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General Information

Do not forget: Climate in Ontario / Québec

O field guide Sudbury:

[ valid passport

O Ausldnderausweis - to return to Switzerland *F o °C  Altitude:C2Gfmte: DEb 4.2 mm: 828 mm

O (international) student card - for discounts 122 50 - - 100

O drivers license (European or Swiss) 104 40 | [ 0

O international driver's license (if available) . -

O credit card for personal purchases e A [

O info about health & accident insurance (must be 68 20 1 40
valid in Canada!) in case of emergency S0 10 J [ a5

32 0 o -0

O solid shoes (e.g. hiking boots) :

O safety boots (steel-cap) if available S

O high-visibility vest if available -4 -20

O comfortable shoes (sneakers) 01 02 03 04 05 06 07 08 09 10 11 12
O field clothes (long sleeves, nothing fancy)

[J rain gear Val-d‘Or:

OJ sunscreen, bug spray

O towel (for hostels and mines) “F °C  Altitude:CldBmte: PFb 0.9 mm: 930 mm

O field note book & pencils _lrm F_m ] : _Lzﬁ
O camera 122 50 1 - 100
(J hand lens s [ 80
O hammer, pocket knife, magnet, etc. 8680 o0
O sampling bags, sharpie 68 20 1 [ 40
OJ water bottle 50 10 A F 20
O small present for the people who will guide and 2 0 ] Lo
help us during the field trip 14 -10]

-4 -20

01 02 03 04 05 06 07 08 09 10 11 12
In case of emergency:

https://en.climate-data.org/north-america/canaday...
911 - police, ambulance, fire brigade



Field trip program

Date Program Guide Accommodation
Humber College
Thu, 25.07.  |Arrival in Toronto - North Campus
Residence, Toronto
Drive to Sudbury (ca. 11 am - 4 pm);
Fri, 26.07. meeting with Laurentian student chapter & geology club (6 pm); 1
dinner with Laurentian students and alumni (7 pm)
Sat, 27.07. Outcrops around Sudbury, focus on Sudbury Igenous Complex ,
Sun, 28.07.  |(8:30 am); dinner with S. Yarrow (6:30 pm) 2 Eemdence &
: : : Conference Centre
Presentation & underground tour at Nickel Rim South (6:30 am); Sudbury West
Mon, 29.07. |drillcore at Norman West exploration project (1 pm); 3,4
dinner with S. Yarrow (7 pm)
Tue, 30.07. Smelter t(?ur (8:15 ?m); Onaping Depth presentation (11:45 am); 5.4
core-logging exercise (1:30 pm)
Mill tour and remediation (7:30 am); XPS facilities visit (12 pm);
Wed, 31.07.  jsurface visit to Barnet Showing with mapping exercise (1 pm) 6,7
including filming with Glencore Senator Hotel
: A e Senator Hote
Thu, 01.08. Eljsefiie; ;n;l()eg(rgt;;;l)mme visit (6:30 am); 8 & Conference
: Center, Timmins *
Kidd Creek mine visit, drillcore and presentations (7:30 am);
Fri, 02.08. presentation about the Porcupine Camp geology (6 pm); 8,9
dinner with E. Archibald and Kidd Creek team (7 pm)
Sat, 03.08. Outcrops around Timmins (8 am) 9
Geological hike around historic mining town Cobalt (optional);
Sun, 04.08.  |presentation about the Blake River Group geology (7 pm); -, 10
dinner with J. Goutier (7 pm) Comfort Inn
Mon, 05.08. |Outcrops of the Blake River group (8 am) 10 |[Rouyn-Noranda *
Horne smelter visit (9 am);
Tue, 06.08.  [LaRonde mine visit - surface only (2 pm); 11,12
dinner with P. Bedeaux (8 pm)
Wed, 07.08.  [Outcrops of the Cadillac fault, Rouyn-Noranda (8:30 am) 13
: . Comfort Inn
Thu, 08.08. Outcrqps of the Qadlllac fa'lult., Yal—d Or (8:30 am); 13, 14 Val D'Or *
Canadian Malartic open pit visit (1 pm)
Lamaque underground mine visit (8:30 am - 12 noon); Fumber College
Fri, 09.08. drive back to Toronto (1 pm - 10 pm) , 15 North Campus
Residence, Toronto
Sat, 10.08. Return flight -

mine visits
outcrops in the field
non-geological

* breakfast includ




Guides:

1 Charlotte Stone (student, Laurentian University)
2 Shirley Péloquin (Sudbury district geologist),
Richard James (professor em., Laurentian University)
3 Dave Richardson (geologist at NiRimS)
Brad Lazich (exploration geologist)

5  Mike Sweeny (exploration geologist),
Sari Muinonen (process technologist, smelter)

6  Leigh Allen (field geologist),
Julie Coffin (mill geologist, Strathcona Mill)

7 Paul Wawrzonkowski, Mike Sweeny (exploration geologists)
8  Eric Archibald (production engineer) and colleagues
Ed van Hees, Pierre Bousquet (Timmins district geologists)
10  Jean Goutier (retired geologist, Ministry of Energy and Natural Resources, Québec)
11 Yves Prévost (metallurgist)
12 Roxanne Jacobs, David Pitre (exploration geologists)
13 Pierre Bedeaux (researcher at UQAC)
14  Christian Tessier (mine geologist)
15 Emilie Gagnon (mine geologist)
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Addresses

Hotels

Humber College North Campus Residence:

203 Humber College Boulevard, Etobicoke, Toronto,
ON M9W 6V3

GPS: 43.726555, -79.606813

Residence & Conference Centre - Sudbury West:
21 Lasalle Boulevard, Sudbury ON P3A 6B1
GPS: 46.516399, -80.992074

The Senator Hotel & Conference Center:
14 Mountjoy St S, Timmins, ON P4N 154
GPS: 48.475759, -81.335610

Comfort Inn Rouyn-Noranda:
1295 Av Lariviere, Rouyn-Noranda, QC J9X 6M6
GPS: 48.223218, -78.990578

Comfort Inn Val-d‘Or:
1665 3ieme Av, Val-d‘Or, QC J9P 1V9
GPS: 48.099457, -77.815158

Mines & others

Laurentian University, Harquail School of Mines
Willet Green Miller Centre, 935 Ramsey Lake Rd,
Sudbury, ON P3E 2C6

GPS: 46.470443, -80.974554

Sudbury INO Nickel Rim South:
Garson, ON P3L 1V3, at Victor Mine Rd
GPS: 46.659164, -80.796946

Norman West Drill Site:
north of Capreol, at route 84
GPS: 46.757234, -80.928177

Onaping Levack Site / Strathcona Mill:

meet at First Aid Security northeast of Onaping
ON POM 1RO

GPS: 46.633484, -81.381058 (Onaping)

GPS: 46.673034, -81.341812 (Mill)

Sudbury Smelter (Sudbury INO):

meet at smelter gate

1 Longyear Drive, Greater Sudbury, ON POM 1S0
GPS: 46.576835, -80.808626

Barnet outcrops:
start from Strathcona Mill
GPS: 46.687918, -81.330484

Kidd Creek Mine:
11335 Highway 655 North, Timmins, ON P4N 7K1
GPS: 48.690016, -81.373248

Horne Smelter:

101 Avenue Portelance, C.P. 4000, Rouyn-Noranda,
QCJ9X 5B6

GPS: 48.252116, -79.016181

Cobalt Mining Museum:
24 Silver St, Cobalt, ON P0J 1C0
GPS: 47.395323, -79.686059

LaRonde Mine:

10 200 Route de Preissac, Rouyn-Noranda,
QCJoy 1Co

GPS: 48.247380, -78.438884

Canadian Malartic Mine:
100 Chemin du Lac Mourier, Malartic, QC JOY 1Z0
GPS: 48.111738, -78.131734

Lamaque Mine:

1000 Voie de Service Goldex-Manitou, Val-d‘Or,
QCJ9P 4P4

GPS: 48.076532, -77.742013



[ Sudbury Igneous Complex: general geology

Maria Paula Castellanos

Introduction

The Sudbury Igneous Complex (SIC) is located in
the Canadian Precambrian Shield at the boundary of
the Archean Superior and the Proterozoic Southern
Provinces. It formed as a result of a meteorite impact
into Early Proterozoic meta-volcanic and -sedimen-
tary rocks at 1850 Ma (Lightfoot & Zlotov, 2005 and
references therein). Extreme temperature and pres-
sure conditions during this impact event led to the
production of a 2-2.5 km thick sheet of overheated
crustal melt, which filled the crater and subsequent-
ly exsolved an immiscible sulphide melt (Marsh &
Zieg, 1999; Riller, 2005). The original size of the crater
has been estimated to be around 200-250 km?. This
well-preserved meteorite impact structure represents
a unique ore-forming setting containing some of the
biggest orthomagmatic Ni-Cu-PGE deposits on Earth
(e.g. Lightfood, 2016).

Geological framework

The SIC consists mainly of deformed layered sheets
and can be subdivided into three main components:
the Main Massif, the Sublayer, and the Off-set dykes
(Figures la and b).

The Main Massif comprises the main portion of the
elliptically shaped outcrop of the SIC and varies sig-
nificantly in its thickness from around 3000 to 300 m.
Predominant rocks are norites at the base and granitic
rocks at the top (termed granophyres or micro-peg-
matites). The Main Massif can be further subdivided
into the North and South Range, which differ in their
lithological units due to a different differentiation his-
tory and variable degrees of deformation and meta-
morphism (Lightfoot & Zotov, 2005). In the North
Range, the rock sequence from base to top consists
of mafic norite, quartz-bearing gabbronorite, quartz
gabbro and granophyre. Progressive magma evolu-
tion is displayed by the whole stratigraphic column
as well as within the single units, like the norites that
evolved from mafic Mg-rich (8-16 wt% MgO) to
more felsic compositions (5-7 wt% MgO; Lightfoot
& Zlotov, 2005). The norites are mainly fresh to we-
akly metamorphosed at greenschist facies conditions
and the granophyres experienced hydrothermal alte-
ration (Ripley et al., 2015). The lowermost mafic no-
rite unit is not present in the South Range sequence

where variably altered quartz norite represents the
base of the sequence overlain by quartz gabbro and
granophyre units similar to the North Range. The
overall magmatic evolution from more mafic to more
evolved rock compositions is also visible within the
South Range in the norite units. For example, MgO
concentrations vary independently of elevation, thus
requiring more complex differentiation mechanisms
(Lightfoot & Zlotov, 2005). Also here, the granophyre
is hydrothermally altered while the norites" metamor-
phism at greenschist facies conditions was more in-
tense. Darling et al. (2012) report variable Pb isotope
compositions from the North and South Range, sug-
gesting that variable degrees of local host-rock assi-
milation might explain the compositional differences
and evolution trends.

The Sublayer is located below the Main Massif and re-
presents the base of the SIC. It is discontinuous, com-
monly located within depressions (embayments and
troughs) along the basal contact of the SIC and dis-
tinct from the overlying Main Massif rocks by hosting
abundant (sub-) rounded mafic to felsic inclusions
that range from centimetres to tens of meters in size
and Ni-Cu-PGE mineralization (Wang et al., 2018).
The majority of these inclusions come from the sur-
rounding country rocks. In contrast, volumetrically
important olivine-bearing ultramafic inclusions seem
to have no equivalents in the vicinity of the SIC but are
assumed to be derived from unexposed mafic to ultra-
mafic intrusions in the upper to middle crust (Wang
et al., 2018). Lithologically, the ultramafic inclusions
can be described as dunite, feldspar peridotite, pyro-
xenite, amphibole pyroxenite, olivine melanorite, and
olivine gabbro (Wang et al., 2018). The olivine-clino-
pyroxene-plagioclase barometer yields intermediate
equilibration depths of these minerals between 7.7 +
4.1 and 14.9 £ 5.7 km, consequently speaking against
a very deep (Mungall et al., 2004) or a very shallow
(Darling et al., 2010) excavation depth of the SIC.

The Off-sets are concentrically and radially arranged
dykes that extend as far as 20 km from the main struc-
ture into the surrounding country rocks. They are
geochemically akin to the Main Massif rocks and con-
tain similar populations of inclusions as the Sublayer
(Lightfoot, 2016). Some Off-set dykes host economic
mineralization while others are barren (Ripley et al.,
2015; Lightfoot, 2016).
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Stratigraphy
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Figure 1: Generalized geology of the SIC, showing
the main lithologies (Ripley et al., 2015). (a) El-
lipsoidal shape of the SIC with Whitewater Group
sediments overlying the Main Massif. (b) Stratigra-
phic column through the Sudbury structure.

The footwall rocks beneath the mineralized Sublayer
of the SIC are mainly supracurstal rocks of the Huro-
nian Supergroup and are heavily brecciated.

Overlying rock sequences are collectively termed
Whitewater Group and consist of breccias and melt
bodies (Onaping Formation) followed by progressi-
vely deeper water sedimentary rocks like laminated
pelagic argillite and siltstone (Onwatin and Chelms-
ford Formation; Rousell, 1984).

Evidence for the meteorite impact

Despite the obstruction produced by orogenic defor-
mation, several lines of evidence suggest a meteorite
impact as the origin of the SIC, which is widely accep-
ted nowadays. The most prominent macroscopic fea-
tures are clast-rich pseudotachylites [ cataclastic rocks
with local melt] within the country rocks surrounding
the SIC. Their aphanitic texture containing rounded

Chelmsford Formation

.

Onwatin Formation-—

Onaping Formation +—

Whitewater Group

Granophyre/
micropegmatite

Quartz Gabbro

Main Mass

Felsic Norite
Mafic Norite
Sublayer (granite breccia)

Sublayer (Norite)

v

Quartz Diorite Offset]

Sudbury Breccia

Footwall 4+

clasts from surrounding lithologies of up to several
meter in size indicate cataclastic flow during signi-
ficant shear heating produced by the impact shock
waves (Riller, 2005). Secondly, shatter-cones [usual-
ly conically shaped fracture planes with radial striae]
and shattered country rocks, common in the footwall
rocks of the SIC, are a typical feature of meteorite
impact structures suggesting shock-metamorphism
(Gibson & Spray, 1998). Minerals show intensive de-
formation features that require very high pressures.
Especially mosaicism in olivine and strong fracturing
and partial isotropization of plagioclase are other cha-
racteristic features of shock deformation at pressures
in the range of 20 to 30 GPa (Figure 2; Wang et al.,
2018). Such shock-metamorphosed minerals also oc-
cur in the Onaping Formation covering the SIC. This
polymict breccia formation also contains melt inclusi-
ons as well as lithic fragments and was interpreted to
represent a fall-back deposit or impact breccia (Riller,
2005, and references therein).



Figure 2: Impact features
in olivine and plagioclase
from ultramafic inclusi-
ons within the Sublayer
of the SIC (Wang et al.,
2018). (a) Mosaic olivine
with persevered euhedral
shape under plane-pola-
rized light and (b) under
cross-polarized light
showing the subgrains
with variable interference
colors. (c) Plagioclase
with multi-oriented frac-
tures under plane-pola-
rized light and (d) under
cross-polarized light
showing partial isotropi-
zation. Abbreviations: Ol
- olivine, Opx - orthopy-
roxene, Pl - plagioclase;
Phl - phlogopite.

Field Observations

The SIC constitutes an approximately 3-km-thick melt
layer that crystallized and differentiated from nori-
te-like to granodiorite-like compositions (Figure 3),
the former one being the least abundant. The different
rock varieties are easily found outcropping along the
rims of the crater-like structure. Impact features such
as impact breccia with clast-rich pseudotachylites wi-
thin the country rock, shatter cones, and polymictic
fall out breccia are also observed, providing evidence
of a strong impact (Figures 4,5).

cavities developed in melts pockets of more evolved
compositions, cut by later epidote veinlets. This com-
positional variety represents one of the most abun-
dants in the SIC. Photo: M. P. Castellanos

11
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Figure 4. Clast-rich pseudotachylite in country rock.
These features represent brecciated pieces of rocks
cemented by glass that resulted from the local mel-
ting of the country rock during impact. Photo: M. P.
Castellanos

Figure 5. Fall-out breccia of the Onaping Forma-
tion. This polymictic breccia contains clasts of the
different occurring rocks that were impacted and
that were re-deposited after the impact. Photo: M. P.
Castellanos
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IT Sudbury Igneous Complex: metallogeny

Florian Viher & Maria Paula Castellanos

Introduction

The Sudbury Igneous Complex (SIC) in northern On-
tario, Canada, was produced by the impact of a mete-
orite (Dietz, 1964; Davis, 2008). The remnant of the
deformed multi-ring impact basin is of such extraor-
dinary economic significance, that the Sudbury Ni-
ckel Camp is the second largest (after Noril'sk Camp)
producer of Ni in sulfide deposits in the world (Ames
& Farrow, 2007; Lightfoot, 2017). Sudbury is Canada’s
largest mining camp with 79 producing and past-pro-
ducing Ni-Cu-PGE deposits, as well as 10 Cu-Ni-PGE
exploration projects with over 1.6 Gt past-production,
reserves and resources (Ames & Farrow, 2007; Light-
foot, 2017). Figure 1 shows the distribution of the mi-
nes and mine complexes in the Sudbury region. The
Sudbury Structure contains 14 Mt Ni in production

with a high Ni grade between 1.5 and 2.5%, and it
has produced 80% of the global Ni supply since 1920
(Lightfoot, 2017). By 1994, the district also produced
more than 8 Mt of Cu as well as several hundred tons
of Ag, Pd, Pt, and Au with significant amounts of Os,
Ir, Rh, Ru, Se, Te and Fe from 116 deposits (Golightly,
2009).

History

The sulfides in Sudbury were first discovered in 1856
by Alexander Murray (Murray, 1856). The significan-
ce of this discovery was not realized until 1883 when
Thomas Flanagan noticed Cu (Ni) sulfides and per-
formed a detailed geological survey in an electroma-
gnetic area which became the Murray Mine (Ames &
Farrow, 2007; Lightfoot, 2017). Since this discovery,

477000

| 5183000

"

Collins
—

5143000  Chicago

507000 ’ Milnet (Jon Smith)

Ni-Cu-PGE
at B Contact deposits
@ Offset deposits

A Cu-Ni-PGE systems footwall”
deposits and occumences

<> Frood Stobie breccia belt deposits
8 Tectonically modified deposits

Zn-Pb-Cu
¥ Mine

@ Occumence
1

Figure 1: Map of the Ni-Cu-PGE deposit types and the hydrothermal Zn-Pb-Cu mineralization associated

with the impact event; from Ames & Farrow (2007).
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over 11.1 Mt of nickel and 10.8 Mt of copper with
by-product of cobalt, silver, gold and platinum group
elements (PGE) have been mined from the ore depo-
sits (Lightfoot, 2017).

In 1946 airborne survey was used for the first time by
Inco, developing these methods to explore for new de-
posits (Lightfoot, 2017). In the last years the majority
of the produced metals have come from two principal
companies: Vale and Glencore (Lightfoot, 2017). The
production continues and as a result of exploration,
new discoveries are made (Lightfoot, 2017). Increa-
singly deeper ore bodies are reached: The deepest
operation in North America with over 2400 m depth
is at the Creighton Mine (Lightfoot, 2017).

Ni-Cu-PGE deposit types

The majority of the world-class Ni-Cu-PGE deposits
of Sudbury can be grouped into four different types,
based on position within the SIC, mineralization sty-
le, and hosting lithologies: >50% are contact deposits,
<10% are footwall deposits, ca. 25% are offset deposits
and ca. 15% are Frood-Stobie-type breccia belt depo-
sits (Ames et al., 2007; Figure 1). Mafic and ultrama-
fic rocks of the Sublayer and Off-set dykes of Early
to Middle Proterozoic age host most of Ni-Cu-PGE
mineralization close to the basal contact of the SIC or
within the footwall breccias (Lightfoot & Zotov, 2005;
Golightly, 2009; Darling et al., 2012; Figure 2). Ore
bodies are chemically zoned, ranging from Ni-rich
cumulate at the contact to the foot-wall rock to more
evolved Cu-rich ore within the brecciated foot-wall
rock (Ballhaus et al., 2001 and references therein).
The main ore minerals are pyrrhotite, pentlandite,
and chalcopyrite. There also exists minor hydrother-
mal Zn-Pb-Cu mineralization, which is related to the
SIC (Ames & Farrow, 2007).

Contact deposits (Figure 3 top): The contact deposits
occur at the lower contact of the Main Mass with the
footfall in relation with physical traps and structures
(Lightfoot, 2017). Contact deposits are hosted in a
basal igneous “sublayer norite” or “footwall breccia”
and form disseminated or (semi-) massive sulfides
(Ames & Farrow, 2007; Naldrett, 2009, and references
therein). This deposit type is typically dominated by
pyrrhotite (with 0.2-1% Ni), pentlandite, chalcopyri-
te, and magnetite (with some PGEs) and are rich in
Ni-Ir-Rh with Cu/Ni ratios of ~0.7 and low values of
<1 g/t of Pt+Pd+Au (Naldrett & Pessaran, 1992; Ames
et al., 2007).

