1994)
PHT3D (Prommer et al., 2003)

PHAST (Parkhurst et al., 2005)
Geochemist’s Workbench (Bethke, 1997)
TOUGHREACT (Xu and Pruess, 2001)
HYDROGEOCHEM (Yeh and Tripathi, 1997)
PFLOTRAN (Lichtner et al., 2013)
OpenGeoSys (Kolditz et al., 2012)
HP1/HPx (Simunek et al. (2012))
eSTOMP (White and Oostrom, 2006)

M. Muniruzzaman 05.12.2017
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 Detailed site characterization
« A computer code
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» Data should be collected as Geology | Hydrogeology | [ Meteorology | § :
much as possible QB
e Major processes must be e By
identified 5"
« Data must be representative - o I A e
Of the domain Of intereSt Construction of Infiltration and Oxygen and Heat
Waste Rock Piles|” | | Water Flow Transport
:h SR P »| Geochemical g
I Processes o
\ o
i J—[ &
VIR | <
Contaminant
If we are not able to formulate a Transport and
. ischarge
system behavior by meansof | IS
equations, we have not yet e (MEND, 1995)
understood the system in a Impacts
guantitative way!
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e Scarcity in collected data
- Iinadequate data and heterogeneity
—> incomplete/partial system understanding
—> non-uniqueness and reproducibility of the collected dataset
- unknown environmental conditions

 Numerical challenges
—> processes occurring at different scales
- difficulties in defining boundary and initial conditions
—> numerical errors/uncertainties
—> computational limitations

the E U EunUnIon
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Era of the Era of the best Battlefield of that horde
extraordinary practices of Harvard graduates
Congequences Selecting the beft fitting ML Iodel parameter tuning [ applying of some custom and
left as method, introguction of same gophisticated variable transformation, grouping mechanism
explanatory rather bisic variable based on in-depth domain knowledge

variables, preparation methods and
DQ problems i
ete,

Predictive performance

v

Time/effortspent on model development

(https:/lwww.linkedin.com/pulse/well-trained-monkey-against-team-harvard-graduates-«

the EU Eun Union
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* Field Site: Nickel Rim Mine Tailings, Sudbury, Ontario,
Canada (David Blows, Uni. Waterloo)

e Main processes:
- O, Ingress by gaseous transport
- Sulfide mineral oxidation in unsaturated zone
-> pH buffering by Al-silicate minerals
- Secondary mineral precipitation and re-dissolution

Mayer et al. (2002), WRR .
the EU European Union
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q = 240 mm/y

VIR B R A

Ni-pyrrhotite + (b I
Ni and Cu-sulfides ( ) e

Mineral

(la) pyrrhotite®
(1b)

(2) chalcoyrite
(3)  pentlandite®
(4) calcite

(5) anorthite
(6) albite

(7)  biotite®

(8) augite®

5 vears

1 Capillary fringe 0-5' 0 year
/39 years
1

Carbonate,
hydroxide, and Al-
silicate minerals

(9) siderite
(10) gibbsite
(11) ferrihydrite
(12) jarosite
(13) gypsum
(14) silica(am)
(15) covellite

(a)

4ye§
4 2|||\I||||I||||I-|-|I 2 PR N S | | A T |

0 0.05 0.1 015 0.2 0 0.25 0.5 0.75 !
pO, [atm] pCO, [atm]
| I [y | Wy J
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Detalled site characterization is inescapable!

—> A system simply cannot be predicted or modeled without
understanding its internal processes!

Quality and quantity of data will eventually determine
the quality of predictions!

- More budget and efforts should be dedicated to the quality data
collection

Predictive analyses should be performed already in the
planning phase of a mine

Theoretical rigor is mandatory in a prediction effort! |EEEN

* *
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time and costs. Many lawsuits and other legal proceedings involv-
ing hazardous waste can be simply avoided by collecting more and
better field data. Some parties complain that collecting field data
takes time and is expensive, but it is trivial compared to the costs
and the length of legal proceedings.

(Nordstrom, 2012, App. Geochem.)
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