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A long-term, multi-scale research program

The Antamina mine, Peru:

Antamina Geology

High elevation: 4300 masl
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Figure 1.2 — Cross section of the geology at Antamina (modified from Lipten. 2003)

Mostly circumneutral pH
drainage

Elements of concern: . . | e
As, Cu, Zn and Mo

One of the largest Cu
mines in the world!




Project goals
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Project components

Field-barrel tests and laboratory columns :
Experimental waste-rock piles

Cover experiments

Classification / diagnostic leaching
Real time and in-situ gas monitoring
Mineralogical characterization
Microbiology
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Data integration and interpretation with process-based models
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Scaling-up weathering/drainage processes
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Vriens et al., 2020, Journal of Contaminant Hydrology




Integration with mechanistic models
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Vriens et al., 2020, Journal of Contaminant Hydrology
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Experimental piles: schematic
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Long-term drainage dynamics

Seasonal fluctuations due to hydrological transport...
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Experimental pile drainage dynamics

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
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Short-term oscillations versus long-term trends in drainage chemistry
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Experimental pile drainage dynamics
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Experimental pile drainage dynamics
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Experimental pile drainage dynamics

Dissolved Ca concentration
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Decoupling of mineralogy and drainage

1. Weathering rates and acidification largely expected based on
primary waste rock mineralogy

2. Strong and selective retention of metals (>99%) in
experimental piles, unexplained loading spikes

e Physical waste-rock properties (i.e., PSD)
* Sorptian
-
* Mineral p2 guomn or occlusion
* Preferential drainage flow

Basal mixing
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Secondary mineral formation

1. Equilibrium modeling
2. Raman spectroscopy
3. Quantitative XRD
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Secondary mineral assemblage

Gypsum (CaSO,): J i
up to 95%! HE | i L““ ‘
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Fe-oxyhydroxides and —sulfates (>10%): ga =TT R e e
Ferrihydrite, goethite, lepidocrocite, m il
jarosite, melanterite L e !

Cu/Zn-hydroxysulfates (<5%):
brochantite [Cu,SO,(OH)]
chalcanthite [CuSO,-5H,0] e

Cu/Zn-hydroxycarbonates (<5%):
aurichalcite [(Zn,Cu)s(CO,),(OH)]
malachite [Cu,CO,(OH),]

Aaman shift o'y
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Effects of secondary minerals

Challenging quantification of amorphous phases with XRD:

- Quantitative automated mineralogy

Effects:

- Temporary internal retention of
metals/solutes = weathering rates?

- Occlusion of reactive surface area:
Passivation

— adjustment of ‘reactivity’

-  Hydromechanical feedbacks:
pore widening/clogging

— geotechnical properties?

Vtons et al. 2016, Ghemosphere - Peak mobilization under drainage
St-Arnault et al., 2020, Minerals Engineering Chem|ca| (redox) grad|ents 20
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Variable secondary mineral stability

... under different geochemical conditions
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— As a function of waste rock composition and drainage chemistry
— As a function of prevailing in-situ redox conditions
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Timing of drainage acidification

Drainage acidification before depletion of neutralizing capacity!

NP depletion: ~5% ~35%

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
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* ineffective neutralization by carbonate?
* slow silicate dissolution kinetics?
e occlusion of buffering minerals? 22




Internal (basal) drainage mixing

Pile 2
| |
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2.06 0.79 1.95
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70 20 59
20 8 7
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Dominance of acid-generating rock

* Acidic leachate from most reactive tipping phase dominated
overall basal drainage quality

e Carbonate-alkalinity concentrations in infiltrating porewater
are strongly solubility-limited, whereas acidity is not

* Weight fractions <10% can dominate drainage signature!
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Measured basal drainage in pile 2

- Modeled drainage after basal mixing,
. with following scenarios:
' [I tipping phase 3=6,500t
EFJ (30% of pile 2 mass - factual }

50, [g/L]

] tipping phase 3=4,875t

(24% of pile 2 mass - hypothetical)
El tipping phase 3=3,250t

(17% of pile 2 mass - hypothetical)
1] tipping phase3=1,625t

(10% of pile 2 mass - hypothetical) 24
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Practical implications

1. Seasonal and long-term variations in drainage quality only
partially related to waste rock mineralogy, particle size or
hydrology

2. Drainage quality also impacted by (temporary) element
retention due to adsorption, secondary mineral formation,
basal mixing, etc.

3. Mitigation of peak concentrations and seasonal variations in
drainage quality requires quantitative understanding of:
- abovementioned processes
—> in-situ pore conditions in waste-rock piles
—> spatial distribution of reactive waste rock

25
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