Footwall deposits: Footwall deposits are also termed
“Cu-(Ni)-PGE” deposits to cover the more diverse de-
posit-types that were discovered in the environment
of the footwall and offset (Farrow et al., 2005). Foot-
wall deposits are hosted by brecciated country rocks
(Sudbury breccia), which are distributed around the
base of the SIC (Morrison et al., 1994) and typically
occur near contact deposits (Golightly, 2009, and re-
ferences therein). These deposits are chalcopyrite-rich
and the Cu/Ni of the sulfides is >6.5 with correspon-
dingly high Pt+Pd+Au value of >7.7 g/t (Farrow &
Lightfoot, 2002; Ames & Farrow, 2007). The following
mineralization types occur: (a) veins characterized
by chalcopyrite, pentlandite, (millerite, cubanite,) (b)
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Figure 2: Stratigraphic section of the Sudbury Struc-
ture, from Rousell and Card (2009). x = Ni-Cu-PGE
deposit, + = Zn-Pb-Cu deposit.



veins characterized by bornite, (millerite, pentlandi-
te, quartz, carbonate,) (c) Au-PGE-rich, sulfide-poor
disseminations, and (d) hybrid types of (a)-(c) (Go-
lightly, 2009, and references therein). Hydrothermal
activity around the footwall systems is attested by
epidote-pyrite-quartz-chalcopyrite veins containing
hypersaline fluid inclusions (Golightly, 2009, and re-
ferences therein).

Oftset deposits (Golightly, 2009, and references ther-
ein; Figure 3 bottom): The offset deposits are hosted in
a radial or concentric quartz-diorite dykes. These dy-
kes exhibit an early sulfide-free and a later sulfide-be-
aring phase, preserved in the margins and cores of the
dykes, respectively. These deposits contain dissemi-
nated to massive sulfides (mainly pyrrhotite, pentlan-
dite, and chalcopyrite). The Cu/Ni ratios are ~1 with
Pt+Pd+Au values of 2.5 g/t (Ames et al., 2007).

Figure 3: Mineralization textures from different
mines within the SIC (Golightly, 2009). Top: Sublayer
with sulfide matrix, the coarse-grained pyroxenite
inclusion is around 10 cm wide. Bottom: Transition
from massif (upper left) to disseminated ore (lower
right) in fine-grained quartz diorite (QD). Abbrevia-
tions: Cpy - chalcopyrite, Po - pyrrhotite, Pn - pen-
tlandite.

Ore genesis

In contrast to hydrothermally formed ore deposits,
orthomagmatic ore formation is defined by direct se-
gregation of Cu- and Ni-sulfides from a melt without
significant contributions of hydrothermal fluid pha-
ses. Thus, fractionation of metals such as Fe, Ni and
Cu, as well as S between silicate and sulphide melt
is a crucial controlling factor. Temperature and me-
tal/S ratios, which are dependent on the redox state
of the melt (i.e. fS, vs. fO_; oxidized melt: metal/S <1;
reduced melt: metal/S > 1) were identified to be the
main factors that determine the partition coefficients
of Ni, Cu and Fe (Figure 4; Ballhaus et al., 2001).
The higher density of sulphide melts relative to ma-
fic melts fosters spatial separation, i.e. the formation
of cumulates consisting either of monosulfide solid
solution (mss; Fe-rich sulphide melt poor in Ni and
Cu) or pooled sulphide melts (e.g. Barnes et al., 1997;
Lightfoot & Zotov, 2005; Ripley et al. 2015). Primary
features of magmatic sulphides, however, are never
preserved due to exsolution of mss or iss into assem-
blages like pyrrhotite-pentlandite-chalcopyrite-pyrite
at lower temperatures (Ballhaus et al., 2001).
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Figure 4: Fractionation paths of mss for oxidized
(top) and reduced (bottom) compositions, modeled
assuming batch fractionation; from Ballhaus et al.
(2001).

15



16

Thm —

2km —4

3km —

4km —

. 7
- ﬁg{g‘;gh‘iﬁ?&,@?ﬂ rocks L__| Granophyre magma (1) § Migration of dense immiscible sulfide melt to
and mafic intrusions of base of Ni-Cu-PGE depleted magma column
Southern Province Bl Transition zone
Granitoid country rocks
:l L . @ Sulfur addition from locally heterogeneous crust
) . Ni-depleted
| Onaping Formation
Norite
magma @:" Post-magmatic hydrothermal alteration of
o ¥ granophyre
Ni-enriched
o A J

Figure 5: Conceptual model of sulfide melt segregation from the melt sheet and Ni-Cu-PGE ore formation by
density-driven settling and accumulation of immiscible sulfide melt at the contact to the footwall rock and
within the footwall rock and Off-set dykes (Ripley et al., 2015). Variations in thickness and fractionation time
determine the final amount of metal enrichment, explaining why the deepest parts of the SIC contain the

biggest ore deposits.

The chemical zoning of ore bodies in the SIC indica-
tes that magmatic sulfide crystallization commenced
by separation of mss, leaving behind a residual sulfide
melt rich in Cu and PGE (Figure 4; Ripley et al., 2015).
Continuous fractionation of the residual melt crystal-
lized chalcopyrite-pentlandite + millerite and in the
extreme case bornite + millerite assemblages within
the brecciated footwall rocks. The norites, reflecting
the lower portion of the initial melt sheet, show a uni-
form S isotope signature (834S = 2.59 + 0.48%o; Ripley
et al., 2015) and metal depletion all around the SIC
(Lightfoot & Zlotov, 2005), indicating a common S sa-
turation history within the SIC and that metals were
mainly derived from the noritic melts. The cumulate
mineralization shows similar constant S isotope com-
position, while mineralization in the footwall rocks
yields a wider range of S isotope ratios, demanding
addition of S from local country rocks (Ripley et al.,
2015). Crustal assimilation is also suggested by vari-
able Pb isotope ratios (Darling et al., 2012). Conse-
quently, the crustal host rocks of the SIC locally con-
tributed S for ore formation within the footwall rocks
(Fig. 5; Ripley et al., 2015). However, cumulate sulfi-
de mineralization demonstrate that additional S was
not necessary for ore formation but might have had
an effect on tonnage or grade of the footwall minera-
lization. Distribution of ore deposits around the SIC

seems to be governed by the geometry of the crater,
with thicker portions of metal-depleted norites over-
lying bigger ore deposits and vice versa (Lightfoot &
Zlotov, 2005). The degree of metal depletion indica-
tes that enrichment processes occurred over extended
periods of time and that gravitational sulfide melt seg-
regation must have been very efficient to transport the
required amount of metals to the lowermost parts of
the crater. Fast settlement of sulfide melt implies that
the initial crustal melt sheet was superheated (Light-
foot & Zlotov, 2005).

Hydrothermal Zn-Pb-Cu deposits

In addition to the orthomagmatic Ni-Cu-PGE depo-
sits in the SIC, hydrothermal deposits developed in
the Sudbury Basin due to circulation of basin fluids
by heat conduction from the underlying SIC (Ames
et al., 2006). These hydrothermal sulfide deposits are
hosted by carbonates of the Vermilion Formation
of the Whitewater Group (Rousell et al., 2009, and
references therein). Replacement-type Zn-Pb-Cu
(-Fe-Ag-Au) mineralization formed at temperatures
between 250° and 300°C (Ames et al. 2006). Hydro-
thermal replacement took place in carbonate mounds
and carbonaceous tuff in a subseafloor (Vermilion
mine) or seafloor (Errington min) environment to



form stratiform to stratabound (semi-) massive sulfi-
de lenses (Ames and Farrow, 2007; Rousell et al., 2009,
and references therein). The basin-wide hydrothermal
features are interpreted to represent a subaqueous hy-
drothermal vent complex and include silicification,
albitization and carbonate-chlorite alteration (Ames
et al. 2006). Typical ore minerals include pyrite, spha-
lerite, chalcopyrite, galena, marcasite, and pyrrhoti-
te (Rousell et al., 2009, and references therein). The
historic Errington and Vermilion deposits contain 6.9
and 2.7 Mt, respectively, with ore grades of ~4-5 wt%
Zn, 1-1.5 wt% Cu, 1.3 wt% Pb, 55 g/t Ag and minor
gold (Ames and Farrow, 2007).

Exploration

There are two approaches in Sudbury for the disco-
very of new ore bodies (Lightfoot, 2017). The first is
done by following the known surface ore deposits to
depth by drilling at the edges of the ore bodies along
the trends of known mineralization (Lightfoot, 2017).
This approach is used in very large deposits and has
been successful in many cases because it pushed
the closure of the mine complex well into the future
(Lightfoot, 2017).

The other exploration work is often challenging and
harder to conduct, because it is not obviously attached
to a known ore body (Lightfoot, 2017). Therefore, the
expenditure and risk of the company has to be mi-
nimized by a combination of geological information,
geophysical methods and geochemistry (Lightfoot,
2017). Like a solid understanding of the 3-D geolo-
gy followed by EM/RIM (radio imaging) geophysical
methods which increases the sampling radius of drill-
holes is key to effective exploration (Ames & Farrow,
2007).

The exploration success is crucial, because it shows the
value of better datasets and new ideas to find new dis-
coveries like Kelly Lake, Onaping Depth, McCreedy
East 153, Podolsky, Capre, Victor, Nickel Rim South
and Victoria Deposits (Lightfoot, 2017). These men-
tioned discoveries, the un-mined deposits and the yet
unfound deposits are the future of the Sudbury camp
(Lightfoot, 2017).
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[T Nickel Rim South mine & Onaping Depth project

Dina Klimentyeva

Nickel Rim South deposit

The Nickel Rim South deposit (Table 1) was disco-
vered in 2001 as a result of exploration campaign that
focused on small and medium-sized deposits, and is
expected to operate until 2022.

Table 1: Overview over the Nickel Rim South opera-
tions.

Glencore
9.6 Mt at 1.57 % Ni, 2.85 % Cu,

current operator

reserves (pI‘OVCI’l

and probable) 1.20 g/t Pt, 1.35 g/t Pd, 10.20 g/t
Ag, and 0.46 g/t Au
deposit type magmatic-hydrothermal

start of operation | 2010

Nickel Rim ™~ E]

The deposit is located in the footwall of the Sudbury
igneous complex (Figure 1), the main mineralization
styles include magmatic contact ore within the base of
the complex, and vein type below the base, with veins
reaching several meters in thickness. Figure 2 sum-
marises the main ore types of the Nickel Rim South.
The contact between sublayer norite and the host rock
granodiorite breccia contains so-called contact disse-
minated, vein-type and massive sulfide mineralizati-
on, with pyrrhotite and pentlandite dominating over
chalcopyrite and an alteration zone with chlorite and
epidote. The amount of ore minerals varies from <1%
in disseminations to >65% in the massive sulfide. In
the Sudbury impact breccia, transitional mineraliza-
tion style is represented by massive sulfide veins and
disseminations, with pentlandite + chalcopyrite and
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Figure 1: Geology of the Nickel Rim South deposit after Lightfoot (2017).
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subordinate pyrrhotite, and epidote + chlorite + ac-
tinolite alteration haloes adjacent to the veins. In the
footwall zone the ore vein assemblage changes from
chalcopyrite + pentlandite + magnetite to chalcopy-
rite + pentlandite + millerite, followed by chalcopy-
rite + millerite or bornite, and rims of native silver;
this mineralization is accompanied by intense chlorite
+ epidote alteration (Stewart et al. 2014). Below the
footwall mineralization zone, the low-sulfide, PGE-
rich mineralization is present.

The overall metal content is as follows (Table 1): Ni
and Cu contents increase from the contact to the tran-
sitional and upper portion of the footwall zone. PGE
contents follow the same trend, but show a dramatic
increase in the core of the footwall zone. These trends
are reflected in the changing mineral assemblage and

are explained by the fractionation of sulfides in the
melts away from the contact, from high Fe-Ni at the
contact to high Cu-Ni further away (McLean et al.
2005).

The Nickel Rim South mine visit included three stops:

o 1120/445 undercut, with grades of Ni 1.5% 6%
Cu. Sublayer norite / dark norite

« 1355/287 sublayer norite and breccia

o 1445/250-262 late granite breccia. Clasts of
norite, gneiss; chalcopyrite mineralization in the
breccia matrix.

o 1535 Sudbury breccia with clasts of granodiorite
and granite, footwall mineralization. Semi-massi-
ve chalcopyrite and veinlets, disseminated chal-
copyrite in the granitic clasts.

Figure 2: The Nickel South Rim mineralization styles after McLean et al. (2005). a) Contact massive sulfide
mineralization; b) transitional mineralization with pyrrhotite-pentlandite-chalcopyrite; c) footwall minerali-
zation with chalcopyrite-pentlandite veins, up to meter scale; d) footwall mineralization, chalcopyrite-pent-
landite-pyrrhotite veins; e) and f) periphery of the footwall mineralization zone, with disseminations (e) and
veins (f) of chalcopyrite, millerite, bornite and pentlandite.



Onaping Depth project

The Onaping depth project (Table 2) was approved
in 2018, with planned production start in 2023. The
discovery was made in the 1990s, but development
was not possible until recently due to great depth of
the deposit’s location. Approved project costs amount
to US$700 million. The mine will be Glencore’s first
all-electric mine; going all-electric will allow to re-
duce greenhouse gas emissions by 44%, as well as 23%
reduction in shaft diameter (Hiyate, 2019). The ore at
Onaping depth is represented by massive sulfide in the
upper part of the ore body and sulfide stringers in the
footwall zone, pentlandite + chalcopyrite are the main
ore minerals. The ore is overlain by Sudbury breccia
and underlain by footwall gneiss. The origin of sulfide
stringers is thought to be related to the remobilization
of Cu from the upper massive sulfide zone (Bamber et
al., 2004)

Table 2: Overview over the Onaping Depth project.

Glencore
13.8 Mt at 2.25 % Ni, 1 % Cu

current operator

reserves (proven
and probable)

contact

deposit type

Norman West exploration project

A series of deep copper deposits with mineralizati-
on similar to Onaping depth in mineralization style.
Semi-massive sulfides, veinlets, pervasively mine-
ralized breccia matrix constitute the ore at Norman
West; orebodies are characterized by lens-like shape.
Blocks of gabbro, on the order of 14-20 meters, as well
as intermediate, mafic and felsic gneiss, represent the
wallrock. Main ore minerals are pyrrhotite, cubanite,
pentlandite and chalcopyrite. Figures 3-6 document
the observations.
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Samples:

Figure 3: Mineralized breccia matrix, with pyrrhotite (bronze rim on the breccia clast, and veinlets) and do-
minantly chalcopyrite/cubanite. Photo: D. Klimentyeva

Figure 4: Dark norite breccia with disseminated pyrrhotite, chalcopyrite and probably re-melted felsic gness
clasts. Width of the core: 4 cm. Photo: D. Klimentyeva
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Figure 6: Pentlandite “eyes”, distinguished by the brass-white color and cleavage, chalcopyrite. Mineralized
Sudbury breccia. Photo: D. Klimentyeva



IV Abitibi Greenstone Belt: general geology

Jean-Marc Benz

Introduction

The Abitibi Greenstone Belt (AGB) is situated in the
eastern part of the southern Superior province (Figure
1; Thurston et al., 2008). Further, the AGB is located
on the Superior Craton of Canada and stretches west-
east across the Ontario-Québec border. The AGB is
the youngest (~2.7 Ga) and the largest (~700 x 300
km) of the existing Archean terranes in the Canadian
Shield (Ludden et al., 1986; Anderson et al., 2017).
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Figure 1: Subdivision of the Superior Province and
location of the Abitibi Greenstone Belt; from Frie-
man et al. (2017), based on Stott et al. (2010).

The AGB is interpreted as a volcanic arc collage that
evolved over a time span of ca. 90 Ma (Anderson et al.,
2017). The division of the AGB is based on the predo-
minance of a granite-gneiss terrane in the central por-
tion that splits the belt along the east-west axis (Figure
2). The genetic model suggested for the evolution of
the AGB is a rifted volcanic arc environment similar
to Phanerozoic regions such as the Hokuroko basin of
Japan, the Taupo volcanic zone and the Sumatra and
Nicaragua volcanic axes.

The AGB is also one of the most studied greenstone
belts of the world with respect to important Cu, Zn, Ni
and Au deposits (Anderson et al., 2017). By 2005, the
total mineral production value was 120 billion dollars
mostly obtained from world-class volcanogenic mas-
sive sulfide (VMS) deposits (syngenetic Noranda-type
deposits), gold-rich VMS deposits (e.g. Laronde-Pen-
na) and epigenetic gold deposits (e.g. Sigma-Lamaque;
Thurston et al., 2008). The former were generated in
submerging volcanic zones bounded by wrench faults
and the latter resulted from emergent volcanoes cored
by calc-alkaline plutons in a compressional environ-
ment. In addition, porphyry type deposits are present
in the AGB (Ludden et al., 1986).

Regional geology

The autochthonously formed AGB is surrounded by
several structural boundaries (Ludden et al., 1986;
Thurston et al., 2008). The western extent of the Ar-
chean terrane is limited by the Kapuskasing structural
zone, the east and southeast extent by the Grenville
front, and the Opatica subprovince represents the
northern boundary (Figure 1). The Kapuskasing and
Grenville front are post-Archean structures which
juxtapose high-grade terrane and low-grade Arche-
an supracrustal rocks. A transect of the AGB from
east to west across the Kapuskasing structure displays
decreasing metamorphic grade towards the Arche-
an supracrustal rocks of the Wawa subprovince. The
Grenville front juxtaposes Archean grey-gneisses of
upper amphibolite facies with Archean metavolca-
nic rocks in the Chibougamau region and reworked
Archean granulites with the Pontiac metasediments
and migmatites in the southeastern extremities of the
AGB subprovince. The Opatica granite-gneiss terra-
ne is of Archean age (Ludden et al., 1986). The major
internal structural features of the AGB are east-tren-
ding synclines containing mostly volcanic rocks and
intervening domes cored by synvolcanic and/or syn-
tectonic plutonic rocks (gabbro-diorite, tonalite and
granite) intermitting with east-trending bands of tur-
biditic wackes. Most of the volcanic and sedimentary
strata dip vertically and in most cases are separated by
abrupt, east-trending faults with variable dip. Further,
numerous late-tectonic plutons from syenite and gab-
bro to granite with lesser dikes of lamprophyre and
carbonatite cut the AGB (Thurston et al., 2008).
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Figure 2: Map showing the Abitibi Subprovince (Anderson et al., 2017).

Volcanic evolution and stratigraphy

The AGB can be divided into two volcanic zones, the
Northern Volcanic Zone (NVZ) and the Southern
Volcanic Zone (SVZ) (Figures 2-4). The NVZ is made
up by the volcanic complexes in the Chibougamau,
Chapis and Matagami regions while the SVZ is made
up by the Val d'Or, Rouyn-Noranda, Por-

NVZ is characterized by submergent volcanism with
volcanic edifices being cored by coeval plutons. The
extensive REE fractionation and the K-rich nature of
the comagmatic plutons indicate assimilation of felsic
crustal components. The metallogenetic style is ex-
pressed by the presence of syngenetic massive sulfide
deposits.

cupine and Timmins region. Furthermore,
there are two granite-gneiss zones, the cen-
tral granite-gneiss zone and the southern
granite-gneiss zone (Figure 3). The central
granite-gneiss zone divides the NVZ and
the SVZ, the southern granite-gneiss zone
comprises the Pontiac metasediments,
monzonitic plutons and migmatites (Lud-
den et al., 1986).
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plutonic complexes. In contrast to SVZ,
the volcanic series of the NVZ delineates
a complete evolutionary spectrum from
basalt to rhyodacite. The volume of felsic

(1) NORTHERN VOLCANIC ZONE

(2) SOUTHERN VOLCANIC ZONE

(3) CENTRAL GRANITE-GNEISS ZONE
(4) SOUTHERN GRANITE-GNEISS ZONE

material is in general small in comparison
with the SVZ. The associated plutons are

overlain by felsic pyroclastic rocks that Figure 3: Summary of the distribution of major lithologies in the
were comagmatic with the emplacement AGB (Ludden et al., 1986).

of the tonalitic plutons at 2717+2 Ma. The



The SVZ dissects and superimposes the
older volcanic rocks of the NVZ. The li-
thologies of the SVZ are dominated by
komatiitic to tholeiitic volcanic plateaus
of subaqueous volcanics and large bi-
modal (mafic-felsic tholeiite and andesi-
te-rhyolite) volcanic centers. These volca-
nic rocks were erupted between ~2710
Ma and ~2700 Ma, centered on ring frac-
tures and formed in rift basins as a result
of wrench-fault tectonics and located
between major shear zones. The rhyolitic
eruptive episodes in the central volcanic
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complexes are of high volume (ca. 50 —
1000 km?). The crustal assimilation of the ~ a-
magmas is dominantly mafic and similar
in composition to the invading magmas.
The metallogenetic style is expressed by
the epigenetic formation of porphyry-ty-
pe Cu (Au) deposits (Ludden et al., 1986).
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Figure 4: Schematic stratigraphic section of the southern volcanic

zone (SVZ) and the northern volcanic zone (NVZ); from Ludden

Age relationships

Conclusions from U-Pb and Pb-Pb measurements of
zircons obtained by Ludden et al. (1986) show that the
major period of mafic volcanism in the NVZ occurred
prior to 2719 Ma. Further, contemporaneous erupti-
on of felsic pyroclastic piles with the emplacement of
the Chibougamau tonalite occurred at 2717 Ma. The
major deformation phase of the NVZ was terminated
prior to 2706 Ma. The activity of komatiitic-tholeiitic
and rhyolitic volcanic centers in the SVZ lasted from
2710 to 2696 Ma. As a result, SVZ formation is 10 to
20 Ma later than NVZ formation. The underlaying
Redstone River Group is 2725 Ma old (Ludden et al,,
1986). More recent studies, e.g. Thurston et al. (2008),
increased the detailed time resolution of the AGB. As
a result the AGB was subdivided into seven discrete
volcanic stratigraphic episodes on the basis of U-Pb
zircon ages. Starting with pre-2750 Ma volcanic units
and ending with 2696 Ma volcanic episodes (Figure 5,
right column; Thurston et al., 2008). Nevertheless, the
division of the AGB as used from Ludden et al. (1986)
is still frequently applied in recent studies.

