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Not taking risks one doesn't understand is often the best form of risk management.
—Raghuram G. Rajan, Chief Economist and Director of

Research at the International Monetary Fund, 2003-2006

Increasingly widespread interest has grown regarding the use of depleted open pits for tailings
t tailings storage Jacilities (TSFs). Recent tailings dam fail-
ntained below the ground surface within bedrock pit

walls eliminates many failure mechanisms that exist for aboveground tailings facilities. However,
as with any long-term waste storage option, in-pit TSFs have physical integrity and environmen-
tal risks that must be addressed in the design and through effective operations and monitoring.
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Source: Canadian Nuclear Safety Commission 2017

FIGURET1 In-pit tailings deposition at the Rabbit Lake in-pit tailings management facility
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Disadvantages
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PRINCIPAL DESIGN ELEMENTS

In-pit TSFs are designed with either wet or dry covers (Figure 7.2) and can include eithe
or partially saturated materials and potentially a pit lake that behaves as either 5 HOW—ch ully
system or hydraulic sink resulting from open water evaporation or pumping. Ough
An essential consideration from both a corporate and societal perspective is ¢},
for sterilization of resources caused by the pit and underlying ore bCCOming ina
further mining. Mitigating these risks requires that the spatial and vertical distrip
grades be well understood, and additional condemnation drilling may be warranteq to aff
that reasonable prospects for eventual economic extraction are not compromised. Similarlyriri
should be confirmed that existing or future underground workings below or adjacent to the i)it
do not pose non-mitigable risks.
Evaluation of the site suitability of an in-pit TSF has a similar workflow to a convention,)
TSF and should include a multi-criteria alternatives evaluation for the site selection Process
(see Chapter 13) and a failure modes and effects analysis risk assessment (see Chapter 38).
In-pit tailings management is a contemporary and burgeoning concept with which regulators
and/or owners may not have previous experience. As a result, additional analysis above ang
bevond what is typical may be required to effectively demonstrate the environmental and soci|
risks than for a conventional tailings facility.

© POtentjy
ccessible
ution Of Ore

Surface Water Management

Surface water management for in-pit TSFs can be quite similar to an operating mine, if access
is required during operations. Under such circumstances, it may be necessary to operate and

Complete Backfill with Dry Cover
Dry Cover with Partial Saturation with Partial Saturation

r-Miing TOpography

Engineered Cover

’Reactive Waste :

Water Cover—Shown as an Evaporative Sink Saturated Waste Below Water Table

Water Cover

Saturated
Reactive Waste

Re_active Waste. )

Adapted from Arcadis 2015
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.. ir surface water management facilities including diversions, erosion controls, and
aintain 12 Pcollection facilities. Additionally, perimeter pit diversion channels and berms to
curface waltefr Adient overland runoff are also critical structures to reduce warer reaching the pit
mitigat® ulig ¢ and decrease the potential for infiltration, which can generate transient pore
crest and S:Zippotentiaﬂy slope instability.
ressurefil storm events and rainfall-runoff analyses (see Chapter 20) are completed to sup-
Destlegr balance models (see ChapFel‘ %9) and ensure that safe freeboard can be maintained
PO design storm events o comb.ll'iatlons of events .(e.g., monsoon season) within the pit
u ; fovels or internally (.ieﬂgned tailings cells. As.durlng mining, minimizing the potential
cres d back-cutting of weaker slope materials and infiltration to the pit slope and pit

erosion an - ;
for ¢ areas can be important factors for slope stability, and thus the safety and continuity of
cres §

ort wa

ion.
the operatio

groundwater Management
Groundwater management is integral to a design that is protective of the environment both

during tailings emplacement and post-closure. This frequently involves minimizing the flow
from the pit or facilitating flow around a low-permeability tailings core. Development of a low-
permeabiliry core by maximizing water recovery from the tailings, which increases consolida-
tion and decreases hydraulic conductivity, is a common design element.

The geologic and hydrogeologic conditions are key elements to evaluate as part of the
design process. This includes the current and future conditions, such as the following:

= Will the pit be in a dewatered state or flooded?

« What is pit water quality and what will it be in the future?

* How will water from dewatering be used, disposed of, or treated?

* How much water will need to be managed to maintain a dewatered state during opera-
tions (if required by design)?

* Will changes to dewatering/depressurization systems during operations induce
unacceptable pore pressure conditions in the pit slopes?

