y
IIIIIIIIIIIIIIII Q&

N\
\




Project Context & Site Setting
Conceptual Model
Data Sets and Approach

End-Member and Scenario
Identification

Model Setup and Ensemble
Results

Contributions



« Mine closure planning, consulting, and support
» Open-pit, heap-leach gold project, located in an arid region

Heap Leach Pad
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» Massive cost overruns in new mine drove
client into near-bankruptcy

« Sale of assets

* Need for a “right now” assessment of
project liabilities

* Pit lake risk assessment with little data

 What to do?




Regional Setting

* Arid region in southern North America

» Pit lakes may be terminal sink, or flow through
(mine is on a plateau)

« Abundant use of
irrigation for local
agriculture

* Pit lakes promised
to locals as a
recreational,
water resource




The site




Pit lakes A and B
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« Highwall is metasediments and
granodiorite porphyry sills porphyry w/
a prominent cross cutting dacite dike

 Metasediments contain clastic
carbonates as thin-bedded limestone

View ~southwest

Pit A in the background at maximum extent of mining

Backfilling in the foreground



AR RIRE RN F5 and F11 Water Levels

Weekly water
® level monitoring

Estimates & =
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« Water samples (with depth)
» Pit wall samples
* Flow rates between adjacent pits




Who Wins?
* Acid Generation or Acid Neutralization?

Carbonate-Rich System

Acid Loading in Pit B




Limited hydrogeologic data
* No routine gw monitoring
» No aquifer tests

Limited geochemistry data

 On-site field kinetic cells were
too dilute to measure effects

» (Good rock composition/assay
data including sulfur/carbonate

Develop a conceptual model to
prioritize what to include in
numerical model and bracket
potential scenarios




- Conductivity

500 1000 1500 2000

Pit lakes well-mixed, circumneutral
» Large areas of exposed pit walls
— Oxide, transition, sulfide alteration
» Acidic drainage from some KC samples
» Calcite and gypsum saturated in pit waters
« Lake solutes are sum of:

— Existing lake water quality, pit wall runoff, direct
precipitation, removal of water through evaporation,

sequestration in precipitated minerals R

« Alkalinity sources: e
— Dissolved in groundwater, dissolved in pit wall runoff,
dissolution of calcite
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Preliminary Water Balance in R

—— Modeled

Measured o 22  Arid climate, high evap, small amount of
— runoff compared to groundwater
» Pit lakes responding to pumping and
flooding from pumped water
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. . g Pit wall runoff :
« Major processes identified ttwal rune / v
L. . Precipitation v
— Mixing (direct
. . _ Damaged ' ALLUVIUM, CONGLOMERATE &
precipitation, runoff, e i LAVA FLOWS
groundwater B B Flushing Rock
inflow/outflow Overall acid-producing reaction Oxidation n-
. ’ from sulfide oxidation: Products '
evaporation) FeS, + 15/40, + 7/2H,0 =
: , , Fe(OH), + 2S0,2 + 4H" o
— Mineral dissolution and . : OXIDIZED
precipitation Acid-neutralizing reactions: ‘ Evaporation _'
CaCO; + H* = Ca?* + HCO,_ J
HCD:+ H* =H,0 + COZ(S) “! Atmosphere-Lake A N ll
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mineral and gas phaSGS : Mineral Dissolution/ , SULFIDE
"u ! Precipitation/Adsorpti Pit Lake Water Quality Governing Reactions:
— Annual time step for ! Y r Maintain current pCO, conditions
l- ;‘._ T ———— measured in pit lakes
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Water Balance

» Solve
equilibrium level
and flows

* GoldSim or CE-
QUAL

Simplify: “bounding”
assumptions about
groundwater inflow
and equilibrium
water levels

Hydrodynamic
Model

 Determine
mixing
conditions
based on

climate data
« CE-QUAL

Simplify: well-
mixed pit

Mass Balance

» Assigns
dissolved
concentrations
to flows in water

balance

« CT Module in
GoldSim

Simplify by using
acidic inflow end-
members, and
accounting for

sources of solutes

(calcite available)

Thermodynamic
Equilibrium Model

» Simulates gas-
phase and solid-
phase reactions in
the pit water
column based on

hydrodynamics

« PHREEQC or
Geochmists’
Workbench

Simplify to account
for pyrite oxidation,
iron cycling, and
calcite precipitation

and dissolution



1. F|OW-ThI’OUCIh Lake: Maximum Maximum Groundwater Flux Terminal Lakes
groundwater estimated from
transient water balance