Tectonic evolution

Considering the different evolutionary styles of NVZ
and SVZ, where the NVZ shows clear evidence of em-
placement into continental crust and the SVZ displays
features of rifting and submergence, the tectonic set-
ting changed fundamentally between NVZ and SVZ
genesis. During genesis of the NVZ, thin skinned

et al. (1986).

tectonics resulting from rifting and subsidence were
prevalent. This lead to emplacement of magmas into
shallower crustal levels as needed to promote suba-
queous VMS-forming hydrothermal activity. The por-
phyry-type deposits of the NVZ are favorably formed
when mafic magmas are kept at depth. A possible
tectonic evolution of the AGB would be a subducti-
on zone in north — south orientation (relative to the
present orientation of the belt) with a compressive
front (corresponding to the SVZ) and an extensional
setting behind the arc (corresponding to the NVZ).
The present orientation of the volcanic arc would be
NE-SW. The amount of shortening is still unknown
(Ludden et al., 1986).
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V Geology of the Porcupine Camp

Kamil Bulcewicz

Introduction

The Abitibi Greenstone Belt contains several mining
camps (Porcupine, Duparquet, Matachewan, Kirk-
land Lake, Rouyn-Noranda, Malartic, and Val d’Or)
operating on orogenic gold deposits situated along
the Porcupine-Destor and Larder Lake-Cadillac fault/
deformation zones (Hufford, 2015). The (Timmins-)
Porcupine mining camp consists of a group of depo-
sits dispersed over 35 km and situated on the western
end of the so-called Abitibi Gold Belt (Figure 1). Over
the years, the Porcupine camp has not only been the
most productive camp in the area, but also the largest
known Archean gold district on Earth (Bateman et al.
2008). For historical and present times, gold produc-
tion and resources of the Timmins area are estimated
to sum up to ca. 2150 tons of gold (Gosselin & Dubé,
2005; in Bateman et al., 2008).

Legend
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(] — — Ancient
geological fault
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posits connected with Porcupine-Destor Fault Zone.
The Porcupine Camp area is composed of a group of
deposits nearby Timmins. From NRC & OGS (2015).

Historical view on the Porcupine Camp

Unique gold deposits of Northern Ontario have been
discovered during the construction of Temiskaming
and Northern Ontario Railway (T&NO), which was
built to connect the city of North Bay in the south
with the fertile lands of northern Clay Belt (Bleeker,
1995). Prospectors were attracted by the wealth of
the first discovery (the Cobalt silver camp, 1903) and
travelled, mostly by canoe, to the remote northern
areas. During the ongoing exploration, the federal
government negotiated Treaty No. 9, which pushed
the native Mattagami First Nation people out of 2/3 of
present day Northern Ontario area. Shortly after, the
finding of a gold-rich quartz vein on a small island on

Figure 2: View on the Pearl Lake and shaft of McIntyre
Mine (Timmins). Photo: K. Bulcewicz

Night Hawk Lake (1907) marked the first significant
discovery (Doherty, 1986, in Bleeker, 1995) and the
Golden City camp (now called Porcupine) was esta-
blished. In 1909, a larger group of prospectors led by
John S. Wilson found abundant gold mineralization
in a dome-shaped outcrop. This discovery led to the
establishment of the Dome Mine, which was the first
mine built during the Porcupine Gold Rush. Further
prospecting led to the foundation of other mines, with
McIntyre Mine (Figure 2) and Holinger Mine closing
the famous “Big Three”. In 1911, when the gold rush
was at its heights, the disastrous Great Porcupine Fire
destroyed the miners’ camps and took toll of 73 ca-
sualties. After the fire, restoring mining companies
motivated the development of the town, named af-
ter one of the founding fathers of Canadian mining
industry, Noah Timmins. After many financial ups
and downs, the Porcupine camp companies suffered
a large economic breakdown in the early 60’s, when
increasing labour costs and fixed prices forced many
gold mines to close. In the middle of a market slump,
the Kidd Creek base metal deposit was discovered 25
km north of Timmins (Bleeker, 1995). Determined
to keep their finding a secret, the exploring company
made a decoy drilling to misguide the competitors be-
fore announcing the industry-boosting discovery in
1964 (Hester, 1991, in Bleeker, 1995).

The Kidd Creek deposit, which appeared to have gi-
gantic resources of base metals estimated at ~135 Mt,
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became the largest source of zinc and silver in the
world during the production peak (Bleeker, 1995).
Other resources like nickel sulphides, talc, asbestos
(associated with komatiites), chalcopyrite (porphy-
ry-hosted Cu-Au deposit), and scheelite (in quartz
veins) were also mined in the area during historical
times (Bleeker, 1995). Nevertheless, gold was always
of primary interest, as the Porcupine camp is thought
to be the preeminent gold district in the world with
over 40 gold mines spawned in the area over the years.

Present-day mining activity in the Timmins area

According to the Ontario Mining Association (OMA),
there are 18 active gold mines in Ontario, and 7 of
them are operating nearby Timmins. The Dome Mine,
the first mine in the area, was closed in 2017 after 107
years of activity. The Kidd Creek Mine (Glencore) is
still operating. The Porcupine Camp area is presently
a subject of prospecting for gold (Goldcorp, Gowest
Gold) and magnesite/talc (Globex Mining) deposits.

Lithostratigraphy of the Porcupine Camp
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Figure 3: Lithostratigraphic chart of the Porcupine
camp area; from Houlé et al. (2008).

The lithostratigraphic record of the Porcupine camp
area is dominated by four of Abitibi supercrustal as-
semblages (Deloro, Tisdale, Porcupine, Timiskaming)
and intrusive rocks (Figures 3, 5; Bateman et al,
2008). The two lowermost units are dominated by ma-
fic volcanic rocks, while the stratigraphically higher
Porcupine and Timiskaming units are of sedimentary
origin. All units were metamorphosed under green-
schist facies conditions at ca. 2677-2643 Ma.

The Deloro assemblage (2730-2724 Ma) is obser-
ved in the southeast of the camp area. It is built of
calc-alkaline mafic lavas with minor iron formati-
on and felsic volcanic rock occurrences (Houlé et
al., 2008). The Tisdale assemblage (2710-2704 Ma)
is composed of 600 m-thick komatiites and basaltic
komatiites (Figure 4) covered by tholeiitic lavas with
carbonaceous shale and ultramafic lavas also pre-
sent. The Deloro and Tisdale units are separated by
an unconformity (ca. 15 Ma stratigraphic hiatus) and
by the Porcupine-Destor fault zone (Bateman et al.,
2008). The Tisdale assemblage is intruded by stocks
and dike swarms of quartz-feldspar porphyries (ca.
2690 Ma) not observed in the upper units. A discon-
tinuous horizon of discordantly lying carbonaceous
shale separates the Porcupine unit (2690-2685 Ma)
from underlying assemblages. The basal part of the
unit is composed of poorly-sorted pyroclastic depo-
sits (Krist Formation), geochemically identical with
aforementioned quartz-feldspar porphyries (Bateman
et al., 2008). Fine- to medium-grained turbidite de-
posits (Beatty-Hoyle Formation) are derived from all
older assemblages and overlie the Krist Formation in
the Porcupine syncline (Bateman et al. 2008). Separa-
ted by an angular unconformity lie the Timiskaming
assemblage rocks (2676-2670 Ma). Basal conglome-
rate and turbiditic fan-derived rocks (mainly graywa-
ckes) of the Dome Formation mark the opening of the
Timiskaming basin. Overlying quartz-lithic sandsto-
nes and conglomerates of the Three Nations Formati-
on are interpreted as deltaic-fluvial deposits (Bateman
et al., 2008). The youngest lithostratigraphic units of
the Porcupine Camp are intrusive rocks: Pamour por-
phyries, common albitite dikes and diabase dikes.

Figure 4: Dacite pillow lava with varioles filled with
albite and chlorite-rich halo (metamorphosed volca-
nic glass); Tisdale assamblage (Timmins). Photo: K.
Bulcewicz
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Structural evolution of the Porcupine Camp

Seven deformation episodes were identified in the
area involving mainly the Tisdale, Porcupine and
Timiskaming assemblages (Figure 6; Bateman et al,,
2008). D1 is connected with uplift and extension of
the Tisdale assemblage, which resulted in develop-
ment of the Tisdale-Krist unconformity. Next phases
(D2-D5) developed in an overall thrusting-strike-slip
transpressional regime. D2 involved both Tisdale and
Porcupine assemblages, resulting in imbrication of
south-over-north folds and thrust sheets, which mar-
ked the first activity in the Porcupine Destor defor-
mation zone (PDdz). D3 deformation was the episode
of left-lateral strike-slip movement, which produced
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en echelon folds in older units and formed transtensi-
onal syn-D3 half-graben along the northern flank of
the PDdz hosting sediments of the Timiskaming ba-
sin. The Dome fault probably forms the southern edge
of that basin (Bateman et al., 2008). D4 structures for-
med during right-lateral strike-slip movement, while
subsequent D5 compression resulted in deformation
of earlier lineations. D6 produced very minor structu-
res (e.g. local crenulation folds), while D7 structures
associated with orogen-parallel shortening comprise
kink folds and chevron folds. North-trending stri-
ke-slip faults (Burrows-Benedict, Hallnor, and Pa-
mour faults) are the latest structures. They consist of
both left- and right-lateral displacements typically up
to 50 m, except two right-lateral faults with 500 m dis-
placements (Bateman
et al. 2008).

Figure 6: Geological
cross-section per-
pendicular to Porcu-
pine-Destor defor-
mation zone; from
Bateman et al. (2008).
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Gold mineralization

There were many phases of gold mineralization in the
Porcupine camp connected with different deformati-
on episodes. The majority of gold deposits in the area
lie in close proximity to the PDdz in the hanging wall
of the D2 thrusts, which placed the Tisdale assembla-
ge lavas onto Porcupine assemblage sediments (Bate-
man et al.,, 2005; Bateman et al., 2008; Stromberg et
al., 2018). It is quite a unique feature, as most Archean
gold deposits lie in the footwall of fault zones (Gold-
farb et al., 2001). Thus, it appears that early thrusting
was unusually well developed in this area (Bateman
et al. 2008). Mineralization predating D3 is associa-
ted mainly with relatively low-grade, syn-D2 ankerite
veins, clasts of which are found in the Timiskaming
conglomerate (Bateman et al, 2005). The highest
grade ore in the camp area, a quartz-fuchsite vein in
the Dome mine emplaced into intensely carbonati-
zed komatiites, probably also predates the D3 episo-
de (Moritz & Crocket, 1991, in Bateman et al., 2008).
However, syn-D3 development of the Timiskaming
unconformity in strike-slip regime is key to bulk gold
distribution in the camp area. Post-Timiskaming pe-
riod of mineralization is composed of at least two
major events: (1) development of Cu-Au-Ag-Mo mi-
neralization (ca. 2672 Ma) hosted in the Pearl Lake
Porphyry and (2) development of mostly quartz-car-
bonate vein-hosted mineralization related to D3-D4
deformation events (Bateman et al., 2005; Bateman
et al., 2008; Stromberg et al., 2018). Generally, there
are several types of quartz gold veins (Figure 7) which
occur in both sedimentary rocks, volcanic rocks and
porphyries, mostly in shear-related positions but
their timing relationships are not always clear. In the
Hollinger-MclIntyre deposit (the largest gold deposit
in Canada), Cu-Au-Ag-Mo sulfide mineralization is
crosscut by ankerite-quartz veins that are in turn cros-
scut by rich, syn-D3 fault-filling quartz-ankerite—al-
bite-scheelite-tourmaline-sulfides—tellurides-gold
veins (Bateman et al.,, 2008). En echelon arrays of
quartz veins are also present, indicating both left- and
right-lateral movement on host structures (Moritz &
Crocket, 1990, in Bateman et al., 2008). In other ca-
ses, randomly oriented and locally folded swarms of
quartz-gold veins appear both in Timiskaming assem-
blage (“sedimentary trough ore”) and Tisdale assem-
blage rocks (“greenstone ore”). In turn, “dacite ore”
quartz-ankerite-gold veins show spatial relationship
with conglomerate-filled ravines in the Timiskaming
unconformity (Bateman et al. 2008). Late, syn-D5 lad-
der-arrayed veins also occur, but they host minor mi-
neralization (Bateman et al., 2008).

Bateman et al. (2008) conclude, that only a long-lived
or recurrently active auriferous hydrothermal fluid
source and plumbing system stable enough to focus
fluids into a relatively small volume of rock could have
resulted in such a complex evolution of the Porcupine
camp gold deposits. The duration of the hydrother-
mal activity cannot be pin-pointed, but most pro-
bably exceeds 7-25 Ma (Stromberg et al., 2018). The
gold-bearing fluids may have derived from buried and
metamorphosed pyrite-rich accretionary prism sedi-
ments of the Pontiac subprovince, which were proba-
bly thrusted underneath the Abitibi Belt (Calvert &
Luden, 1999, in Leventis, 2017).

Figure 7: Metaconglomerate (Timinskaming assam-
blage) with gold-bearing veins (native gold inclusions
in pyrite); Timmins. Photo: K. Bulcewicz

Base metal mineralization

On the northern fringe of the Porcupine camp in the
Munro township area lie resourceful VHMS deposits
(Kidd Creek, Potter, Potterdoal, Chance deposits; Bar-
rie, 1999). They are hosted in the Kidd-Munro assem-
blage, dominated by mafic to ultramafic with minor
felsic volcanic rocks (Barrie, 1999). At the Kidd Creek
mine, the massive sulfide deposit lies within a stee-
ply dipping volcanic sequence filling a syn-volcanic
graben or half-graben (Walker et al., 1975) bordered
by structural basins to the west (“Kidd west basin”)
and north of the mine (“Kidd 66 basin”; Barrie, 1999).
The Porcupine assemblage rocks are thrusted onto
the volcanic rocks in the southern part of the mine.
The komatiites and minor barren rhyolite occurrences
dominate the lowermost part of the volcanic sequen-
ce. The upper part consists mainly of basalt, gabbro
sills and rhyolite with lesser graphitic argillite (Barrie,
1999). The rhyolites hosting the ore have a broad ran-
ge of structures from massive (locally flow-banded),



coarse breccia (even meter-big blocks) to tuff-size
clastic structure (Walker et al., 1975). They have un-
dergone significant alteration (silicification, serici-
tization, chloritization etc.) in near proximity of the
orebodies. The ore is concentrated in three elongated
lenses plunging steeply to the north-northeast (Blee-
ker, 1999, in Barrie, 1999) and has developed in three
major petrological types: (a) stringer ore, characte-
rized by irregular chalcopyrite and minor sphalerite
stringers within volcaniclastic rhyolite; (b) massive
ore, composed mainly of pyrite, sphalerite, chalco-
pyrite, galena and pyrrhotite, occasionally banded or
bedded within carbonaceous horizon; (c) breccia ore,
heterogeneous type characterized by fragments of py-
rite/sphalerite variably mixed with the barren-rocks,
usually found nearby the graphitic argillite horizon
(Walker et al., 1975). As Walker et al. (1975) suggest,
the massive ores may have been deposited directly
above a fumarole which brought mineralizing fluids
to the sea floor, while the breccia ores indicate that
accumulation of sedimentary sulfides (including bed-
ded ore) and carbonaceous sediments was interrupted
by explosive activity. From the structural features of
the Kidd Creek deposit one may conclude that they
represent the interplay between near-surface epige-
netic and syn-sedimentary processes, which acted in
the vicinity of a subaqueous rhyolitic volcano (Wal-
ker et al. 1975).
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VI Komatiites

Kamil Bulcewicz

Introduction

Komatiites are Mg-rich (>18 wt% MgO) ultramafic
volcanic rocks with distinct spinifex textures or rocks
related to lavas containing such textures (Arndt and
Fowler, 2004). Estimates of their eruption tempera-
ture usually yield ca. 1550-1600 °C (Herzberg, 2016).
The occurrence of large, skeletal or dendritic crys-
tals of olivine or pyroxene mark the diagnostic tex-
ture, which is believed to form during relatively rapid
crystallisation from strongly supercooled melt. Well
differentiated komatiite flows are usually composed
of an upper, spinifex-textured part (“A” zone) and a
lower, cumulus-textured part (“B” zone) dominated
by isotropic olivine phenocrysts (Pyke et al., 1973).
Figure 1 shows a summary of komatiite flow types
(Houlé et al., 2008). Usually, the thicker the flow, the
thicker the cumulate zone, as the overall cooling rate
of the flow decreases (Houlé et al., 2008). Due to their
low viscosity komatiites develop a handful of volcanic
facies including vent (dikes, necks, volcanic breccias
etc.), sheet-flow, channelized flow, lava pond and lava
lobe facies among others (Sproule et al., 2003). They
constitute less than 5% of the Abitibi Greenstone Belt
rocks and typically occur in volcanic successions as
(a) bimodal komatiite-komatiitic basalt sequences, (b)
bimodal komatiite-basalt sequences, or (c) bimodal
komatiite-rhyolite-dacite-andesite sequences (Houlé
and Lesher, 2011).
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Physical volcanology of the Munro sequence ko-
matiites

Munro township area hosts the most significant out-
crops of Abitibi komatiites. At Pyke Hill, the classic
internal subdivision of komatiite lava flows has been
established based on observations of at least 60 flows
identified over a 125 m-width exposure (Pyke et al.,
1973). The flow thickness in the Munro area varies
from 0.75 m to 13.5 m with 3 m being the average.
West from the Pyke Hill lie very well exposed mas-
sive olivine adcumulate rocks. Previously, they were
interpreted to represent an approximately 120 m thick
“Lava Lake”, but recent studies showed that most of
the sequence is rather composed of a series of thick
flows (Arndt, 1986; Houlé et al., 2008). In the middle
section of the adcumulate series unusual spinifex-tex-
tured zones (Figures 2, 3) occur, primarily thought to
be the result of new magma influx to the “Lava Lake”
Therefore, as Houlé et al. (2008) suggest, such zones
may be related to partial melting and recrystallization
due to residual heat from rapidly accumulated flows.
In the upper part of the series well-developed colum-
nar jointing also occurs.

Unit (cooling) Facies in
Komatiitic Flows and High-Level Sills

. Adcumulate komatiite
. Mesocumulate komatiite

Figure 1: Chart showing
relationship between le-

vel of differenctiation and
developed komatiite flow
lithotype; from Houlé et al.
(2008). UC = undifferentia-
ted cumulate; UN = undiffe-
rentiated non-cumulate; DC
= differentiated cumulate;
DN = differentiated non-cu-
mulate.

adagted from Lesher ef a (1984)



Figure 2: Spinifex-textured sill in komatiite sequen-
ce of Deloro Assamblage (Timmins area). Photo: K.
Bulcewicz

Figure 3: Fully developed komatiite lava flow with
well-developed A-zone (upper, spinifex-textured)
and B-zone (lower, cumulate-zone); outcrop on the
road between Rouyn-Noranda and Riviere-Héva.
Photo: K. Bulcewicz

The complex pattern of (sub)concordant thin spini-
fex-textured sills intrude the Pyke Hill and Serpentine
Hill lava flows. They probably represent multiple in-
jections of a new magma into a cooler, semi-consoli-
dated pile of lava flows (Figure 4; Houlé et al., 2009).
Most sills were emplaced in the channel near the spi-
nifex/cumulate boundary of consolidated host flows.
Zones of random spinifex textures and relatively coar-
se olivine crystals (several cm long, 1 cm wide) occur
in thicker sills. In the host flows adjacent to the sills a
coarse olivine zone can also be observed, due to he-
at-induced recrystallization (Houlé et al., 2008).