* Ifa pit lake will be present during post-closure, will it be a hydraulic sink or will a low-
through system be created?

The baseline hydIOgeologic conditions, including the hydraulic heads and water quality,
t;zsirgi? zio have well estat.)lished in the pit area, and the hydraulic-propert.ies. of l;f)ild.rogeo—
only €Valuai, LOSt;uctural units (C..g., fz%ults) should be well characterized. It is insu; c;jenﬂt to
tegime, verrie le}? s afOl-.lnd th? pit: It is necessary to unde.rstand the t'}{ree—duzensmn d.ow
Materis Ac;a' .Ydfall%lc gradients, and hydraulic properties of the t.al'lmgs and surroun mgf
Nested m.Onit eving this level. of understanding often requires the firllllng an<fi lrnomto‘rim'g 0
condyjpg Withonng _Wel.ls or vibrating wire piezometers and targeting potentia gro}ilndwjlte(;

ater Qualicy dmo.mmfl.n.g wells. The monitoring of botl? changes in groundwat(c; heads axl;
idly igen; . Uring tall.lngs placement allows for deviations from expected con mon‘s to be
e dyg. ed and mitigated. Commonly, monitoring wells are constructed such that they
Stang, LD ©%¢ monitoring and containment wells equipped with submersible pumps on
Watep o " AiNment wells are used to provide redundancy in design and can be activated if
®xceedances are identified.
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and increase slope stability risks as water |
gate flow from the pit area,

sink, such conditions
evels in the system are

ductivity material lowers the

hydraulic gradient flowing into
gradients thar can otherwise

develop immediately upgradie ili

Lake in-pit TSF that

Discharge to Water
Treatment q

Pumping Well

o ° Water
% e

~

‘Country Rock s,

— Coarse
L | Rock

s\

o : >
teral Drift

_la

Filter Sand

S

Adapted from Arcadis 2015

FIGURE73 Overview of 3 pervious surround concept for in-pit tailings storage facilities
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Groundwater
F_LOWIinSS
/ Tailings Mass
. K =1x107 cm/s
Dewatering or
Containment '
Well Ring
Permeable Rock,
for Example,
K'=10"% cm/s
Adapted from Arcadis 2015

FIGURE 74 Concept of groundwater flow around a low-permeability tailings mass

flow through the tailings themselves, thus limiting the contaminant flux through advective
processes (Lange and Van Geel 2011). The diffusive fluxes were significantly lower, and the rate
of these fluxes are predicted to decline asymptotically from a rate controlled by diffusion at the
uilings’ outside edge toward a steady-state rate controlled by advection through their core.

In high net evaporation environments, it may be possible for a wet cover to be used that
has a high enough evaporative flux that it is maintained as a hydraulic sink, inhibiting the
ourward migration of impacted water.

Extensive groundwater flow and transport modeling is generally required to evaluate
hydrogeologic conditions during operations and post-closure, particularly the rate of re-
satration, the final phreatic surface, and groundwater flow paths and fluxes. Particle tracking
(Figure 7.5) can be used to aid in identifying principal flow paths within the system and d?[er'
Mining optimal locations and depths for groundwater monitoring. S.UCh models canlbe lcaiu:g ;i
W ooy WAPLOW 06 Py 309 NODRLON SUACT

g ) . d hydraulic con-

(HydrOGeOLogic 1996), or similar codes. Numerical modeling app roa.Ch.es anh . 21 of this
Ginment are described in more detail in the section on secpage analysis in f(gg;e;).

handbook, in Anderson et al. (2015), and by the Nationfﬂ Research C(})ltnﬂc(l)w i changes

ost-closure groundwater quality monitoring strategics cha'ngf.: as t ity paran-

*1d backfilleq materials re-saturate. Real-time monitoring of indicator wa ification of water

s (e.g. electrs Al N icularly useful in the early identi activated,

rical conductivity) can be part Y . rainment wells be acth

Y excursions. Should excursions occur and hydraulg: 'COrI::quired, Particularly e

Ong:rtlg)n for how impacted water W(.)uld be Zla;ig; c(lilsidefations can be rz;thei:soriz;
Ple, ¢ used as makeup water or easily treatcc. inants May result in exceeCs
materializ?main hydrogeologic circumstances and Conzirﬁundrcds of years)-

"8 until many years after closure (e.g.» tens
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FIGURE75 Example of random walk particle traces generated in a groundwater flow model from a theoretical in-pit
tailings storage facility