2. Terminal Lake: Inflows
balanced by evaporation

3. Create reasonable bounds on
equilibrium water surface
elevation “high” and “low”
based on field data,
surrounding water table
elevations, and water balance

Pit B

Flow values in m®/day:

o . . * PB 1 6551 \\‘ Runoff —— Groundwater In/Out
4. Bracket acidic drainage input — X .
where 5% - 20% of runoff is Low Elevation Scenario | Direct Precipitation ~,  Evaporation
acidic e

Notes/simplifying assumptions:
- Runoff doesn’t change in the high/low scenarios because the pit wall area change is small relative to whole area




Low Elevation High Elevation Low Elevation High Elevation
Scenario Scenario Scenario Scenario

Lake Elevation (m): 1,648 1,655 1,644 1,655

Lake Characteristic

Mean depth (m) 5.3 83 142 179
Max depth (m) - 17 37 48

Lake surface area (km2) 0.032 0.050

Max length (km) 0.25 0.28
Max width (km) 0.19 0.27

Volume (m3) 448 306 893,056
Hydraulic residence time -
Maximum groundwater (yr)

Hydraulic residence time -
Terminal lake (yr)

2.3




Initial lake
Groundwater Inflow
Precipitation

Runoff

Initial Time Step
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Groundwater
Flux
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Precipitation
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Bulk Lake
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Lake
Scenario

Groundwater Inflow

Precipitation

Runoff

Bulk Lake

Equilibrate
Lake with Gas
and Mineral
Phases Using
PHREEQC

Equilibrated Lake

Evaporation (-}

Next Time Step

Bulk Lake




 Example results from Pit B under a
terminal lake scenario

Low elev, High ARD

Low elev, Low ARD

High elev, Low ARD

Human Use and Consumption Standards
Agricultural Contact Standards

Arsenic Concentration

TDS Concentration
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Final
Equilibriu MNational Water
m Water Quality Standard
Elevation

Sulfate® | Arsenic”®

Human : Meet Meet Meet Exceed
Meet Exceed Exceed Meet

Agriculture
Max GW ; Meet Exceed Exceed Exceed

Flux w
Human ! Meet Meet Meet Exceed

1,648 - Low
Agricut Meet Exceed Exceed Meet
griculture
Meet Exceed Exceed Exceed

HuMan : Meet | Exceed | Exceed | Exceed
Use/Consumption : Meet | Exceed | Exceed | Exceed

. Meet Exceed Exceed Exceed
IRRRNRRRRRIRNNN Agricufture
Terminal : Meet Exceed Exceed Exceed

Lake Human i Meet Exceed Exceed Exceed

Use/Consumption : Exceed | Exceed | Exceed | Exceed
1,648 - Low
Meet Exceed | Exceed | Exceed
Agriculture
Meet Exceed | Exceed | Exceed

* Indicates current pit lake water quality exceeds maximum permissible limits



Final

Equilibrium | National Water Quality

Water
Elevation

Max GW Flux

1,644 - Low

Terminal
Lake

1,644 - Low

* Indicates current pit lake water qualit

Standard

Human
Use/Consumption

Agriculture

Human
se/Consumption

Agriculture

Human
se/Consumption

Agriculture

Human
Use/Consumption

Agriculture

excesds maximum permissible limits

Exceed
Exceed
Exceed
Exceed
Meet
Meet
Exceed
Exceed
Exceed
Exceed
Exceed
Exceed
Exceed
Exceed
Exceed

Exceed

Exceed
Exceed
Exceed
Exceed
Meet
Exceed
Exceed
Exceed
Exceed
Exceed
Exceed
Exceed
Exceed
Exceed
Exceed

Exceed

Meet
Meet
Meet
Meet
Meet
Meet
Meet
Meet
Meet
Exceed
Meet
Meet
Exceed
Exceed
Meet
Meet




Contributions

These two lakes appear to:

— Be too low in quality to be used as a
water resource

— Are unlikely to be a regional source of
contaminants

Never offer a pit lake as a community
resource before you know if it's going to be
an acidic or full of toxic metals

If you lack data, you can still say something,
but it must include the uncertainty in the
response

Preliminary work like this can help focus
future characterization
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