Ni-Cu-PGE mineralization

Most of komatiite-associated Ni-Cu-(PGE) minerali-
zation occurring in the Kidd-Munro and Tisdale as-
semblages is thought to be mainly controlled by two
factors. (1) Presence of Mg-rich lava channels (heat
and metal sources) and (2) sulfide-facies iron forma-
tions, sulfidic slates, or exhalative sulfide lenses (sul-
fur sources) (Sproule et al., 2003). In the Dundonald
area, situated 45 km NE of Timmins, both sedimen-
tary rock-hosted sills and upper lying lava flows with
Ni-Cu-(PGE) mineralization were identified (Houlé
et al., 2009). As Houlé et al. (2009) suggest, sulfur sa-
turation may have occurred during high-level sill em-
placement and allowed the development of ore mine-
ralization in both subvolcanic and volcanic rocks by
influencing the migrating channelized magma.

B)
Sheet Facies Lava Pathway Facies Sheet Facies
Spinifex sills Younging Direction I
and dikes Breakouts

hin spinfex-textured
flows e

Thin spinifex-textured

; flows
4 \
_, P ,
Lava Pathway —=—__ = ————
\—’L . Inflation - e
Spinifex sills
\r__________/ Spinifex sills

Figure 4: Interpretative model of spinifex-textured sills emplacement within the pile of komatii-
tic lava flows observed in the Pyke Hill and Serpentine Hill area; from Houlé et al. (2009).
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VI1I Kidd Creek Mine

Andreas Etter

Overview

The Kidd Creek mine (VMS deposit type) is located
25 km north of Timmins, Ontario (Abitibi subpro-
vince). It currently belongs to Glencore and is run by
the subsidiary company Kidd Operations. The depo-
sit was discovered in 1963 by drill-testing and electro-
magnetic survey. The economic deposits locally were
covered by only 6 m of glacial till deposits, which are
easy to remove. Open pit mining was started in 1966
and production from underground began in 1972.
Mining at the Kidd Creek mine is being enlarged with
an annual exploitation rate of approximately 3 Mt.
This is achieved by a large open pit mine and underg-
round mining to a depth of almost 3200 m (Figure 1;
Barrie et al., 1999). The mine’s exploitable rock mate-
rial amounts to ca. 138.7 Mt. The average grades of the
economic elements exploited at the Kidd Creek mine
are listed in the Appendix. Other economic elements,
which are exploited at Kidd Creek mine are S, Se, Cd,
Sn, Ge and In. Special about the Kidd Creek mine is
its coherent ore body (not patched together, but rather
one single ore body), its large extent and the chemis-
try of its footwalls (Barrie et al., 1999).

Geologic setting

The Kidd Creek volcanogenic massive sulfide (VMS)
deposit belongs to the Kidd-Munro assemblage,
which extends 30 km west and north and 165 km east
to the Quebec border (from Kidd Creek mine). Seve-
ral other nearby deposits belong to this complex: The
Chance deposit (0.2 Mt), the Potter mine (1 Mt) and
the Potterdoal mine (minor Cu-Zn-Ag production;
Barrie et al. 1999). Several other minor deposits can
be found eastward.

The lithologies found within the assemblage are: pla-
gioclase-phyric dacite, tholeiitic basalt, picrite, min-
or argillite, minor high silica rhyolite, and numerous
high-level mafic to ultramafic sills (or decapitated
flows; Barrie et al. 1999).

The Kidd-Munro assemblage has been exposed to at
least three marking deformation events between 2.65
to 2.70 Ga (correlated to the Kenoan orogeny). There
were three tectonic events, causing regional folding,
influencing the area close to the Kidd Creek mine: a
first phase of high-amplitude, upright regional folds;

.+ 2.66 Gatonalite-granite

Metasedimentary rocks

4 Gabbro

/(ﬂ 3 /]
3 Mafic volcanic rocks/
low Ti basalt

2 Felsic volcanic rocks

1 Ultramafic rocks

Figure 1: Geological map of the area surrounding the Kidd Creek mine; from Barrie et al. (1999).
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Figure 2: Stratigraphic cross section of the Kidd Creek mining area; from Barrie et al. (1999).

a second phase of east-northeast-oriented compressi-
on, resulting in steeply northeast-ward dipping folds;
and a later northwest-oriented shortening giving rise
to folds that are oriented perpendicular to the second-
generation folds (resulting in a dome-and-basin to
mushroom pattern). Two basins were formed nearby
the mine: the Kidd 66 Basin in the north and the Kidd
West Basin in the west. Those basins were formed by
the combination of the two shortening axes (interfe-
rence pattern). Later on, brittle deformation occur-
red due to the complicated folding pattern, creating
several steep faults, which are oriented preferably
north-westward (Barrie et al., 1999).

The ore body

The Kidd Creek deposit is located inside a pre-exis-
ting depression, which may represent a syn-volcanic
graben or half-graben (Walker et al., 1975), surroun-
ded by rhyolitic fragments and chalcopyrite stringer
zones. It is bordered by structural basins to the west
(“Kidd west basin”) and north of the mine (“Kidd 66
basin”; Barrie et al., 1999). The Porcupine assembla-
ge rocks are thrusted onto the volcanic rocks in the
southern part of the mine.

The stratigraphic succession in the immediate sur-
rounding of the ore body is composed of seven main
units: (1) ultramafic flows (500-1000 m true thick-
ness); (2) high-silica rhyolite flows and epiclastic/au-
toclastic breccias (100-400 m); (3) sulfide-rich ore ho-
rizons (0.1-50 m); (4) a locally graphitic, fine-grained
siliciclastic unit (2-20 m); (5) gabbro sills (300-1000
m); (6) predominantly epiclastic high silica rhyolite
rocks (100-300 m) in the hanging wall; and (7) ba-
salt flows, hyaloclastite, and breccias (1000-2000 m;
Barrie et al., 1999). The rhyolites hosting the ore have
a broad range of structures from massive (locally
flow-banded), coarse breccia (even meter-big blocks)
to tuff-size clastic structure (Walker et al., 1975). They
have undergone significant alteration (silicification,
sericitization, chloritization etc.) in near proximity of
the ore bodies.

The orebody consists of three main bodies plunging
steeply to the north-northeast (Barrie et al., 1999):
the northern ore body, the central ore body and the
southern ore body. All three are located in an area of
less than one square kilometer (surface and deeper as
well). The ore bodies extend from almost the surface
to a depth greater than 3 km, with an almost vertical



inclination.

The three ore bodies can be divided into an upper and
a lower part. The upper one is sphalerite-rich and the
lower one is chalcopyrite-rich. The upper part cont-
ains pyrite, sphalerite, pyrrhotite, minor chalcopyrite,
tetrahedrite and galena. The lower part contains py-
rite, chalcopyrite, small amounts of pyrrhotite, spha-
lerite and traces of native silver. The gangue minerals
are typically quartz, sericite, carbonate and chlorite
(Barrie et al., 1999).

Three major petrological types can be observed: (a)
stringer ore, characterized by irregular chalcopyrite
and minor sphalerite stringers within volcaniclastic
rhyolite; (b) massive ore, composed mainly of pyrite,
sphalerite, chalcopyrite, galena and pyrrhotite, occa-
sionally banded or bedded within carbonaceous hori-
zon; (c) breccia ore, heterogeneous type characterized
by fragments of pyrite/sphalerite variably mixed with
the barren rocks, usually found near the graphitic ar-
gillite horizon (Walker et al., 1975).

As Walker et al. (1975) suggest, the massive ores may
have been deposited directly above a fumarole which
brought mineralizing fluids to the sea floor, while the
breccia ores indicate that accumulation of sedimen-
tary sulfides (including bedded ore) and carbona-
ceous sediments was interrupted by explosive activity.
From the structural features of the Kidd Creek depo-
sit one may conclude that they represent the interplay
between near-surface epigenetic and syn-sedimentary
processes which acted in the vicinity of a subaqueous
rhyolitic volcano (Walker et al. 1975).
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Appendix

Table A.1: Main elements exploited at the Kidd Creek Table A.2: Main elements exploited at the Kidd Creek
mine, 0-2400 m depth; total mass is at least 138.7 Mt  mine, 2400-3000 m depth; total mass is 17 Mt (values
(values from Barrie et al. 1999). from Barrie et al. 1999).

n 8.43 1.43




VIII Horne Smelter, Strathcona Mill,
and Sudbury Smelter

Andrei Dmitrovskii

Horne Smelter - Introduction

Copper is an extremely useful metal today because of
its corrosion properties and high thermal and electi-
cal conductivity. Typical copper sulfide ores contain
0.5 - 2 % Cu (Larouche, 2001). Minerals containing
Cu in these ores include chalcopyrite (CuFeS,), bor-
nite (Cu,FeS,) and chalcocite (Cu,S; Larouche, 2001).

The Horne smetler works as a factory of e-scarp pro-
cessing (Lennartsson, 2013). Main metallic elements,
which are contained in the feedstock beside Cu and
Fe usually are Sb, Bi, As, Au, and Ag, so the chemical
complexity of the e-scarp feedstock needs to be taken
into account (Lennartsson, 2013).

Table 1: Key facts of the Horne Smelter (Glencore).

Copper anodes (Cu 99.1%), preci-
ous metals

Production:

Feedstock:
Location:

e-scarp

Rouyn-Noranda, Quebec

Named after the prospector Ed-
mund Horne who found the Cu-
Au site of the Horne mine in 1927.
The mine was closed in 1976.

Name:

The smelter was commissioned in
1973. It is the largest processor of
electronic scrap (Cu and precious
metals) in North America.

Activity:

840 kt Cu and precious metal bea-
ring materials per year

Capacity:

Horne Smelter - Technology

The workflow of pyrometallurgical Cu production in-
cludes the following steps: flotation, matte smelting,
converting, fire-refining and electorefining (Figure 1).
99.9% of the Cu cathodes are produced as a result of
this sequence (Larouche, 2001). At the Horne smelter,
three of these steps are performed: matte smelting or
so-called Noranda smelting (producing molten mat-
te with 72-74 % Cu), Pierce-Smith converting and fi-
re-refining. Copper concentration in the feedstock is
20-45% (Larouche, 2001).

Ore from mine
0.5-2.0% )
* X
R * COMMINUTION/FLOTATION |- Gangue (talings)
—
(2045% Cu
——————
Ofar) TE SM G Slag (Fe, SO, etc.)
Fuze (50,) " MATTESMELTING » Sty
Mane
(45-77% Cu)
p— -
.S NVERTING Slag (Fe, 90, G20, &tc.)
Fasc (SO, £30) - CONVERTING ! > o
Bister Copper
(~59% Q)
o : NNG Refiing sieg
o etving st - FIRE-REFINING ' . S, o)
. ) ,
| (~99.5% i)
-
SLECTROREFINING By-Products (Au, AQ, Se,et.
Electrical Power »  ELECTROREFINING ]—.

Copper Cathodes
(>99.9% Qu)

Figure 1: General flowsheet of conventional copper
production process; from Larouche (2001).

Matte smelting: In this stage, the Cu concentrate is
melted and part of the S and Fe is remover by oxida-
tion (Larouche, 2001). Smelting is carried out at tem-
peratures around 1200 °C, under oxidizing conditions
(Larouche, 2001). To achieve such temperatures coal
burning is used.

Reaction 1 describes this process for chalcopyrite
concentrate feedstock. The Noranda furnace, which is
used for smelting, is a 0.1 m thick horizontal moly-
bdenium barrel. It is 21.3 m x 5.1 m in size and has
54 tuyeres with 5.4 cm in diameter. Tuyeres are used
for oxygen pumping (Schlesinger et al., 2011). Slag is
either discarded directly if the Cu content is low ( < 1
%) or re-processed. The oft-gas is cleaned from dust
and is used in sulfuric acid production (Lennartsson,
2013).

Reaction 1:

4 CuFeS, (concentrate) + O, (blast) + SiO, (flux). >
2 (Cu,S-Fe-S) (matte) + (2 FeO SiO,) (slag) + 4 SO,
(off-gas) + heat

Pierce-Smith converting: The objective of the stage is
to transfer the remaining Fe in the matte into slag and
Sinto SO, gas. There are two substages of this process:
Firstly, Fe is eliminated in the slag-forming stage. The
result is accumulation of Cu,S (Larouche, 2001), ac-
cording to Reaction 2. Secondly, white metal is oxidi-
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zed with air (Larouche, 2001), according to Reaction
3. Resulting matte contains 71-72 % Cu and 3-5 % Fe.

Reaction 2:
2 FeS (in matte) + 3 O, (blast) + SiO, (flux) = 2 FeO
SiO, (slag) + 2 SO, (off-gas)

Reaction 3:
Cu,S (in matte) + O, (blast) = 2 Cu (blister) + SO,
(off-gas)

For high-grade scrap (> 90 % Cu), e.g. Cu granules
made from cables, a fire refining process in an ano-
de furnace is suitable. The main part of fire refining
process is oxidization of impurities. This process is
based on oxidation of molten matte, as described by
Reaction 4, where Me is some impurity (Lisienko et
al., 2018). After the fire refining process the anodes
contain an average of 99.2-99.3 % Cu (Forsen et al.,
2017). Cu recovery is ca. 90-95 % (Schlesinger et al.,
2011).

Reaction 4:
(a) 4Cu+0,=2Cu0

(b) Cu0=2Cu+0O
(c) Me + O = MeO
(d) Me + Cu,0 = MeO + 2 Cu

Strathcona Mill and Sudbury Smelter -
Introduction

Strathcona Mill and Sudbury Smelter are parts of
Glencore’s Sudbury Integrated Nickel Operations
(INO) that perform Cu and Ni as well as precious me-
tal and Co production (Glencore).

Table 2a: Key facts of the Strathcona Mill (Glencore).

Location: Onaping, Ontario, Canada
Type: rod mill and ball mill
Feedstock: Ni and Cu concentrates

Table 2b: Key facts of the Sudbury Smelter (Glencore).

Location: Falconbridge, Ontario, Canada

Operation: since 1930

Feedstock: Ni-Cu concentrate from Raglan, Su-
dbury and XNA (Australia) lines

Capacity: 95000 t of Ni, Co and Cu per year

Strathcona Mill - Technology

Strathcona Mill receives ore from the two Sudbury
mines (Nickel Rim South Mine and Fraser Mine) and
third-party ores (Glencore). 30-35% of Ni ore con-
sist of sulphide minerals (Levesque, 2015). Pyrrhoti-
te (Fe ,S) constitutes 75-80 % of sulfides exhibiting
ferromagnetic properties (Levesque, 2015). Nickel
ores are characterised by pyrrhotite/pentlandite ratio
between 4.5 and 6 (Kelebek et al., 1996). The main mi-
neral of Cu ore is chalcopyrite (CuFeS)). This ore type
has a small percentage of pentlandite (Fe,Ni),S, and
pyrrhotite (Kelebek et al., 1996). Grades of pentlan-
dite nickel feed and chalcopyrite are about 4% while
grade of pyrrhotite varies from year to year: it was 19
% in 2016 and 30 % in 2017 (Qi et al., 2019).

Froth flotation (Figure 2) is used in the Strathcona
Mill to produce ore concentrates. Froth flotation is a
process based on wetting of substances (Schelinger et
al,, 2011). Usually, sulfide minerals are wetted by wa-
ter (they are hydrophilic) but using some reagents one
can make them hydrophobic. Selectively made hydro-
phobic minerals can be floated to the slurry surface
by the air bubbles while hydrophilic minerals stay in
the slurry (Schelinger et al., 2011). As a result metal
concentrate is produced after removal of water. A sim-
plified flowsheet of the Strathcona Mill is shown in
Figure 3.

‘Concentrate

R 1 " Tailing to
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Feed from *x.—»“//lmpeller Jcell 9
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Figure 2: Cutaway view of cubic flotation cell; from
Schelinger et al. (2011).

Ore processing in the Strathcona Mill consists of three
circuits. Two of them are nickel circuits that process
about 180 t per hour of Ni ore (feeds A and B in Figure
3) each and the third circuit processes up to 75 t per
hour of Cu-rich ore (feed C).

The first step in all circuits is rougher-scavenger flo-
tation (Figure 4). Rougher flotation is carried out in
saturated pulp with a pH values of 9-9.5, which is ad-
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Figure 3: Strathcona Mill process flowsheet (from
Kelebek et al., 1996)

justed with lime. This stage consists of two rougher
substages. Subsequent scavenger flotation is applied
to rougher tailings. An objective of this stage is to re-
cover target metals that were not recovered during the
rougher stage. All non-magnetics from the secondary
rougher substage tailings go directly to combined Cu-
Ni concentrate while non-magnetics from the scaven-
ger are additionally upgraded (Kelebek et al., 1996).
Magnetic tailings are transferred to the magnetic se-
paration stage for pyrrhotite-pentlandite division. Af-
ter pyrrhotite rejection this substance goes to regrin-
ding (Kelebek et al., 1996).
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Figure 4: Rougher and scavenger stages; from
Muinonen et al. (2014).

In all circuits chalcopyrite-pentlandite separation is
done in column cells using cyanide chemistry with
pH >12 (Kelebek et al., 1996), as chalcopyrite beco-
mes hydrophobic with the addition of basic reagents
(Schelinger et al., 2011).

Pyrrhotite recovery may reach 70-80% after the sca-
venger stage (Kelebek et al., 1996). Results of the Mill
activity are two concentrate streams: Ni-Cu concen-
trate for smelting and Cu concentrate for smelting and
refining (Glencore).

Sudbury Smelter - Technology

Essentially, the steps of Ni production are the same as
the ones shown in Figure 1, but again only roasting
and smelting are performed here. The key processing
steps are: feed receiving and preparing, fluid bed ro-
asting and oft-gas cleaning, electric furnace smelting
and converter aisle.

The feed received at the smelter is a slurry containing
70% solids and 30% water. Feedstock of the Sudbury
smelter is Ni concentrate containing 5-9 % Ni and a
Cu concentrate containing 30 % Cu and 1 % nickel
(Sara group) from Copper Clift and Levack mills.
These concentrates are produced from ores that cont-
ain 1-2.5 % Ni.

Roasting is a process of heating of sulfide ores in pre-
sense of air for sulfur removal from the concentrate to
increase the concentration of Ni. For instance, roas-
ting of pentlandite and pyrrhotite ores is described by
reaction 5 (Crundwell, 2011).

Reaction 5:
(a) at 700 °C:
Ni, .Fe, .S(s) +12.5 O,(g) > 4.5 NiO(s) +

4.5 FeO(s) + 8 SO,(g)
at 700 °G;
Fe S (s) + 13 O (g) > 8 FeO(s) + 9 SO,(g)

(b)

Sulfur dioxide emission is one of the main environ-
mental issues linked to the sulfide ore smelting pro-
cess (Crundwell, 2011). This oft-gas is transferred into
sulfuric acid in an acid plant, according to Reaction 6.

Reaction 6:
(a) 2 SO2 + O2 >2 SO3
(b) SO3 + HZO > HZSO4 (g)

The next step is electric furnace smelting. The furnace
in Falconbridge has dimensions of 9 m x 30 m x 3 m
(Crundwell, 2011). During this process warm (~300
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°C) calcine goes into the hot (~1300 °C) electrical-
ly heated furnace with a silica flux. Molten material
separates into 2 immiscible liquids: sulfide Ni-rich
matte and Fe-saturated and Ni-poor slag (Crundwell,
2011). Molten matte (specific gravity 4.8-5.3) is in the
bottom of the furnace in steady-state, molten slag is in
the middle (specific gravity 2.7-3.3) and solid calcine
at the top (Crundwell, 2011). Produced matte compo-
sition is 36 % Ni, 11 % Cu, 1 % Co, 33 % Feand 7 % S.

To recapitulate, the recovery of a certain metal for a
certain ore is a percentage of this metal that was ex-
tracted from the total ore’s metal content during ore
processing excluding metal that went into the slag.
The recovery of Cu and Ni in the electric furnace is
about 98% for both metals. The recovery of cobalt is
between 50 and 80% (Crundwell, 2011).
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IX Blake River Group megacaldera complex

Julian Reyes

Geology of the Blake River Group

The Blake River Group (BRG) is located in the Abi-
tibi Suprovince, western Quebec, and it is the youn-
gest volcanic sequence in the Abitibi Greenstone Belt
(2704-2695 Ma; McNicoll et al., 2014; Figure 1; Chap-
ter IV). The sequence consists of tholeiitic, transiti-
onal and calc-alkaline submarine volcanics, with an
east-west trend. Evidence of the submarine environ-
ment are pillow lavas and pillow breccias with turbi-
dite and argillite interbeds (Leverington & Schindler,
2018). Different volcanic centers have been identified
by rapid facies changes, variations in the thickness
and increased proportion of felsic volcanics of indivi-
dual units combined with structural and crosscutting
relationships (McNicoll et al., 2014).