Geochemical Considerations

The geochemistry of the tailings materials is a crucial inpur in the evaluation of iﬂ‘Pi_t T; F[
alternatives and designs. One of the primary geochemical advantages of in-pit TSEs is U
they provide a mechanism to create a water cover that is inherently stable. Given the B!

objective of “eliminating surface water from the impoundment” (Morgenstern et al. 201.54‘;%5
the desire to use water covers for tailings in some systems that are acid generating, in-p!t it
can be advantageous for acid-generating materials. During operations, runoff from rhj Ee
walls requires management and potential treatment and therefore requires an approP e [:of

of characterization as described in standard industry references such as the GZOW/AM{ o
sz’nfzg.e ( GARZ?) Guide (INAP 2014) and Prediction Manual for Drainage Chgmjsrr}ljaflrs B
f:i/,(li)/ﬂdlc Geo/?glzlc Ma'terz'als (Pri.ce 2009). Classification of the tailings and pit wall mafrf othe!

or potentially acid generating and the potential for metals or leaching of me®

CoCs are pri i i i

s iC;)lnmar).rdfacto.rs in design evaluations, as discussed in Chapter 24-

" yp f- consi crations on the implications of geochemistry on design, 0P
ure of in-pit TSFs include elements such as

ado[‘lSy an
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and chemical composition of the deposited tailings, includi -
lings pore water quality and CoCs (e.g., arsenic cga;ﬂd )l.l ing predictions
hysical and chemical properties of tailings thrOL;ghytimeea;]d | .
m water quality associated with flow through the tailin Sfe a(ieddpfed‘lo
ort from the tailings materials to the surrounding n%ataer;iai Z:Citrllve
a

hysical
related t0 tai
. ChangCS inp
dions 0N Jong-ter
and diffuse transp
Posr—closure pit lake;
, The need or strategy for pre- and/or post-depositional neutralization;
, Availability of water treatment du ’

, Dotential for biological neutralization;
. Tailings deposition methods, including particle size and segregation; and

nimizing oxygen and infiltration through dry covers.

ring operations and closure;

, Srategies for mi

pit Slope Stability

Iflining pit walls is not technically or economically feasible, introducing a conventional tail-

ings slurry into 2 pit has the potential to negatively affect pit slope stability. Pits are generally

designed based on planned operating conditions during mine operations and include assump-
tions around rock characteristics and pore pressure conditions. The slope design process for
dosure (van Zyl 2009) should be followed and should consider the transient nature of the
e conditions. For example, considerations such as deterioration of benches and changes to
dewatering and depressurization programs during operations must be addressed so that worker

S#ny does not decrease through time during the operational life of the in-pit TSE As 2 result,
pit wall stability is a critical element of an in-pit TSF design to assure worker safety and the

continuity of TSF operations.
Several key considerations are identified by van Zyl (2009) that influence the geo

stability of the pit walls, including the following:

* Hydrogeologic changes, such as re—pressurization of s
g;watermg and development of a pit lake;
eathering and slaking of certain soft rocks;
* Debris flows;
' gli“g in of benches;
L ss of access to the pit because of instability;
. UOS(Si of surface drainage (ditches) and surface water controls;
. ndercutting of the pit wall by the pit Jake erosion processes;
. SncreaSCd rockfall hazard;
[ .
. eSS relief or relaxation, resulting in in
. Slilsmidfy; and
" €ar strength changes of pit wall materials (including incact mat
Tuctures)

technical

lopes caused by the cessation of

stabilicy and/or raveling;
erials, fractures: and

water from

entrained or fre e
pit. Altematives to be const

PI‘
1 Y ) BERIN
Whliryy; € measures may be requlred to inhibit

. ting k;
ey g ghlgh'f’efﬂltability zones present in the
plankets;

inment

B
te-depc:
« osition n; - all cont®
' enti,’sltlon pit wall stabilization using anchors Of rock f
. . ions;
) ShotCret grouting of specific fractures Of fault expresston
€

h

b
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» Specific area liner (geosynthetic clay or geomembrane) usage; and,
» In situ tailings dewatering, such as subdrains, sumps, and pumps.
- be te

Underdrain

Maintaining as 47y a tailings deposit as possible is. an advant'ageo.us quantiFative performanc,
obijective (QPO) in most tailings management facilities, and in-pit storage is no differen;. The
concept of a pervious surround to provide both seepage c9ntrol and pressure control withig g,
pit walls has also been successfully implemented at Rabbit Lake mine; as described previously,
the concept is based on isolating the tailings and mobile contaminants in highly consolidageq
low hvdraulic conductivity material surrounded by a high hydraulic conductivity envelope,
Durin'g operations, a hydraulic sink is maintained, and pit wall pore pressures are not directly

affected by tailings placement.