The most extensive sequence of the BRG is overlying
the Tisdale Group between the Porcupine-Destor
and Larder Lake-Cadillac fault systems (Houlé et al.,
2008). The BRG is conformably overlying volcanics
of the Tisdale group (2710-2704 Ma) in the western
part. The BRG is overlain by younger (<2687 Ma)
turbiditic deposits of the Cadillac Group and the Ke-
wagama Group (McNicoll et al., 2014) and unconfor-
mably overlain by the alkalic volcano-sedimentary
(polymictic conglomerates) sequence of the Timiska-
ming Group (2680-2669 Ma) and Proterozoic cong-
lomerates of the Cobalt Group (McNicoll et al., 2014).
Archean gabbroic, dioritic, tonalitic synvolcanic and
syenitic, dioritic, granodioritic, granitic syntectonic
intrusions cross-cut the BRG, as well as Proterozoic
gabbroic dykes of the Nipissing Diabase (Ontario
Geological Survey, 2016; Figure 2-3).

Sedimentary rocks

Volcanic rocks

Plutonic rocks

Superior Province (4.3-2.6 Ga) N

Volcanogenic massive sulphide deposits

Abitibi
greenstone
belt

Québec

Blake River
Group

Figure 1: Map of the Superior Province showing the location of the Abitibi greenstone belt and of the Blake
River Group (in yellow). The principal VMS deposits of the Superior Province are also shown. Figure from

Mercier-Langevin et al. (2011).
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The BRG has been subjected to major north-south [srzszo7mal
shortening with subsequent sub-greenschist (north)
to lower amphibolite (south) facies metamorphism
with weak deformation. The central section is domi-
nated by major folds in a tilting strata (Ontario Geo- 2682 +3 Ma 3
logical Survey, 2016). Additionally, the formation is
bounded by the Larder Lake-Cadillac fault system
to the south and the Porcupine-Destor fault system 26825:2 Tix:
to the north, where it is characterized by laterally ex- T
tensive shears and tight folds. Locally, alteration and
deformation have overprinted primary textures in the
sequence (McNicoll et al., 2014).

2685 1 1.5 Mal

Pontlac
Group

2690+ 1.5Mal

The BRG is stratigraphically subdivided in a lower | 2694109ma4]
(2704-2702 Ma) and upper part (2701-2696 Ma; Fi-
gure 4). The lower unit is formed by tholeiitic basalts
and Fe- and Mg-rich basalts with minor turbiditic se-
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diments and felsic volcanic units (rhyolite flows and . c
. / @
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Figure 2: Map of the Abitibi greenstone belt, with location of the VMS and Au-rich VMS deposits. With the
Blake River Group highlighted. Figure from Mercier-Langevin et al. (2011).



batholith, underlain by the Kidd—-Munro assemblage
(Houlé et al., 2008; Figure 2).

On the other hand, the upper unit is formed by an-
desite and calc-alkalic basalt flows with local bimodal
tholeiitic basalt and rhyolite. It crops out in four dif-
ferent areas: (1) in the center of the Blake River syn-
clinorium; (2) in the Kamiskotia area, along the east
flank of the Nat River batholith; (3) in the center of the
Swayze greenstone belt, Swayze Group, overlying the
Tisdale Group; (4) formed by felsic to calc-alkalic in-
termediate volcanic rocks (2701 Ma) in southeast the
Kirkland Lake area, Skead Formation, in the southern
and eastern flanks of the Round Lake batholith, over-
lying the Stoughton-Roquemaure Group (Houlé et
al., 2008).

Several volcanogenic massive sulfide (VMS) deposits
are hosted in the BRG, including five of the largest Au-
rich VMS deposits recognized in the world (McNicoll
et al., 2014). The deposits are hosted in two VMS dis-
tricts: Doyon-Bousquet-LaRonde and Noranda dis-
tricts, distinguished by their alteration assemblages,
deformation overprinting and metallogeny (Huston
et al., 2011; Figure 6). Furthermore, there are gold de-
posits spatially related to mafic intrusions in the BRG.
For example, diorite is found in the hanging wall of
the Francoeur deposit and the diorite intrusion hosts
a mineralized shear zone, the El Coco deposit (Onta-
rio Geological Survey, 2016).

The BRG is subdivided in three different events / com-
plexes (Figure 4-5). The most important of those, the
Noranda complex, is a 35-km-diameter, 7-9 km thick,
volcanic center formed by basalt to rhyolite units
cross-cut by gabbroic and dioritic dikes (Leverington
& Schindler, 2018). The complex is interpreted as a
large shield volcano and it has been divided into five
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Figure 4: Map of the BRG with the stratigraphic subdivision and nomenclature in Quebec and Ontario

(McNicoll et al., 2014).
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sequences which young to the east. Each of them is
composed of a mafic-intermediate basal unit (up to
65-90% of the cycles) and a bimodal (andesite-basalt
and rhyolite) upper unit (Ontario Geological Survey,
2016).

Noranda district deposits

The Noranda district deposits are related to chloriti-
zation and sericitization in a pipe-like structure. Mo-

reover, there is evidence of regional fluid flow as sili-
ca-, chlorite-, epidote/quartz-bearing alterations. The
mineralization (Horne mines) is pyrite + pyrrhotite +
chalcopyrite + galena + sphalerite + magnetite + nati-
ve gold + silver (Leverington & Schindler, 2018). The-
re are two types of deposits in the district: small-me-

dium deposits and Horne deposits (Figure 6 inset b;
Table 1).

Most of the

small-medi-
um deposits
are linked
with andesitic
and rhyolitic
flows associa-
ted to volcanic
subsidence
during parti-
al emptying
of the mag-
ma chamber
known as
“the Noran-

® Cu-Zn VMS
® Au-rich VMS

O Intrusion-related
Au-Cu vein systems

Doyon-Bousquet-Laronde
Mining Camp

B cadillac

20 km
|

Inset A

Doyon-Bousquet-Laronde
Mining Camp

da Cauldron”
(Ontario
Geological
Survey, 2016;
Figure 8).
The Noranda
district (2702
Ma) has 18
small-medi-
um VMS de-
posits hosted

% Current and past
producers

I\ Prospects

(LaRonde 1)

La

Basalt-basaltic
andesite-local rhyolite

|:’ Bousquet felsic sills
\

Upper member
basaltic andesite to rhyolite

in greenschist

Lower member
metamorpho-

basalt to rhyolite
J

Inset B

PLac Dufault Pluton !

¥ Flavrian Pluton

Powell Pluto

Black River Group

sed bimodal

- Intrusions

Mafic to intermediate
volcanic rocks

Mufic to intermedite

I dykes and sills
Felsic voleanic rocks

Faults

Dolerite dykes
® Cu-Zn VMS

Figure 6: Map of western
Quebec, Blake River Group,
with insets showing detailed
geology of: (A) Doyon-Bous-
quet-LaRonde district (Chap-
ter 9); and (B) Noranda dis-
trict; modified from Huston et
al. (2011).

® Au-rich VMS



flow dominated basaltic-andesitic and high-silica
rhyolitic with pyroclastic rocks upper sequence of the
Noranda cauldron (Huston et al., 2011; Ontario Geo-
logical Survey, 2016; Figure 7). The deposits are <5
Mt, Cu-Zn rich, concordant mounds linked to vent
dome areas, which provided fluids in interflow hori-
zons with coherent lavas (Ontario Geological Survey,
2016).

On the other hand, the Noranda district also host
the large Horne deposits that are related with rhyoli-
te flows and fragmental rocks in a sequence with few
mafic volcanics. The host rock shows a marked deple-
tion in incompatible elements, high field strength ele-
ments and rare earth elements indicating a differen-
tiated parental magma compared to the host rocks of
the small-medium deposits (Ontario Geological Sur-
vey, 2016). The Horne deposits are formed by exten-
sive sub-seafloor sulfide precipitation (Ontario Geo-
logical Survey, 2016; Figure 9). They have 20-150 Mt,
with high concentration of Au-Cu and low Zn. The

big deposits are in a fault bounded, sediment filled,
graben related to the flank of a rhyolitic vent complex
(Ontario Geological Survey, 2016).

The Noranda Cauldron is linked to two poly-phase,
tonalite bearing plutons: the Powell and the Flavrian
plutons that were emplaced during and after the caul-
dron (Huston et al., 2011). Up to six phases have been
identified in the intrusive complex, with VMS depo-
sits related to the earliest quartz diorite phase. Cu-Mo
deposits (porphyry and breccia-hosted) are linked to
the emplacement of the most extensive trondhjemi-
tic phase post-dating VMS formation (Huston et al,,
2011).

Doyon-Bousquet-LaRonde district deposits
The Doyon-Bousquet-LaRonde district (2698 Ma)
has bigger but fewer (4) VMS deposits, located in an

area that has experienced a higher grade metamor-
phic overprint (upper greenschist to lower amphiboli-
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Formation, overlying the mafic volcanics of the Hébé-

court Formation (Figure 6 inset a; Table 1).

The Doyon deposit is an intrusion-related stockwork
Au-rich chalcopyrite-pyrrhotite-quartz vein deposit
linked to a late phase of the Mooshla intrusive com-
plex (gabbro to tonalite). The deposit is cross-cut by
the latest stage of chloritic dikes. These late phases are
related to volatile-rich magmas that created miarolitc
cavities partially filled with euhedral pyrite and chal-
copyrite. The deposits are related to aluminous advan-
ced argillic alteration (now quartz-kyanite—andalusite
assemblages, grading outward into quartz-muscovi-
tetgarnet-bearing assemblages; Huston et al., 2011).

Remnorfm.—{

Figure 9: Cross-sec-
tion of the Horne
deposit, with the
simplified stratigra-
phic section (Mer-
cier-Langevin et al.,
2011).
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Table 1: Characteristics of the
.. Doyon-Bousquet- . L.
District LaRonde district Noranda district Doyon-Bogsq}let—LaRonde and
. Noranda districts. After Huston et al.
# VMS deposits 19 4 (2011)
Deposits size Small-medium Large
Metamorphism Greenschist Upper greenschlst -
lower anfibolite
0.3-0.6 wt.% Cu 0.8-5.0 wt.% Cu
Base metal
0.4-2.2 wt.% Zn 0.8-8.6 wt.% Zn
Gold 4.3-8.1 g/t 0.03-6.9 g/t
Host rock Basalts to rhyolite Basalts to rhyolite
Alteration Argilic CthI'.ltl‘Z.a thn and
sericitization
o Magmatic-
Contribution Hydrothermal
hydrothermal
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X LaRonde Mine: a metamorphosed VMS deposit

William Halter

Introduction

Agnico Eagle’s LaRonde mine is a gold mine situated
in the SE of the Abitibi Greenstone Belt. It consists
of different gold-rich volcanogenic massive sulphide
(VMS) deposits only a couple kilometres away from
each other (Figure 1). They include the LaRonde-Pen-
na deposit, which is one of the largest Au deposits
currently mined in Canada (Mercier-Langevin et al.,
2007; Thomas, 2019), and the recently opened LaRon-
de Zone 5 deposit, which started operations in June
2018. The older LaRonde 1 and Bousquet 2 deposits
are already mined-out (Agnico Eagle, 2019). There
are neighbouring deposits in the region belonging to
other operators (e.g. Lafrance et al., 2003; Figure 2).

The LaRonde gold mine is the flagship mine of Agni-
co Eagle. With an annual production of over 360000
ounces of gold (2018) and 3.7 million ounces of gold
in proven and probable reserves, LaRonde is one of
the biggest gold mines in Canada (Dubé et al., 2007b;
Agnico Eagle, 2019). Since it opened in 1988, the La-
Ronde mine has produced almost 6 million ounces of
gold. Although being mainly a gold mine, LaRonde
produces also valuable by-products, such as silver,
zinc and copper (Agnico Eagle, 2019).

With a total depth of over 3 km below surface the La-
Ronde mine is the deepest mine in America and the
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2.2 km deep Penna Shaft, which grants access to the
LaRonde-Penna deposit is the deepest single-lift shaft

in the Western hemisphere (Agnico Eagle, 2019).

Table 1: Key facts about the mining operations at

LaRonde-Penna

Agnico Eagle Mines Ltd.,
Operator Tc%ronto, Cinada
Mine type Underground mine
Deposit type Gold-rich VMS deposit
Ore metals Au, Ag, Zn, Cu

Ore grades/tonnage

(see tables 1 and 2)

1988 (opening LaRonde 1)

Start of operation

2011 (Penna)

2018 (Zone 5)

Geological background

The LaRonde-Penna deposit is classified as a gold-
rich VMS (Au-VMS) deposit, as the gold content (in
g/t) exceeds the combined sum of all base metal cont-
ents (Zn+Cu+Pb in weight %; Dubé et al., 2007a). The
mineralization is mainly localized in four massive and
semi-massive lenses (Zone 7, Zone 6, 20 North lens,
20 South lens, in stratigraphically upward order, Figu-
re 3), which vary in size, ore composition and grade.
The 20 North lens is the most voluminous orebody
of the LaRonde-Penna deposit with about 85% of its
total gold content. The 20 South lens contains the hig-
hest gold grade with up to 38 g/t locally (Dubé et al,,
2007b).

Au production 2018

362306 oz (Penna+Zone 5)

The mineralized VMS lenses sit within volcanic rocks

IAu reserves 2018

3762000 oz (Penna+Zone 5)

of the Blake River Group (Chapter IX), which origina-
ted during different episodes of submarine volcanism

7 years (through 2025, Penna)

from 2703 to 2694 Ma (Figure 4). They later experi-
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Figure 2: Location and shape of the LaRonde mine ore deposits. Currently exploited are the LaRonde-Penna
and the LaRonde Zone 5 deposits. Other deposits include the mined-out LaRonde 1 and Bousquet 2 deposits.
Also visible is the location of the 2.2 km deep Penna Shaft. About two third of the LaRonde-Penna deposit is
already mined-out. Modified from Agnico Eagle (2019).
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and folded the deposit to an almost vertical position,
with the footwall being to the north. During this de-
formation event, the deposit was metamorphically
overprinted at upper greenschist to lower amphibo-
lite-facies conditions (Dubé et al., 2007b; Thomas,
2019). However, the reactions are thought to be most-
ly isochemical, as only volatiles (water, CO,) are lost in
sub-solidus regional metamorphism (Hammerli et al.,
2016). Thus, by measuring the elemental composition
throughout the deposit one can reconstruct the cor-
responding hydrothermal alteration assemblages that
were present before metamorphism (Thomas, 2019).

VMS and gold-rich VMS deposits

Volcanogenic massive sulphide deposits are major
sources of Zn, Cu, Pb, Ag, and Au. They typically con-
sist of a stratiform massive sulphide lens deposited at
or near the ocean floor. They can also have a minera-
lized a stringer/stockwork zone underneath the mas-
sive sulphide lens (Figure 5; Gifkins et al., 2005; Gal-
ley et al., 2007). Over 800 VMS deposits are known
worldwide with about 350 located in Canada. Various
classification models of VMS deposits exist with one
defining a type called gold-rich VMS (Au-VMS) de-
posits (Galley et al., 2007).

An Au-VMS deposit is defined as a VMS deposit con-
taining a gold concentration (in g/t Au) which exceeds
the associated combined Zn, Cu, and Pb grades (in
wt%). The origin of the high gold content (up to more
than 40 g/t) can vary for different deposits. As many
Au-VMS deposits experienced a metamorphic over-
print after the original deposition process, the origin
of the gold can be either synvolcanic or syntectonic,
which is not well-understood for all deposits (Dubé
et al., 2007a).

The gold enrichment of the LaRonde deposits was
long debated but synvolcanic origin is favored.
Sub-seafloor volcanic activity released gold-rich hyd-
rothermal fluids, which met favourable chemical con-
ditions at lithological boundaries where the lenses are
situated. However, the later tectonic processes have
remobilized part of the mineralization and helped to
further accumulate and localize the orebodies. In con-
trast to the other lenses, the 20 South lens crosscuts
two stratigraphic units, which suggests a partially syn-
tectonic origin for this ore body (Thomas, 2019, Dubé
et al., 2007b).

The LaRonde-Penna deposit is an Au-VMS deposit
characterized by metamorphosed advanced argillitic

alteration (Dubé et al., 2007b; Thomas, 2019). This is
thought to be indicative of an oxidized low-pH hyd-
rothermal fluid, which differs significantly from the
mainly reduced, near neutral to weakly acidic fluids
typical of most VMS deposits. These alteration assem-
blages indicate high-sulphidation conditions similar to
those encountered in some epithermal environments.
Such Au-VMS deposits, like the LaRonde-Penna, can
be interpreted as shallow-water submarine equiva-
lents to the sub-aerial epithermal deposits (Hanning-
ton et al., 1999; Dubé et al., 2007a).
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Table A.1: List of the mineral reserves and resources of the LaRonde-Penna deposit as of December 31, 2018.
This deposits’ ore contains Au, Ag, Zn, and Cu (Agnico Eagle, 2019).

LaRonde-Penna deposit

Tonnes |Au Au oz Ag Ag oz Zn Zn t Cu Cu t
Mineral Reserves

(x1000) |(g/t) (x1000) |(g/t) (x1000) (%) (x1000) (%) (x1000)
Proven 4'817| 4.87 754 14.63 2'265 0.54 25797 0.2 9'874
Probable 11561 6.26 2'327| 19.72 7331 0.99 114430 0.28 32877
Proven & Probable 16'378 5.85 3'081 18.22 9'597| 0.86] 140226 0.26 42751

Tonnes |Au Au oz Ag Ag oz Zn Zn t Cu Cu t
Mineral Resources

(x1000) |(g/t) (x1000) |(g/t) (x1000) (%) (x1000) (%) (x1000)
Measured - - - - - - - - -
Indicated 4'872 3.25 509 25.34 3'969 0.97] 47051 0.16 7582
gﬁ:ﬁ“red calltel: 4872 3.25 509 2534  3'969 097 47051 016  7'582
Inferred Resources 5'494 4.95 874 14.31 2'528 0.63 34523 0.24 13248

Table A.2: List of the mineral reserves and resources of the LaRonde Zone 5 deposit as of December 31, 2018.
LaRonde Zone 5 is exclusively an Au deposit (Agnico Eagle, 2019).

LaRonde Zone 5 deposit

Tonnes |Au Au oz
Mineral Reserves

(x1000) ((g/t) (x1000)
Proven 4'053 2.03 264
Probable 5377 2.41 417
Proven & Probable 9430 2.25 681

Tonnes |Au Au oz
Mineral Resources

(x1000) ((g/t) (x1000)
Measured - - -
Indicated 6'796 2.34 510
Measured & Indi- 6796 234 510
cated
Inferred Resources 2985 5.19 498
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XTI Polymetallic veins at the Cobalt Camp

Alina Fiedrich

Overview

In the Cobalt camp, polymetallic veins occur in Ar-
chean and Proterozoic rocks of the Cobalt Embay-
ment. The veins were formed by hydrothermal fluids
and are related to the emplacement of the Nipissing
Diabase, but the source of the main product, Ag, is
still debated. The camp was active from first Ag disco-
veries in 1903 until the 1980s.

Mining history

According to Cobalt Historical Society (2019), silver
veins were discovered during the construction of the
railway in 1903. Soon after, the silver rush of Cobalt
began and a town of ca. 12000 people formed. Pro-
duction peaked in 1922 and then declined except for
two mining revivals (after World War 2 when Co was
needed for steel production and around 1961, when
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Ag prices were exceptionally high). The last mines
(Silverfields and Agnico Eagle) closed in the 1980s.
The total Ag production of the Cobalt camp is estima-
ted to amount to ca. 445 Moz (Marshall & Watkinson,
2000).

Initially, the silver veins could be mined directly at the
surface, using only hand tools and dynamite. The ear-
ly profits were invested into the development of the
camp: mining infrastructure (e.g. mills) was built, and
better equipment and power supply were needed as
mining continued at deeper levels. Concentration of
the ore was first performed by simple hand sorting, la-
ter cyanide and mercury were employed, and in 1915
the flotation method was introduced (Cobalt Histo-
rical Society, 2019). The Silver Heritage Trail, main-
tained by the Historical Society of Cobalt, preserves
part of the historical mining and processing sites (Fi-
gure 1).

Heritage Silver Trail

1. Townsite Headframe- opposite 27 Galena Street at
Miller Avenue GPS: 47.391874, -79.691163
2. Glory Hole — same property as 1. Townsite
GPS: 47.392866, -79.690555
3. McKinley Darragh Mill Site Coleman Road
GPS: 47.388139, -79.691692
4. Little Silver Vein Coleman Road.
GPS: 47.387190, -79.686220
4b.Vein 96 Adit (Tunnel 96 in guide book)
5. Cart Lake Tailings Lookout Coleman Road
GPS: 47.383536, -79.684574
6. CLOSED
7. Nipissing Hill Lookout Nipissing Road
GPS: 47.391338, -79.680132
8. Nipissing 81 Open Cut Nipissing Road
GPS:47.392461, -79.683625
9. Right of Way Mine Nipissing Road
GPS: 47.397783, -79.678252
10. Former Agnico Eagle Mines Ltd. Refinery Site Kerr
Lake Road GPS: 47.398260, -79.676215
11. LaRose Blacksmith Shop Kerr Lake Road at south
end of bridge. GPS: 47.398345, -79.676716
12. Nipissing “73” Meyer Shaft Argentite Street, about
350 meters north from the corner of Argentite
Street and Lang Street, past the former Arena
GPS: 47.400573, -79.683821
13. Coniagas #4 Head Frame 50 Silver Street at the
corner of Prospect Avenue GPS: 47.396481, -79.685993
14. Pan Silver Headframe (CHS office) 21 Silver Street
GPS: 47.395453, -79.685428
15. Northern Customs Concentrator Cross Lake Road
GPS: 47.403884, -79.665275
16. The Colonial Mine Site Kerr Lake Road.
GPS: 47.394388, -79.660930
Note: 1f you’d like to arrange an underground
mine tour at the Colonial during the summer months visit
the Cobalt Mining Museum 24 Silver Street to set up a tou
date and time, call (705) 679-8301 or email
cobaltminingmuseum@gmail.com
17,18, & 19 CLOSED
20. Jack Koza Park Peters Road, behind the Miners’
Tavern 75 Lang Street GPS: 47.398158, -79.680841

Kerr Lake Road

i
froaver

Figure 1: Map of the Heritage Silver Trail; from Cobalt Historical Society (2019).
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Figure 2: Geological map

of the Cobalt Camp;
modified from Potter & Sudbury Igneo
Taylor (2009) Complex

Geological background

The Cobalt Camp (Cobalt-Gowganda mining area;
Figure 2) is located in the Cobalt Embayment of the
Canadian Shield. The Cobalt Embayment features Ar-
chean volcanic and sedimentary rocks of the Superior
and Southern Provinces with greenschist facies me-
tamorphic overprint and Early Proterozoic sedimen-
tary rocks of the Huronian Supergroup (e.g. Hattori
& Hodgson, 1991). Both units were intruded by the
ca. 2220 Ma Nipissing Diabase (Andrews et al., 1986).
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In the Cobalt area, the Nipissing Diabase consists of
a series of sills, dikes, and plugs of olivine tholeiite.
On a more regional scale, the Nipissing Diabase vari-
es in composition between dominantly tholeiitic and
sub-alkaline (Lightfoot & Naldrett, 1996), with pet-
rologic variations resulting from post-emplacement
fractionation and assimilation (Jobin-Bevans, 2009,
and references therein). Based on its geochemical sig-
nature, it is interpreted as the intrusive part of eroded
continental flood basalts (Jobin-Bevans, 2009, and
references therein). Different types of mineralization
are associated with the Nipis-
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The Huronian Supergroup (Figure 4) consists of ca.
2.45-2.22 Ga, predominantly sedimentary lithologies.
It represents the development of a continental margin
upon formation of a Paleoproterozoic ocean (Long,
2009, and references therein). The Huronian was regi-
onally metamorphosed at greenschist-facies and
locally to amphibolite-facies conditions (Long, 2009,
and references therein). In the Huronian of the Cobalt
area, polymetallic veins occur mainly in the Coleman
member (Figure 4), which consists of conglomerate,
siltstone, and sandstone deposited under a continen-
tal ice sheet (Joyce, 2011; Long, 2009, and references
therein).

Polymetallic veins

Polymetallic veins (also 5-element veins; Ag-Bi-Co-
Ni-As) formed in the Huronian sedimentary rocks,
Archean gneisses, and in the Nipissing diabase. They
are up to ca. 30 cm in diameter and can be dilatant,
sheared, or brecciated. Mineralization along the veins
is discontinuous. The most common ore minerals
comprise: arsenides/sulfarsenides of Co, Ni, and Fe,
native Ag and Bi, antimonides, and sulfides of Pb, Sn,
and Cu. The gangue mineralogy comprises carbona-
tes (mostly calcite, some dolomite), quartz, chlorite,
amphibole, epidote, alkali feldspar, and albite (Petruk,
1971). The veins are typically zones with silicate mi-
nerals forming a selvage in contact to the host rocks,
followed by a zone of early, pyrite-dominated sulfide

Major Vein Minerals Late

Alkali feldspar e
Chlorite

Quartz

Calcite

Hematite

Pyrite
Precious-Metals
Chalcopyrite
Cobaltite
Cu-Bi-Pb-sulfides
Galena

Early Main Stage

Figure 5: Paragenetic sequence of vein minerals;
from Potter & Taylor (2009).

remobilized pure silver veinlets in'Hurmnian sedime
cross Heavar-Tamiskaming Ming:

Figure 6: Polymetallic vein with remobilized Ag vein-
lets in Huronian sedimentary rock; ca. 15 cm across.
Sample from Temiskaming mine. Photo from Joyce
(2011).

mineralization and silicate gangue, the main-stage
mineralization at the transition from silicate to carbo-
nate gangue, and late-stage massive calcite and galena
in the center (Figures 3, 4; e.g. Potter & Taylor, 2009).
The polymetallic veins are commonly structurally
bound to faults and fold hinges (e.g. Smyk & Watkins-
on, 1990) and exhibit a carbonate and sodic alteration
halo of less than 10 cm (Potter & Taylor, 2009).

Pb-Pb dating of vein minerals revealed two distinct
ages, indicating two separate hydrothermal events
(Potter & Taylor, 1990): An age of 2236 + 180 Ma
overlaps with the emplacement of the Nipissing dia-
base; an age of ca. 1160 Ma coincides with basin-wide
K-Na-metasomatism related to the waning stages of
the Penokean orogeny.

The Nipissing diabase likely contributed to the for-
mation of polymetallic veins by providing heat to give
rise to a long-lived hydrothermal system and may



have also generated fluid pathways. The presence of
(a) a high-salinity Ca-dominated fluid (brine) throug-
hout vein formation and (b) a low-salinity liquid-like
fluid during main-stage ore formation suggests that
ore mineral precipitation was triggered by fluid mi-
xing, which destabilized the Ag chloride complexes
in the high-salinity fluid (Marshall et al., 1993). Fluid
inclusions further indicate conditions of vein forma-
tion of ca. 300-340 °C and 80-130 MPa (Marshall et
al., 1993). The Archean sedimentary rocks are rich
in sulfides, and may represent a source of metals that
were leached by the hydrothermal fluid or may have
facilitated metal dissolution by sulfide remobilization
(Smyk & Watkinson, 1990). However, the source of
Ag remains debated, as an unexposed, deep-seated

magma source or the Nipissing diabase were also in-
voked.
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XII Banded Iron Formations and Early Earth

Dean Khan

Introduction

A banded iron formation (BIF) is a chemically preci-
pitated sedimentary deposit containing at least 15%
iron. Thin layers of iron oxides are interbedded with
Fe-poor shales or silicates on a millimetre to centime-
tre scale. These deposits currently make up more than
60% of global iron ore reserves (Zhu et al., 2014). BIFs
are abundant in the Pre-Cambrian, some of the oldest
associated with the Isua Greenstone belt in Greenland
forming 3.7-3.8 Gya. Peak production of BIFs occur-
red 2.4 Gya, about the time of the great oxygenation
event (GOE), stopping around 1.8 Gya. The GOE saw
the saturation of shallow water with respect to O, re-
sulting in the precipitation of magnetite as dissolved
Fe and Fe** reacted with the free oxygen (Holland,
2006). There is subsequently a billion-year hiatus in
BIF deposits as all dissolved oceanic iron had already
oxidised. The last set of BIF deposits form from 750
Mya concurrent with global glaciation events during
the late Tonian and Cryogenian. BIF deposits are dis-
tributed in Pre-Cambrian craton and shield regions of
all continents, except Antarctica where only one BIF
deposit has been found (Trendall, 2013).

Types of BIFs

BIFs are categorised into three groups — Superior,
Rapitan and Algoma. Superior type deposits, named
after Lake Superior on the US/Canada border, are
characterised by the significant continuity of indivi-
dual layers sometimes for 10’ to 100’s of kilometres
(Trendall, 2013). These deposits formed 2.7-1.8 Gya,
around the time of the GOE in marine shelf environ-
ments. High phytoplankton productivity produces an
oxygenated layer which reacts with upwelling dissol-
ved Fe2+ to form the BIF (Frei et al., 2013).

Rapitan type deposits are associated with late
Pre-Cambrian global glaciation. Global anoxia during
snowball Earth events and a build-up of dissolved fer-
rous iron in sea water primed the oceans for Rapitan
type deposits (Martin, 1965). As glaciers retreated
ocean water became oxidised once more precipitating
iron oxides (Baldwin et al., 2012).

Algoma type deposits are generally smaller than the
Superior type deposits and form throughout the
Pre-Cambrian. These BIFs are associated with rift set-
tings and lack large scale lateral continuity. Sequences
with this type of BIF contain significant amounts of
submarine volcanic material and many lie in the same
stratigraphic horizon as volcanogenic massive sulphi-
de deposits (Sial, 2015).

Numerous BIF sites in North America are capped
with a breccia deposited sometime between 1.875 and
1.83 Gya (Figure 3). This breccia contains fragments
of impact ejecta hypothesised to have come from the
Sudbury impact event 1.85 Gya. Some breccia depo-
sits contain deformed masses of chert, suggesting no
unconformity between BIF deposition and the impact
event. Above the breccia lies organic rich mudstones
with little to no iron formation subsequently occur-
ring. The Sudbury impact likely had a significant ef-
fect on ocean water chemistry resulting in a hiatus in
BIF formation until the Rapitan type deposits a billion
years later. This has been suggested to be due to the
mixing of the previously stratified ocean, with its thin
oxygenated layer produced by phytoplankton activity
above an anoxic deep ocean (Slack & Cannon, 2009).
The post impact oceans were much more homogenous
and suboxic.
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Figure 2: Hypothesises for the formation of the Rapitan, Algoma and Superior type BIF deposits (Sial, 2015).
These models all rely on a high bio-productivity producing an oxygenated layer in which dissolved iron pre-
cipitates. Images on the right show characteristic properties of BIFs of these types. Top: layers of jasper and
magnetite deformed beneath a glacial drop stone (Photo credit - P. Hoffman). Middle: Layers of chert, jasper
and magnetite from the Soudan Iron-Formation (Photo credit - J. St.John) Bottom: Laterally continuous beds
of hematite and jasper from Dales Gorge (Photo credit — G. Churchard).

Mattarrow mine: Banded iron formation with
veinlets containing galena, sphalerite, pyrite and
pyrrhotite.

Between Timmins and Cobalt, most BIF deposits e
are of the Algoma type (Sabina, 2000; Diekrup et al.,
2018). BIF deposits in this area include:

Sherman Mine: Bands of grey quartzite, jasper and
chert, chloritic and tremolitic tuft, and finely gra-
nular magnetite. The jasper ranges from a bright
crimson to a brownish red colour. Minor minerals
present include hematite, pyrite (including up to
5 cm diameter nodules), stilpnomelane (phyllo-
silicate mineral associated with blue/greenschist
facies metamorphism) and chlorite.

Tommy Burns mine: Alternating bands of hema-
tite, chert and magnetite cut by quartz veins cont-
aining pyrite and gold.
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Figure 3: Correlation of the stratigraphy in and near the iron ranges of the Lake Superior region. The Sudbury
impact layer (heavy black line) that formed at 1850 Ma shows the end of large scale BIF deposits across the
region (Cannon et al., 2009).

Figure 4: Two examples of algoma type banded iron formation outcrops, only a few hundred meters apart,

observed in the Timmins area. The relative abundances of iron and silica vary significantly across the expo-
sed outcrops, as is typical for an algoma type deposit. Silica is significantly more abundant in the left image
forming thick pale bands. The right image is more iron rich, with thinner and less abundant chert layers. Fe

concentrations varied between 30 and 60% in this locality. Photos: K. Bulcewicz
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XIII The Cadillac-Larder Lake Fault:

fluid flow and gold mineralization
Michael Schirra

Introduction to orogenic gold deposits

Gold is one of the most important metals for humans
and has been mined throughout history from various
geological types of ore deposits formed in different
tectonic settings (Figure 1). More than 75% of the to-
tal gold ever recovered comes from orogenic gold de-
posits, which are, hence, the most important source of
this strategic commodity (Phillips, 2013). They are hy-
drothermally formed, quartz-vein hosted, economic
anomalies of gold in greenschist to lower amphibolite
facies rocks along second or third order faults associ-
ated to regional-scale structures that can reach mantle
depths. In contrast to many other gold-bearing depo-
sits, orogenic-type mineralization contains exclusively
gold as recoverable commodity. They commonly form
in the mid- to shallow crust (5 to 15 km) in compres-
sional settings, facilitating ascent of hot, gold-bearing
fluids along major shear zones (Goldfarb et al., 2005;
Phillips and Powell, 2009; Figure 1). Main features of
this deposit type include: (a) very late to post-peak
metamorphic timing, (b) located within a metamor-
phosed fore- or back-arc setting, (c) thermal equili-
brium between fluid and host rock, (d) addition of K,
S, CO,, Si, and Au by hydrothermal fluids but lack of
base metals, and (e) low- to moderate-salinity, CO,-
CH,-N-H.S bearing fluids that might have under-

gone phase separation (Goldfarb and Groves, 2015).
Orogenic gold deposits formed from the Paleoarche-
an to the present. Archean deposits are thereby hosted
in greenstone belts including sub-volcanic intrusions,
banded iron formations and minor amounts of clastic
sedimentary-rock sequences, while the younger ones
formed during the Phanerozoic are mainly associated
with clastic sediments (Goldfarb and Groves, 2015).
Gold lode deposits are present in all Archean shield
areas with prominent examples like the Yilgran cra-
ton in Australia, the Kaapvaal and Zambian Craton in
Africa and the Superior Province in Canada (Roberts,
1997).

Understanding the processes that lead to the formati-
on of these deposits is essential for further exploration
and the continuous supply of gold. Despite intense re-
search on orogenic-type gold deposits, however, main
mechanisms like the transport of gold in hydrother-
mal solutions and the trigger of precipitation as well
as the source of the fluid and gold remain speculative.
In the following sections, the genesis of orogenic gold
deposits will be reviewed with focus on the ones for-
med along the Cadillac-Larder Lake Fault Zone (CLL-
FZ) in the Abitibi Subprovince, Canada.
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Figure 1: Tectonic setting of different gold-bearing ore deposit types; from Goldfarb and Groves (2015).
Orogenic gold deposits are most commonly associated with fore- and back-arc regions of active convergent

margins (Rabeau et al., 2013).



Regional geology of the Cadillac-Larder Lake Fault
Zone

The Abitibi Subprovince is an Archean greenstone
belt composed of volcano-sedimentary sequences
metamorphosed at greenschist facies conditions and
separated by large granodioritic plutons. The Ponti-
ac Subprovince to the south is comprised of highly
folded and deformed turbiditic sediments showing
amphibolite grade metamorphism. The Cadillac-Lar-
der Lake Fault Zone (CLLFZ), an east-trending 250
km long sub-vertically to the north dipping regional
fault (Figure 2), separates both domains and can be
subdivided into four segments from west to east: (1)
Rouyn, (2) Joannes, (3) Malartic, and (4) Val-dOr.
Each segment displays different styles of deformati-
on, strike, and associated smaller-scale faults (Robert,
1989; Bedeaux et al., 2017). Multiple phases of ductile
to brittle deformation, metamorphism, and alteration
indicate activity of the CLLFZ over long periods of
time (Simard et al., 2013). Ductile deformation is cha-
racterized by continuous offset of markers and my-
lonites, while brittle deformation can be recognized
by abrupt offset of markers and the development of
faults and breccias. Development of fabrics typical for
a brittle-ductile shear zone is shown in Figure 3. The
most recent structural evolution model of the CLLFZ
includes four different deformation events, starting
with north-south shortening, followed by extension
that reactivated the fault zone, a subsequent deforma-
tion event leading to local S-shaped minor faults, and
finally a late northwest-southeast shorting produced

- Proterozoic sediment
[] Dacite, rhyolite
- Basalt, andesite

|:| Granite, granodiorite, diotrite,
tonalite, gneiss, migmatite

- Ultramafic rock 0_

Conglomerat, sandstone,
Wacke, schist and paragneiss

Ontario ! Quebec

by dextral strike-slip movements (Bedeaux et al,
2017). The first deformation event (D1) is recorded
by a well-developed, E-trending and vertically N-dip-
ping schistosity. Reactivation of the CLLFZ during
extension and uplift (D2) is evident by contrasting
metamorphic grades between the Abitibi and Pon-
tiac Subprovinces along the CLLFZ. The subsequent
deformation event (D3) is of minor importance and
developed only locally a northwest-trending cleavage
and folds, probably during local shorting along se-
condary fault planes. Ultimately, northwest-southeast
shortening (D4) caused dextral strike-slip movements
along east-trending fault planes marked by a recurrent
northeast-trending cleavage. The largely mineralized
Porcupine-Destor Fault Zone to the North displays a
comparable structural evolution (Legault et al., 2005).

Mineralization along the fault zone

Three different types of gold deposits are associated
with the different lithological units and deformation
events: (1) volcanogenic massive sulfide (VMS) de-
posits that formed during active volcanism, (2) syeni-
te-type magmatic-hydrothermal systems associated
with the emplacement of plutonic complexes during
D2, and (3) orogenic gold deposits during and after
peak metamorphism of D4 (Nadeau, 2019). Most
gold deposits are associated with the CLLFZ, which
structurally controlled fluid flow and pluton emplace-
ment. In total, more than 2000 tons of gold have been
extracted from the deposits along the CLLFZ up to
date (Rabeau et al., 2013). In general, ore is hosted in
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Figure 2: Simplified geological map of the CLLFZ and associated gold deposits and mines; from Rabeau et al.,
(2013).
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a network of tabular, sub-vertical veins consisting of
quartz and carbonates (typically ferroan dolomite)
with variable amounts of tourmaline and minor pre-
sence of opaque minerals such as pyrite, pyrrhotite,
and arsenopyrite (Roberts, 1997). Gold is hosted wit-
hin these veins or disseminated in the adjacent altered
host rock and usually associated with iron-sulfides.
The geometry of the vein systems and, hence, of the
mineralized zones depends on local structural featu-
res with veins parallel to C and S foliations shown in
Figure 3 (Roberts, 1997). However, vein geometry can
be complicated by sequential vein formation as defor-
mation progresses.

Figure 3: Development of foliations by simple shear
in a ductile shear zone. a) undeformed state. b) Strain
ellipsoid under homogeneous simple shear strain. c)
and d) Variations of the strain ellipsoid and foliation
(S) through a shear zone under low strain conditions
by heterogeneous simple shear. e) and f) Heteroge-
neous simple shearing under high strain conditions
leading to a spaced foliation (C) parallel to the walls
or shear banding (C’) transecting earlier foliations
(Roberts, 1997).

Although any lithological unit is capable of hosting
gold mineralization, felsic porphyry intrusions are
used as exploration tool in the Superior Province sin-
ce more than 90% of the major gold deposits are either
hosted by or adjacent to such intrusions (Hodgson &
MacGeehan, 1982). Mineralization is mainly hosted
by the Piché Group, consisting of mafic to ultramafic
rocks of upper greenschist to lower amphibolite facies

rocks that are highly strained and altered (Simard et
al., 2013). Hydrolysis and carbonatization due to ad-
dition of mainly CO,, K, S, and H,O produced various
alteration styles including potassic (biotite + K-feld-
spar), chloritic (chlorite + calcite) and carbonate alte-
ration (Fe-rich dolomite + sericite + pyrite + quartz;
Roberts, 1997). Chlorite alteration is of regional ex-
tent while carbonate alteration is most intense around
individual veins but can be extensive within the vein
systems due to overlapping alteration selvages.

World-class orogenic gold deposits associated with
the Cadillac-Larder Lake Fault Zone

The Lapa deposit is located in the eastern part of the
CLLFZ within the major fault zone and hosts gold
mineralization within fine-grained, foliated rocks of
the Piché Group along the contact with sedimentary
rocks of the Cadillac Group. Strongly dismembered
and folded carbonate-rich veinlets are associated with
mineralized rocks. Gold mineralization occurs as au-
riferous assemblages of arsenopyrite-pyrrhotite + py-
rite and native gold disseminated in biotite-carbonate
altered host rock associated with native gold-bearing
quartz + dolomite-calcite veins. Sb-bearing minerals
such as stibnite (Sb,S,), aurostibnite (AuSbS) and
gudmundite (FeSbS) are associated with gold mine-
ralization. Based on petrographic observations three
mineralization stages are described during which the
gold was first precipitated as auriferous arsenopyrite
and later remobilized and deposited as native gold
grains (Simard et al., 2013).

The Canadian-Malartic deposit is located in the Pon-
tiac Subprovince, immediately South of the CLLFZ,
hosted by meta-sedimentary and intrusive rocks be-
longing to the Pontiac Group and structurally cont-
rolled by east-striking south-dipping secondary order
faults (Perrouty et al., 2017). It is a large-tonnage but
low-grade deposit. Vein-hosted and disseminated
gold is mainly associated with pyrite in dominantly
potassic-altered rocks (Helt et al., 2014). In contrast
to other orogenic gold deposits, mass gains in silver,
tellurium, bismuth, molybdenum, lead, antimony
and tungsten have also been described, which might
indicate a magmatic fluid source (Helt et al., 2014;
De Souza et al., 2016). Gold mineralization is indeed
associated with quartz-monzodioritic intrusions, pro-
bably facilitating the propagation of secondary faults
along rheological contrasts and hence enabling mul-
ti-stage fluid flow from the main CLLFZ into local se-
cond order structures (Perrouty et al., 2017). Based on
Re-Os dating of molybdenite, an absolute age of 2664



+ 11 Ma is assumed for ore formation (De Souza et
al,, 2016).