Process Water Reclaim

A conventional in-pit TSF includes a supernatant pool, similar to a conventional TSF (see
Chapter 5). Minimizing the supernatant pool volume so water effectively flows to the reclaim
pond improves tailings consolidation, increasing the facility’s ultimate tailings storage capacity
(i.c.. increasing tailings dry density). Water reclaim is typically accomplished using a floating
barge and pump system (Figure 7.6).

OPERATIONAL CONSIDERATIONS

Operating plans should be developed that are consistent with facility-specific QPOs. QPOs
should be developed by the facility designer through consultation with the facility operator
and incorporated into the operation, maintenance, and surveillance (OMS) manual. Worke‘i
safety must be paramount, and pit slope conditions should be comprehensively evaluated. an

monitored if worker access is required. If access is not possible, then the railings déPOS{UOIT
and water recovery plans need to explicitly consider this constraint. Operational consideration®

should be elaborated in the OMS manual and include the following;:

« Safety and access. The tailings distribution pipeline and discharge points (spf%’o
Spotaant p ool pump barge and pipelines, and so forth, must all have safe acces> N
» Tailings deposition plan. Considerations may include circumferential versus st

- g 2 K3 L i [lle—
point whn'gs deposition and/or strategies to minimize free-water contact with P!
able zones in the pit walls.

* Dewatering system.,

),

ick
such as W 1w
qrer Ak
e wareh

QPOS.

Facilities may include tailings dewatering systems,
enhance tailines « ‘;‘P“{fﬁ and pumping systems, to evacuate tailings bleed W
gs ums(,;] idation and decrease water quality risks associated with por

should be dcvclopcd to moniror facility performance against
~Standpipe ibrati et

. or vibrating wire ni v

. L ore
pressure in the tailing,g3 : c| D rer i€t to measure water levels and/or P he pit
» Pitslopes, and or . . : altot

- Water quality sampling Pes, and groundwater flow system externs
- Flow measurements on j ;
= Inclinometers in pi tHows from the facility; i

radar); and monitoring systems (e.g- synthetic

~Level sensors and free

ure
apert

boar itorj
d Monitoring of the supernatant pond.
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Cortesy of K. Morrison
FGURETE 0percting in-pit tailings storage facility with a floating barge and pump system

UNIQUE CLOSURE ELEMENTS

The closure elements that are unique to in-pit TSFs are expansive because of the potential
options that are available to designers as a result of the in-pit tailings management approach.
An important advantage of in-pit TSFs is that the backfilled pit can potentially be designed
such that the restored area is similar to the pre-mining topographic surface. Such an outcome
substantially broadens the options for post-mining land use, and often regulatory agencies and
communities favor not having a pit in perpetuity.

While above-grade TSFs can result in seepage during operations and draindown to ground-
water, in-pit TSFs are often directly embedded within the groundwater system. As a result,
there must be an understanding of the groundwater flow and transport processes associated
with the tailings and the potential for long-term water quality impacts, some of which could
take many years to develop. Monitoring must be completed to ensure that consolidation and
permeability reductions in tailings are occurring as designed, as deviations may significantly
expand the operational period and costs related to closure or potential additional mitigative
actions to ensure that water quality targets are achieved.

‘Developing a sustainable post-closure landform should be considered in the in-pit TSF
design, and the facility should be operated to achieve the closure design intent. Typically,
d fre"3-draining, evapotranspiration soil cover encapsulating the tailings deposit is preferred.
reqlﬁted;‘;iopmg the cover surface. grading pl?n, long-term tailings }ionlsglti)dation, ;Zgi:: n;jli}-’
odically 1 r}’c}i’ear}s;, should be con51dered.. DéSlgners and operators fs ould be prepéll_I istoricpa_ll
lngg o Vg; € the cover surface to maintain a frec-drammg surface geometlry. o mheti)’c,
materig] S Were constructed using native soils and vegetation. Mor.e recently, gd . Yd :

nufacturers have developed closure cover turfs that can be incorporated in designs

ance 0 : .1- .
r expedite tailings cover construction.