The Sigma-Lamaque deposit (Chapter X) contains
more than 100 t of gold in multiple generations of
quartz-carbonate-tourmaline veins spatially associa-
ted with shear zones and porphyritic intrusions and
pyrite-rich altered volcanoclastic wall rocks. In ad-
dition to gold, pyrite, rutile, chlorite, muscovite, py-
rrhotite, chalcopyrite, galena, and bismuth tellurides
are present within the vein system. Native gold grains
are rare and most gold occurs as inclusions or along
fractures in pyrite, tourmaline and quartz, alloyed
with significant amounts of silver (up to 17 wt.%).
Aqueous-carbonic fluid inclusions of low salinity (<
8 wt.% NaCl_) and oxygen isotopes of quartz-tour-

maline pairs suggest formation temperatures between
roughly 300° and 400°C (Olivo et al., 2006).

The Kerr-Addison deposit is a major Archean lode
gold deposit in the Abitibi greenstone belt, localized
immediately to the south of the CLLFZ and hosted
by originally mafic to ultramafic rocks metamorpho-
sed at greenschist-facies conitions and overprinted
by chlorite-carbonate alteration. Gold is associated
with pyrite in quartz-carbonate veins and dissemina-
ted pyrite preferentially concentrated at the interface
between of carbonate-muscovite and carbonate-albi-
te alteration, indicating that lateral variations of fluid
chemistry, probably due to pH gradients, led to gold
accumulation (Kishida & Kerrich, 1987).

Vein and alteration petrography of several orogenic gold deposits from the Abitibi greenstone belt (modi-
fied from Nadeau, 2019). a) Altered porphyryitic texture of granodiorite with quartz-carbonate veinlets. b)
Altered quartz monzonied with disseminated pyrite. c) Mineralized meta-sediments cut by quartz-carbonate
vein. d) Sheared syenite with hematized K-feldspar, quartz and quartz-carbonate-pyrite veins. e) Chloriti-
zed porphyry showing quartz-carbonate veinlets crosscut by biotite-chlorite veinlets. f) Fluid flow channel
cutting through K-Fe-altered protolith with quartz, carbonate, and fine pyrite. g) Reflected light image of
gold-rich pyrite close to carbonates. h) BSE image of pyrite grains encircled in g) showing tiny gold and silver

inclusions hosted by the pyrite.
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Source of fluid and gold

In general, there are two potential sources for the
gold in orogenic-type deposits: (a) devolatilization
of rocks during metamorphism and (b) felsic-inter-
mediate magmas emplaced at lower to mid crustal
levels (Tomkins, 2013). The main argument for the
metamorphic origin is the close spatial relationship
of orogenic gold deposits with regional-scale fault
zones, while the presence of magmatic intrusions is
not document from all deposits of this type and age
constraints are lacking. In contrast, the magmatic-hy-
drothermal model is based on the common spatial
association of intrusions with gold mineralization
combined with alteration-types and fluid compo-
sitions typical for magmatic-derived fluids. Recent
studies combine both models and assume mixing of
primarily magmatic fluids from the mantle or lower
crust with metamorphic fluids in the upper crust (e.g.
De Souza et al., 2016; Nadeau, 2019). Fluid migration
and focusing via shear zones and hydraulic fractures
is common to all the different models.

The metamorphic devolatilization model

For most deposits a metamorphic fluid and gold sour-
ce is favored (Goldfarb et al., 2005; Phillips & Pow-
ell, 2010), with the most fertile fluid generated by
pyrite-bearing carbonaceous rocks (Tomkins, 2010).
Biogenic and diagenetic pyrite is thereby assumed
to be the most important source of gold, which was
primarily scavenged from oxidized seawater and sub-
sequently released during later metamorphism (Tom-
kins, 2013). Gold in seawater might be enriched by le-
aching of oceanic basalts in form of magmatic sulfides
that are remobilized by the seawater (Roberts, 1997).

This source is certainly a valid option for orogenic gold
deposits that formed in sedimentary rock sequences
during the Phanerozoic after the great oxidation event
but older Archean lode gold deposits, like the ones in
the Abitibi greenstone belt, must have had a different
source of gold, which might have been the basaltic to
andesitic volcanoclastic rock sequences (Goldfarb &
Groves, 2015). Required amounts of carbon-rich fluid
to transport sufficient amounts of Fe, S, and Au are
produced during metamorphic devolatilization of hy-
drated carbonated rocks primarily across the green-
schist-amphibolite facies boundary (Figure 5; Phillips
& Powell, 2010). Gold is thereby released during the
same devolatilization event and not leached from li-
thologies along the fluid pathway (Goldfarb & Gro-
ves, 2015). In the CLLFZ the main ore forming event
is assumed to be temporally correlated to the major
shortening (D1) and the late strike-slip event (D4; Be-
deaux et al., 2017, and references therein). Metamopr-
hic fluids used the CLLFZ as conduit to rise towards
the surface, where they were channeled into second-
and third-order shear faults. Despite a few exceptions,
most gold deposits are spatially associated with such
higher order fault zones.

The magmatic-hydrothermal model

In the Abitibi greenstone belt many gold deposits are
spatially associated with magmatic intrusions (e.g.
Sigma-Lamaque, Canadian-Malartic, Duquesne, Do-
lodau, and Lac Shortt; Helt et al., 2014; De Souza et
al., 2016; Nadeau, 2019), indicating a potential role of
magmatic-hydrothermal fluids in ore genesis, which
was obscured by later deformation and remobilization
(Mériaud & Jébrak, 2017). Igneous rocks associated
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with gold mineralization are syenites, lamprophyres
and carbonatites containing primary magmatic car-
bonates. Trace elements, stable (§*C and 6'*O) and
radiogenic isotopes (*Sr/*Sr) from magmatic and
hydrothermal carbonates might provide crucial in-
sights into fluid sources (Nadeau, 2019). Consistent-
ly high Sr/Mn and Sr/Ba ratios as well as the isoto-
pic ¥Sr/*Sr signature of the carbonates from various
orogenic gold deposits point toward a mantle source
(high Sr) of the fluids and subsequent mixing with
upper crustal metamorphic fluids (low Sr; Figure 6;
Nadeau, 2019). Especially values above 0.714 indicate
carbonate precipitation from fluids that have interac-

a) Duguesne

ted with reservoirs marked by very high Rb/Sr ratios,
such as clay-rich sedimentary units in the upper part
of the crust. Variable amounts of fluid mixing from
the different reservoirs might have been responsible
for gold precipitation. Consequently, magmatic-deri-
ved fluids might play an important role, at least in the
formation of some orogenic gold deposits in the Ab-
itibi greenstone belt (Figure 7; De Souza et al., 2016;
Nadeau, 2019). Interestingly, elements enriched in ty-
pical orogenic gold deposits, namely Au, As, Sb and
S, are characteristic elements enriched in vapor-like
fluids from magmatic-hydrothermal systems, such as
porphyry copper deposits.
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Figure 7: Conceptual model for the genesis of Archean lode gold deposits in the Abitibi greenstone belt
(Nedeau, 2019). Fluid flow is channeled along the Wedding-Lamarck/Opawica-Guercheville (WL/OG) and
the Cadillac-Larder Lake/Destor-Porcupine (CF/DF) suture zones. Along these suture zones magmatic fluids
from partially melted mantle material and metamorphic fluids produced at the amphibolite-granulite (A-G)

and greenschist-amphibolite (GS-A) transitions.
Fluid characteristics and gold precipitation

The age of many orogenic gold deposits and the assu-
med long fluid flow paths coupled to the long lifespan
of the hydrothermal systems limit the informative
value of fluid inclusions and isotopic studies. Howe-
ver, comparison of fluid inclusion assemblages from
many orogenic gold deposits indicate that a H,O-
NaCl-CO, + CH, low salinity (3 to 7 wt.% NaCleq),
H S-bearing fluid with near-neutral pH (~5.5) at
moderate temperatures (220° to 450 °C) and pressu-
res (10 to 50 MPa) is responsible for ore formation
(Ridley amd Diamond, 2000; Garofalo et al., 2014).
Generally, gold might be transported by hydrosulfide
complexes (Au(HS)* and AuHS) in weakly-oxidized
fluids (Roberts, 1997; Phillips & Powell, 2010; Tom-
kins, 2013). Destabilization of these complexes will
accordingly result in gold precipitation. In addition to
rapidly decreasing temperature and pressure during
fluid ascent, mechanisms like boiling (Weatherley and
Henley, 2013), fluid mixing (Bateman and Hagemann,
2004), fluid-rock interactions (Evans et al., 2006) and
chemisorption on pyrite and arsenopyrite surfaces
(Moller and Kersten, 1994) were identified as poten-
tial triggers of ore formation. Buffering of the hydro-
thermal solution at an optimal pH by weak acids such
as H,CO, might be very important, indicating that a
spontaneous change in pH due to boiling, fluid mixing
and fluid-rock interactions is indeed a main precipi-
tation trigger (Evans et al., 2006; Phillips and Powell,
2010). Fluid reduction by carbon-bearing host rocks
and resulting precipitation of pyrite also destabilizes
gold complexes and lead to precipitation (Phillips and
Powell, 2010).

Impressions from the field

Several deformation features that represent the tecto-
nic events (D1 to D4), which created the Cadillec-Lar-
der Lake Fault zone, were visible during the field trip
and some examples are shown in this chapter (Figures
8-10).

Figure 8: Boudinaged quartz vein in greenschist
facies metamorphosed rock, indicating extension
during the D2 deformation event. Photo: M. Schirra



Figure 9: Rotation of a block between two local
shear bands caused by dextral strike-slip movements
during the transpressional D4 deformation event.
Photo: M. Schirra

Figure 10: Different generations of barren quartz
veins crosscut by late sulfide-bearing ankerite vein-
lets in highly altered greenschist. Locally, such quartz
vein systems can host economic accumulation of gold.
Photo: M. Schirra
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XIV Canadian Malartic Mine
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Abstract

The Canadian Malartic deposit as an Archean gold
system is consisting 1 to 5 % disseminated pyrite
associated with fine native gold and free grains in
stockworks and veins hosted by diorite porphyry and
altered Pontiac Group metasediments. These host as-
semblages are intruded by a number of intermedia-
te to felsic porphyritic bodies having highly variable
geometries and occurring on the property as dykes,
sills, etc. Dominant alteration in the metasediments
is potassic metasomatism consisting of biotite-K-feld-
spar-carbonate, and biotite and K-feldspar are directly
related to gold mineralization. The Canadian Malartic
General Partnership in 2018 produced 697,200 oz Au
and 873,420 oz of Ag from about 20 Mt of ore grading
1.20 g of Au per ton and 1.8 g of Ag per ton.

Introduction

Malartic, the town next to the Malartic River in
northwestern Quebec, Canada, in the La Vallée-de-
'Or Regional County Municipality is located about 80
km east of the centre of Rouyn-Noranda along Quebec
Route 117 and the Canadian National Railway.

odpeyma

Canadian Malartic (Figure 1) is the largest operating
open-pit gold mine in Canada. Gouldie Brothers in
1923 discovered gold in the Malartic area for the first
time. From 1935 to 1983 it was mined —in gold mines
named Canadian Malartic, Sladen Malartic, East Ma-
lartic and Barnat, mostly from underground opera-
tions. After having different owners from 1983, Osisko
Mining Corp started owning the mine in 2004 and in
2005 drilled the first hole at the western extremity of
the deposit. In May 2011 its commercial production
started. In June 2014, Agnico Eagle and Yamana Gold
created the Canadian Malartic General Partnership by
acquiring Osisko Co. and the mine along it by having
50% share for each company. The mine is developed
to feed the mill at a nominal rate of 55,000 t of ore per
day and will be in production with the same rate until
at least 2026 with ongoing extension studies, and the
rate will be decreased until 2028. The ongoing project
of extending the Canadian Malartic pit consists of mi-
ning the Barnat deposit and the Jeftrey pit to the East,
both located in the territory of the town of Malartic.
These new prospects are shown in Figure 2 together
with other productive zones. The final pit’s dimensi-
ons will be about 3500m along strike and 920m wide,
with a final depth of 410m and the closure year of the

mine is planned to be around 2030. A hy-
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drogeological study is ongoing by the Gol-
der Associates Ltd. to verify if the Canadian
Malartic pit suitable to provide a hydraulic
trap and contain the tailings with minimal
environmental risk or not (Gervais et al,,
2014; Wares, 2013; Agnico Eagle Mines Li-
mited, 2018).

Geologic setting

The Canadian Malartic gold deposit is hos-
ted by clastic metasedimentary rocks of the
Pontiac Group and subalkaline porphyritic
quartz monzodiorite and granodiorite with
the ages of 2677 and 2678 Ma, respectively.
They are located immediately south of the
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Figure 1: Regional geology of Quebec’s southern Abitibi

tone belt, including location of the Canadian Malartic deposit

(Wares, 2013).

the alteration assemblages (biotite+musco-
vite and K-feldspar) are key features that
can also be applied in geochemical pro-
specting. It was suggested that D2 faults,

greens-
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Figure 2: Composite longitudinal section (Agnico Eagle — Geological maps).

shear and high-strain zones developed in the hin-
ge zone of F2 folds, and the Sladen Fault controlled
gold mineralization and its distribution. Neither the
northwest-southeast and east-west distribution of the
ore zones, nor the interpreted chronology of minerali-
zation relative to deformation and magmatism can be
explained by a simple magmatic-hydrothermal model
(De Souza et al., 2015).

Mining methos and machinery, economic and en-
vironmental aspects

Due to its low grade, profitable ore extraction from
the Canadian Malartic mine is only possible by con-
ventional open pit mining methods. Thus, without
its location at shallow depths, the Canadian Malartic
mine would be uneconomic at present gold prices. In
the pit they are using large-scale equipment to increa-
se the productivity and decrease the number of units
operating in the pit. The mine plan is designed in a
way to minimize the transportation distance and opti-
mize cost by locating the ramp entry, the mill site and
waste-dump areas. The entry ramp has an 8% to 10%
decline with a maximum width of 35 m so that the
trucks have access. The strip ratio in the pit is 2.40:1
(waste:ore) on average, the mine‘s payable production
in 2018 was 697,200 oz of Au and 873,420 oz of Ag
from about 20 Mt of ore grading 1.20 g/t Au and 1.8
g/t Ag. The mine processed on average 56,120 t per
day in 2018, which was higher compared to 55,774 t

per day in 2017 because of the mill optimization, ad-
ditional crushed ore from the portable crusher and
mill stability.

The mining operations done by these machines cause
a lot of noise so that noise-suppression devices were
installed on the larger vehicles, noise-barrier walls
were constructed, etc. Regarding improving the air
quality, the pit’s loading surfaces, roadways and ramp
are being sprinkled by water to help reduce dust. They
also control the blast-induced vibrations and noise
pressure on the town of Malartic during drilling and
blasting activities and implemented some restriction
for blasting when winds blow toward the town. The
tailings are also treated to reduce cyanide levels before
they are discharged into containment cells in tailings
and sedimentation pond areas from the previous mi-
nes that once occupied the same site (Gervais et al.,
2014; Agnico Eagle Mines Limited, 2018; Noble, 2015;
Wares, R., 2013).

Geology and ore genesis

At the southern margin of the eastern portion of
the Abitibi Subprovince, an Archean greenstone belt
spanning across the Ontario—Quebec border in Ca-
nada, the Malartic property is located. The east-west
trending Cadillac-Larder Lake Fault Zone (Chapter
XIII) is a major fault, which marks the contact bet-
ween the Pontiac Subprovince and the Abitibi greens-
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Figure 3: Local geology of the Malartic area with surface features and outline of gold mineralized zones (Wa-

res, 2013).

tone belt (Chapter IV; Figure 1). Immediately south of
the Cadillac Fault Zone, the majority of the Canadian
Malartic property is underlain by meta-sedimentary
units of the Pontiac Group (Figure 3). Small outcrops
of the Piché Group, consisting of bluish-grey, perva-
sively foliated ultramafic metavolcanic rocks are pre-
sent within the mining district (Wares, 2013). These
rocks show evidence for hydrothermal activity as they
contain many talc-carbonate veinlets. Less altered va-
riants are aphanitic to fine-grained, serpentinized ul-
tramafic rocks.

Meta-sedimentary rocks of the Pontiac Group host
the mineralization of the Canadian Malartic mine.
Rocks are composed of biotite, muscovite, oligocla-
se, chlorite, and epidote, and a maximum age of ca.
2685 Ma is suggested by U-Pb dating (De Souza et al,,
2015). Compositionally different intermediate to felsic
dykes, sills and intrusive rocks including porphyritic
quartz monzodiorite and granodyorite and also lam-
prophyre dykes have cut the metasedimentary rocks
at the mine site. They are hydrothermally altered and,
at least locally, host ore-grade Au mineralization. The
main mineralized intrusive phase is the quartz mon-
zodiorite, which is magnetite- and titanite-bearing

and consisting of perthitic orthoclase phenocrysts
(Figure 4), located in the northern and western parts
of the deposit (De Souza et al., 2015). Although the in-
trusive rocks are compositionally variable, magmatic
event(s) centered in the Malartic area are restricted in
time and dated to be syn-Timiskaming (2678-2676
Ma).

The gold occurs as less than 20 um large, free grains
in stockwork veins and as inclusions in pyrite (Fi-
gure 4c). Minor amounts of chalcopyrite, sphalerite,
molybdenite as well as gold-silver and silver telluri-
des are also associated with pyrite (Fallara et al., 2000;
De Souza et al.,, 2015), which occurs as disseminated
grains in the altered host rocks (Figure 4d). The mi-
neralization follows mainly E-W and NW-SE trends
defined by fault zone parallel to the Cadillac — Larder
Lake Fault Zone (Figure 5).

De Souza et al. (2015) subdivided the different vein
types occurring in the gold deposit based on minera-
logy, texture and cross-cutting relationships into five
groups: the first vein generations V1 (quartz-domina-
ted veins with low Au contents, interpreted to pre-da-
te the main mineralization event), V2 (stockwork vein
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Figure 4: Sample photographs. (a) Least-altered quartz monzodiorite of the Sladen zone. (b) F2 folds in
massive to laminated greywacke and mudstone of the Pontiac Group showing S2 pressure-solution cleavage.
Younging direction is to the northwest. (c) Stockwork of V2 veinlets and disseminated gold mineralization
in altered greywacke. (d) Proximal alteration in greywacke with ferroan dolomite coloured blue using car-
bonated staining technics. Notice the local presence of calcite (pinkish/purple) in biotite-rich zones. (e) V2
quartz veinlets with biotite-rich pyritized selvages in a distal alteration zone in sedimentary rocks. Veinlets
are formed perpendicular to bedding. (f) Proximal alteration zone in quartz monzodiorite, footwall of the
Sladen Fault. (g) High-grade laminated V3b quartz vein in D2 high-strain zone cutting the stratification at a

high-angle (De Souza et al., 2015).

system including variable proportions of quartz, cal-
cite, ferroan dolomite, biotite, microcline, albite, chlo-
rite, pyrite, and ankerite), and V3 (cutting V2, can be
further divided into 3 distinct subtypes) are related to
auriferous hydrothermal alteration. In contrast, V4
and V5 are barren and hence post-date mineralization
(De Souza et al., 2015).

The major amount of gold (~ 70 %) is hosted by alte-
red clastic sediments of the Pontiac Group, which are
overlying an epizonal monzodioritic porphyry intru-
sion pinching out in the eastern portion of the deposit.
Disseminated mineralization keeps on in the strongly
altered metasdiments, forming the Sladen Extension,
a subvertical tabular body, truncated by the Cadillac
fault. The South Barnat Zone of the current Canadi-
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Figure 5: Geological map of the Canadian Malartic open pit gold mine. Mineralized zones (0.3 g/t Au) are
shown in red. The outline of the open pit mine, as of September 2012, is shown as a dashed line. The approxi-
mate limit between the northern and southern structural domains is identified by a white dashed line. Names
of the main mineralized ore zones are identified in italic font. Location of the shafts of the closed mines: C =
Canadian Malartic, E = East Malartic, S = Sladen-Barnat (De Souza et al., 2015).

an Malartic Mine is this truncated portion of the de-
posit along with additional mineralization within the
Piché Group rocks north of the fault. The other 30 %
also occur in the upper portions of the porphyry body
underlying the host metasediments (Figure 6;Wares,
2013).

A magmatic-hydrothermal model defining the depo-
sit type was proposed, explaining the gold minerali-
zation of the Canadian Malartic mine. Exsolution of
an ore-forming fluid from monzodioritic magma at
mid-crustal levels is playing a role during its ascent to
potassically alter, carbonatize, sulphidize and locally
silicify the host rocks and deposit gold. The contacts
of the host rocks with Pontiac greywacke and Piché
mafic and ultramafic rocks provided the competen-
cy contrasts that helped focus the mineralizing fluids
(Gervais et al., 2014).

According to the other studies, as a result of D2 defor-
mation and gold-bearing hydrothermal fluids inva-
ding D2 structures, widespread brittle and brittle-duc-
tile structures, which are associated with at least part
of the alteration assemblages, disseminated orebodies,
and vein networks, have formed. The widespread car-

Figure 6: 3D projection of the Canadian Malartic de-
posit and adjacent South Barnat deposit. All colored
domains, except for light pink, grade more than 1 g/t
Au and define a synformal structure plunging toward
the ESE in the Canadian Malartic deposit . The light
pink domain represents a diffuse shell of low grade
(0.3 to 1.0 g/t Au) mineralization along the hinge

of the synform. The northern limb of the synform ex-
tends into the Cadillac fault zone (Sladen Extension,
hatched), where it is dismembered and, along with
subvertical, tabular, porphyry-hosted mineralization
north of the fault, forms the South Barnat deposit
(Wares, 2013).
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bonate alteration typifying many gold deposits along
the Larder Lake-Cadillac and Destor-Porcupine fault
zones in the Abitibi greenstone belt is related to D2
deformation (Dubé and Gosselin, 2007; De Souza et
al., 2015).

Syn-D2 deformation gold (ca. 2670-2660 Ma) supe-
rimposed onto, or partly remobilized from, an early
gold-bearing magmatic/hydrothermal system related
to Timiskaming-age porphyritic intrusions emplaced
along a major fertile fault zone could explain the main
characteristics of the Canadian Malartic deposit. In
addition, common features of Archean orogenic gold
deposits include a combination of widespread carbo-
nate alteration, overall low Cu, Bi, Zn and Pb contents,
CO,, KO, Na 0, and S hydrothermal metasomatism,
and the spatial association with brittle-ductile faults
and shear zones (Goldfarb et al., 2005; De Souza et
al., 2015). Also, one of the pivotal roles in forming the
Canadian Malartic deposit is belonging to the Sla-
den Fault through which gold-bearing hydrothermal
fluid(s) could rise (De Souza et al., 2015).

Open pit mine visit

Figure 7: Canadian Malartic Mine from west to east
sides. The holes observed on the ground were going
to be blasted. Photo: T. Roodpeyma
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XV Lamaque Mine

Milos Velojic

Overview

The Lamaque property is part of the Val-d‘Or mining
camp of the southern Abitibi Greenstone Belt. Geneti-
callyitis part of the Val-d’Or formation, which belongs
to the southeast zone of the Abitibi belt (Dimroth et
al., 1982). The property hosts three major orogenic
lode gold deposits, which consist of quartz-tourma-
line(-carbonate) veins closely associated with shear
zones. The property is owned by Eldorado Gold, and
an underground mine is currently being developed at
the Triangle prospect.

Geological setting

The Lamaque property is located in the Val-d‘Or mi-
ning district near the city of Val-d'Or in northwes-
tern Quebec, around 500 km northwest of Montreal
(Perrault et al, 1984). The Val-d‘Or district comprises
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the Malartic and Louvicourt groups, which formed at
2714-2611 Ma (e.g. Scott et al., 2002; Figure 1). The
Malartic group consists of komatiites and tholeiitic
basalts, which formed in a mantle plume-dominated
extensional environment, whereas the Louvicourt
group consists of mafic to felsic volcanic rocks of a
volcanic arc (Scott et al., 2002). Common rock types
include volcanoclastics (breccias, lappilli and tuffs),
andesitic lavas and hypabyssal porphyry intrusives,
most notably the Bourlamaque Pluton (Figure 1).

The lithologies of the Val-d‘Or district were metamor-
phosed at Greenschist facies conditions and exposed
to three major deformation events (Taner & Trudel,
1991). Notably, the D2 deformation is expressed in
tight and isoclinal folds, subvertical E-W-trending fo-
liation, faults, and shear zones that host the auriferous
veins (e.g. Robert, 2001).
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Figure 1: Geological map of the Val-d‘Or district from Kreuzer et al. (2019); Lamaque property outlined in
black. LLCZ = Larder-Lake-Cadillac fault zone, GIDZ = Garden Island deformation zone, Bp = Bourlamaque
pluton, ESp = East Sullivan pluton, Vp = Valentin pluton.
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Mining at the Lamaque property

The Lamaque property comprises the Sigma, Lama-
que, and Triangle gold prospects (Keogh et al., 2018).
All three prospects have in common: (a) a position
within a steeply dipping intrusive body intruded in
the Val-d'Or formation and (b) a close relationship
with faults and shear zones of the regional D2 defor-
mation event at ca. 2672-2665 Ma.

According to Keogh et al. (2018), the first gold dis-
covery at the Lamaque property happened in 1923,
followed by the construction of the first mine shaft in
1933 and ore extraction starting in 1935. The Lama-
que mine was active between 1935-1985 and 2010-
2012. The Sigma mine (Figure 2) was active between
1936-1999 and 2007-2008 and an underground mine
and between 1999-2000, 2002-2003, and 2004-227
as an open pit mine (Keogh et al., 2018). Production
from both deposits totalled ca. 9.5 Moz Au at a grade
of ca. 5.3 g/t Au (Keogh et al., 2018).

Sigma-Lamaque Complex

Sigma Open Pit

—

Lamaque Open Pit

Sigma

Lamaque

Open Pit Potdntial

mCcoP»EX>»r

Leved 20
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Figure 2: Cross-sections of the Lamaque and Sigma
deposits; from Integra Gold Corp (2017).

The Lamaque deposit (Figure 2) consists of two main
ore bodies: East and West plug, which are located wit-
hin the main tonalite-diorite intrusives (Perrault et al.,
1984). At the Sigma deposit, most of the mineralized
veins are located in a deformed andesitic block of the
Val-d’Or formation, intruded by a body of porphyritic
diorite and several east-west trending feldspar por-
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Figure 3: Simplified geology of the Sigma mine area
with marked borders of porphyritic diorite; from
Robert & Brown, 1986).

phyry dikes. The vein network of the Sigma deposit is
limited by two vertical shear zones called North and
South shear (Figure 3; Robert & Brown, 1986).

In 2011 Integra Gold discovered the Triangle gold de-
posit (Figure 4) and in 2015 restarted production in
the Lamaque area. In 2017 Eldorado Gold Corpora-
tion acquired Integra Gold and changed the name to
Eldorado Gold Lamaque. Today’s Lamaque property
consists of the recently-discovered Triangle gold de-
posit located just 2.5km south of the historical Lama-
que and Sigma mines, as well as No. 4 Plug and Paral-
lel. The total measured and indicated resources of the
three deposits amount to ca. 1.3 Moz Au at a grade of
ca. 8.5 g/t Au (Keogh et al., 2018).
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Figure 4: Cross-sections of the Triangle and Plug No.
4 deposits; from Keogh et al. (2018).



Like the other mineralizations at Lamaque, Triangle
is also a typical orogenic gold deposit. Gold is loca-
ted in quartz-tourmaline-carbonate veins in sub-ver-
tical shear zones centered around a steeply plunging
(around 70°) porphyry diorite (“Triangle Plug”),
which intrudes the mafic volcanics of the Val d'Or
formation. Gold bearing veins are on average 4-5m
thick; and the thickest veins are hosted by east-west
trending, 50-70° dipping reverse faults (Kreuzer et al.,
2019).

Mining at the Triangle deposit will be performed using
a haulage ramp system to the surface. The predomi-
nant mining technique will be long-hole retreat (sto-
ping) and minor room-and-pillar mining (Keongh et
al., 2018).

Most recent brownfield exploration was performed
between 2015-2017, employing drilling and geophy-
sical surveying (Keogh et al., 2018). In addition, the
Lamaque property launched a crowdsourcing compe-
tition for gold exploration in 2015 to further prospec-
ting in the area (Kreuzer et al., 2019).

Auriferous veins

Four types of auriferous veins were recorded on the
Lamaque property (Olivo et al., 2006): (1) steeply to
moderately dipping fault-fill veins accommodated by
shear zones, (2) subhorizontal extensional veins, (3)
subhorizontal veins within the porphyry dikes, and
(4) extensional shear veins with moderate dip to the
north. Veins consist of quartz-tourmaline(-carbona-
te) and minor pyrite, chalcopyrite, and scheelite (Oli-
vo et al., 2006). The veins produced alteration haloes
of white mica, carbonate, and pyrite and cross-cut all
rock types. Fluid inclusion evidence suggests that Au
was transported by a CO,-bearing aqueous fluid and
precipitated upon mixing with H,O-rich fluids (Olivo
et al., 2006).

There are still some uncertainties related to the gene-
sis (fluid and metal sources) of these deposits. Isotopic
and noble gas data are inconsistent between different
deposits. There are three genetic models of fluid sour-
ces of orogenic gold deposits in general (Goldfarb &
Groves, 2015): (1) magmatic-hydrothermal source-
from granitic intrusions, (2) metamorphic crustal
fluids, and (3) sub-crustal fluid source (from subduc-
ting slabs).

Impressions of the mine visit

Figure 5: Sample from Lamaque mine, containing a
quartz-tourmaline vein with pyrite and native gold.
Photo: M. Velojic

Figure 6: Vein in underground outcrop. Photo: E.
Gagnon
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Field stops: Sudbury Structure

Shirley Péloquin

O
\.\Eti,r_jﬂm !
\""\ Sto 10“3 ;
\ (St
Stop‘%ﬂ’z“‘?

I Stop.104

/
A
\L«/—F“ h 1 Stops105
P B : '
< i s e Lo 15

&d
5

LAy ‘ Google Earth

Figure 1: Overview over the field stops focusing on the Sudbury Structure

Day 1

Stop 101 - Levack Gneiss Complex with Matachewan dyke and Sudbury Breccia
Highway 144 North of Windy Lake; 464631E, 5164306N

Stop 102 - Quartz Gabbro and Granophyre
Regional Road 8 at Highway 144; 468456E, 5162763N

Stop 103 - Onaping Formation, Whitewater Group
Across Highway 144 from the AY Jackson Lookout on High Falls; 467233E, 5162488N

Stop 104 - Onwatin Formation — Whitewater Group
Highway 144 east of Dowling; 475069E, 5159227N

Stop 105 - Chelmsford Formation, Whitewater Group
Highway 144 west of Chelmsford. 481688E, 5157320N
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Stop 106 — Sheared Onaping Formation
Highway 144 Bypass between Chelmsford and Lively; 484730E, 5151486

Stop 107 - Fragment-rich base of South Range Norite
Highway 144 - 484424E, 5145048N

Stop 108 - Creighton pluton, Matachewan dike and Sudbury Breccia
South side of Highway 24 between the 144 Bypass and Lively; 485850E, 5144510N

Stop 108 - Pseudotachylite “Sudbury Breccia”
Tom Davies Community Centre — 488793E, 5141811N
Day 2

Stop 201 - South Range Norite
Regional Road 80: 501270E, 5155943N

Stop 202 - Sudbury Igneous Complex Quartz Gabbro and Sudbury Dike
Regional Road just south of McCrea Heights; 500640E, 5157821N

Stop 203 - Scenic View: Corner of Valleyview and Belisle Drive. 497579E, 5160158N

Stop 204 - Discovery Site
495941E, 5151977N

Stop 205 - The Big Nickel at Dynamic Earth: Sudbury breccia - Mckim Formation
122 Big Nickel Drive

Stop 206 — Contact Between Creighton Pluton and Elsie Mountain Formation -
Intersection of Godfrey Drive and Cliff Street, Copper Clift; 494743E, 5147449N

Stop 207 - Copper Clift Offset, Behind the Emergency Service Building.
494762E, 5146819N

Stop 208 - Sudbury Breccia
Southview Drive; 497075E, 5144757N

Stop 209- Shatter Cones
Ramsey Lake Rd., 1.4 km east of Paris St.; 501482E, 5146044N

All coordinates: UTM NAD 83, Zone 17



Field stops: Cadillac - Larder Lake - Fault

Pierre Bedeaux

Table 1: Overview over the field stops focusing on the Cadillac - Larder Lake Fault.

Location Day (Geological setting Themes Coordinates
Mineralization and 48°11°39.24“ N
Astoria showing 1-am |Cadillac Fault and Piché |deformation 79°0202.29“ W
48°1238.84“ N
McWatters trench 1-am [McWatters Formation  [Deformation 78°5423.39“ W
48°13°51.72“ N
Landry trench l-am [Piché Formation Volcanology 78°27°35.38“ W
Mineralization and 48°13°53.95“ N
Malartic Lake Shore Showing [1-pm [Riviere-Heva Fault Zone [deformation 78°09°07.88“ W
History, mineralization and [48°10°51.91“ N
Pan Canadian old mine 2-am |Cadillac Fault and Piché deformation 78°13°39.55“ W
Sedimentology related to  [48°11°37.21“ N
Timiskaming outcrops 2-am [Timiskaming Fm. mineralization 78°1248.82“ W
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Figure 1: Overview over the field stops focusing on the Cadillac - Larder Lake Fault.
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albite
arsenopyrite
aurostibnite
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Some impressions of the field trip







1pd'80-81 0ZHEYDIENSOUOIYD/MEYISD|/B10"AydelBiesns mmmy/:dpy 4N

. . . 0LFOLS ¥'0F 6°'85¢€ 06yl ~
$02-66 :9€ S8posid3 "Weyd olydesbiensouoiyd [euoneussiu] SO YL ueisellag
(pejepdn {g10Z) "X-T ‘Ued 3 “Td ‘P1eqaI “O°S “Aeuuld “INM ‘UBY0D 8o oL — U
3\ 8102 1snBny ‘AydesBiesns uo uoissiwwo) [euoneussiul (9) 62G ~ ¥'0F L'9tE CN_C_OCN_N>
m» Ue4 "X~ ‘pIeqaID “1d “adieH "L'y"d ‘Uayod W' AQ payelp Leyd uessip 628l ~
y) (610" Wb Mmm//:dny) PIOAA Y3 Jo dejy [ed1Bojoss - o 2 ) uelAusineH
14 a4} 40} UOISSIUWIOD 8y} SMOj|o} Bulnojo) LeG ~ Z'0% 6088 .o ® y'6ct ~ lamoT]
*SUOISSILLILIOOGNS SO JUeAS|al € mmmum @) Cm_>0r_v_3Q._®m ._QQQD = . pEILS e
ay) Aq papiACId aJem UBLGUIEDSIH PUE UBJULISd ‘DISSEl] ‘SN0SoBIaI) 16 ~ ¢ Sousg & V0T Z'6Ze 0'gel ~
‘auabosjed Jaddn “Aueussient auy 1o} 8soy (Z1.0z) [e 1° ulsispel t mmmum w ueuByseg Jomo] % D Cm_a/.\
Aq 210z ©leos awi] 216008 v/, WOl USME} S8 UBLIWEDIBId pUE 60G ~ Ml o |-
UBIWLIB ‘OIssel ]| ‘snosoejal) ‘susbosied Jaddn “Aieuseyeny Jdeoxs uenijnpA m 20FZGle W o€CLL ~
swiaysAs ||e Joy sabe [eouswnp “(Ape3iemot) 377 pue (3ppPIA) N G'¥0G ~ m UBIAOOSO\ SIPPIN | < uelq|y
‘(epeeddn) /N se pejelnaiqqe ale syoodaqng/seussang payey uelwniqg uelBujjoelly | = 10T 0'20€8 UBIAGUISE] 5 T !
‘papinod si (~) aBe [eouswinu ajewixoidde ue ‘sebe §°00S ~ 1'0F 2'€0E d £ Jeddn |2 QL §00}
EQUBLLINU PALIESUCD JNOLM 10 SISSS PoIE! INOLIM DI0Z0IBUEY o) ueibueyzng uelpyzo o I5) UeluBWwoua)
Ul S8IBPUNOQ 104 "0p SJSSO AJUO ‘UeledeIpg 8y} pue dlozolaueyd L6V ~ ueiqied GL'0F 6862 o 6°'€6
U} Ul SHUN BUYSP JOU Op pUE UOISIARI 0} J0algns ale sabe [eouawnN Y6y ~ . m/uh ueluoinj
; Bio, - uelueysbuelr ueibuoin L1'0F 2G'€62 o. o
'MO[8q PUNo} S1 Yo SIy} 0} TN 8y “BioAydesbnens mmm/:dpy 568 ~ H I3) €'0¥ 8’68 TEGEG
a)isqem oyl Je  J|qe|leAe  Ble  SJSSO  paynes uo 0} abejs 9Z'0% 1L'062 o 1oeIlod
uoleuLIojul pajlelap pue speyd ‘(YSSo) seby olyde.bilens plepuels  q. £ ooy S0¥ €98 UBIUOJUES Jaddn
leqol) Aq pauyap Buo ‘010z01s)01d pPuE Ueaydly 8y} Jo asouy Buipnjour N L 207 968 :
‘saliepunoq Jamoj 11y Joj (dSS9O) siulod pue uonosg adAjojens ueloopewal] 9'0¥ G'€8e
AKiepunog [eqojo) Aq pauyep Buieq Jo ssa00id 8y Ul e SYUE |[e JO Spun VFLLLY N cm_chEmO
009% ~ s @] Horsee S IBERC comrer uenyousee
V'1¥00LY ‘0 Q' Y9!
uespep CLF £ 90 N uelbuideq a G'0¥ 8'89¢ UBIPIOM 099
o O L
000% ueljimieq < vo¥ 1’592 ueiueyden 1o uelueq
6'0F 185t Q. o 3 S0F VO RPN 3 UBIpUBISS | susd0s|ed 3
ueigpues = NS 10°0F b1552 R ueibuidon ) c6s Ueneuey | )
009¢ L0F 0°ESY o3 vl ueibuisybuey) S 098 : 5
ueney Jaddn o Q %20 om. wmm [X<74 enp NG @ R p.m @
o N BIMOUS|O !
viFcsyy Uenueuliy o. m z1lve - m 8y o m
SLF 8EYY v
ooce Rl ueiueppnyy o = 7h2 ~ 510D = . uensin |u820g nm =
Z1LF80by UeIuoIBY elulpe 1244 ueluopeg @
RERE% : Aienopuer] 152~ g8 . 3
0082 ueiyohjaL %) ueiwie) q ueluogeld o
807 V€8V S BIpoOMUBYS = 122 ~ 6ee
L'0FG0gY UBLBWOH F0USM | 5, ueljedny
oose S0% ¥ 12h ! o ueloN add . 2u82061|0
uension S 812
0F 9 . mojpny uemeyo
6'0% 9'5ey UBIpJoIphT ) ' @)
00z €27 8Ly : 580~ £oee =
110pLd uefneeyy . ueluejinby 5
0502 ZEFTBLY ¢0F€710C eibue)s rvoe uelebiping m
UBIAOY YO0 €0F €661 16'SL . m =z =
ot o e 9 uelybueT] o
8CF¥ 80LY eibe
ueioe.l o . 2uad0I
008t 9'2F 9°L0¥ BT 13m0’ 0'L¥ 8061 e z8el uBljeneliss IN m
€9'LL
0091 ueisw3y 1°0F 2°Z81 ueluouo| w
ot uelwwAen 717 668 o ueloIeo] ove'L UBIUISSAN @
EEEE oj0zoJsjoid uel|syig OLFLvLL ueluseyY fostoe] uesjouEy
'sep3 -0s9|\| 807 L'/8¢8 eIPPIN YIFE0LL : 7 009°€ aua20l|d
oozl uenaAl eIt 689l 100] S|PPIN ueizuaoeld :
uelusis 9'L¥ 128 - uejuoyieq 85'C
0001 : TLF199L ; i ueise|e ')
v uBIuo uelusel 0'L¥G€9lL TETRTNg 08l uengelen %
e ENEXAALS IPIOXO 182°0 2Ud20]SI9|d | =
0z ~ 910zoJsjoid Jaddn 0'LFELSL . 8IPPIN @
ueiuabohin 08N UBILLOWE uelbpuawwy Jaddn 9210 Jeddp 3
ge9 - ueleoelpy . : 607 et ueluoyil | hu_ww%oo ” N 9USJ0|0H 2
0LFOLYS : 0% 685 oyl ~ ’ ’ 1% R [ <
(ew) ebe @ @ A uog / (ew) ebe @ (ep) abe ® ep) ebe @
i % % pouad / waysAs  es3 / wayielg WwetoUo3 b iune % oby / obejs yood3g / seuss % .mv\d bo\d v % aby / ebejs yood3 / seues h%& .mw\d 003 _Am o_\_w_wE:c % aby / ebejs yood3 / saueg h%& mw\d 003
> & & K I8 ® $&F
NN > NS NN
® o X ® o X ® o
o o o
Sy Sy F &g
Q N Q N Q N
80/L0Z A Aydeibyesyg uo uoissiWWoO jeuoijeuUId}u| 610 Aydeibijesys-mmm $ONI

14VHO JDIHAVAHOILVI1LSONOYHD TVNOILVNYALNI *