In-p; "
-pit . . : ic t d
ailEr TSEs eliminare high-consequence risks associated with catastrophic railings
pHures,

sks ¢ . . i tabili
® OPerations and the environment remain, principally related to pit slope s ty

Wate : : . st-closure.
" qualiry during tailings placement, draindown, and long-term po




CHAPTER 7

- \

: h understanding of pit geology, geotechmcal/geomechamca' chrg

B orou ) , .. , . -

> At lg and geochemistry is necessary to mitigate risks iy, the design : i
T el mpit TSF " OPeta,
and closure of in-pit TSFs. e al © tanch | |
In-pit TSF design approaches provide the potential to transform, the liabyj; .
n-pi : . i
it}i)mo an asset that can potentially reduce costs and provide greater Protectiop d 5
Etream communities, water resources, and the environment. O,
Recognizing the full potential of in-pit TSFs requm.es well-developed trainjp,
and case studies to educate regulators and communities aboy t
and disadvantages of the approach.

rlals
e

——

he Mate
Otens:
potentig] advap,

REFERENCES

Anderson, M., Woessner, W., and Hunt, R. 2015. Applied Groundwater Modeling: Simulation of Flow any Adyers;
Transport, 2nd ed. Amsterdam: Elsevier, "

Arcadis. 2015. In-Pit Disposal of Reactive Mine Wastes: Approaches, Update and Cyse Study
Neutral Drainage (MEND) Report 2.36.1b. http://mend-nedem.org/wp-cont
-Disposal.pdf. Accessed December 2020,

Cameco. 2016. 2016 Sustainable development report: Tailings and waste rock.
_development/2016/ clean-environment/ tailings-and-waste-rock/. Accessed July 10, 2020.

Canadian Nuclear Safety Commission. 2017. Regulatory Oversight Report for Uraniy ]

Results. Mine Environmey,
ent/uploads/ 2.36.1b-In.p;

Media. Berlin: Springer.
GTR (Global Tailings Review). 2020

-org/wp-content/ uploads/2020/ 08/global—industry-standard_EN -pdf. Accessed December 2020.

HydroGeoLogic. 1996, MODHMS MODFLOW-SURFACT [software code]. HydroGeoLogic: Reston, VA.

INAP (Internationa] Network for Acid Prevention). 2014, Global Acid Rock Drainage (GARD) Guide. Melbourne,
Australia: Internationa] Network for Acid Prevention,

Lange, K., and Van Geel, PJ. 2011, Physical and numerica| modelling of a dual-porosity fractured rock surrounding

an in-pit uranjum tailings management facility. Canadian Geotechnical Journal 48(3):365-374.
Morgenstern, N.R,, Vick, S$.G.,and van Zyl,D. 7

Report on Moyys Polley Tailings Sto
.mountpolleyreviewpanel.ca/ final-report, Accessed December 2020,

National Rescarch Council. 2013, Alternatives for Managing the Nation; Complex Contaminated Grounduwater Site:
Washington, DC; National Academies Press,

Panday § | Langevin, C.D,, Niswonger, R.G, eral 2013, MODFLO\W—USG version 1: An unstructured grid ver-
sion of MODFLOW fo, simulating groundwager flow and tighrly coupled processes using a control VO[UHI;
finite-difference formulation, Techniques and Methods 6-A45, Reston, VA: U.S. Geological Survey: hes?

. pubs.usgs.gov/tm/06/345/ pdf/tmG-A45.pdf. Accessed December 2020, al

Price, W.A. 2009. Prediction Manya) Jfor Drainage Chemistry from Sulphidic Geologic Materials. Mine Environment

. B
Neutral Drainage (MEND) Report 1201 heep:// mend-nedem.org/wp-content/uploads/ | 20
_PredictionManual.pd

¢
\X/est,o /;., Xan Geel., K., Raven, T, eral. 2003, Groundwater flow and solute transport in a laboratory-scale aﬁlogu
a e . . i . ol e e =, :
vanZ D.Cg)on(;;lgﬁgi 10-pit tailings Management facility. Canadian Geotechnical Journal 40(2): 326-3

it d hag . ( - ey, Bocd
Ratom, FLy 1o preslst. closure. In Guideljpe, Jor Open pir Slope Design. Edited by J. Read and P Stacey




{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }

