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Introduction

Sodic C-types «Enrihed» TTGs
Potassic Ctypes

L D High LREE
.

Bt-granites
Abitibi Subprovince «C» = :S,E,
Archean magmatism (peraurinous)

* Synvolcanic period (TTG suites, tholeiitic, ...) !

e >2790to ~2710 Ma (north)

* 2730 to 2695 Ma (south) «M»
* Syntectonic period (alkaline magmatism, ...) _

2701 to 2690 Ma (north) vl

* 2695 to 2650 Ma (south)

Alkaline
Magmatic-hydrothermal systems
* Porphyry-style of mineralisation

* |RGS —intrusion-related gold systems

Sodic <«—— - » Potassic

Moyen (2019) - Geological Society London
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Introduction

Understanding magmatic-hydrothermal systems

Motivations

* Provide a scientific basis to exploration
models

* Implications for the tectonomagmatic
evolution of greenstone belts
Hypothesis

* Neoarchean intermediate to felsic
magmatism fertilized (Au, Cu, ...) the upper
crust

Method

* Igneous petrology

200 ym
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Understanding Archean magmatic-hydrothermal systems, it’s also:
* Geodynamic setting
* Partial melting conditions (P, T, %)
¢ Magmatic system (volume, duration)
* Characteristics of the differentiation process

¢ Shallow intrusive system (emplacement depth? Duration? Degassing
conditions?)

* Mineralizing systems (characteristic of the fluid, volume, host rock
composition and structure)

Multi-scale projects
* Large-scale (geodynamic setting, magmatic system)
* Intermediate scale (magma intrusion)
* Local scale (intrusive phase, hydrothermal system)
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Depth (km)

The Chibougamau transect
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Metal Earth seismic surveys — regional R1 and high-resolution R2

Seismic reflection (Cheraghi et al., 2018; Naghizadeh et al., 2019).

Abitibi Subprovince Opatica Subprovince

e ¢ R1-113 km long, 4 segments
Kopipagn + 4} iac s,.“,gﬁ;’““'““"'l"&i b e A- upper-crust
| i * B - mid-crust
= s b ¢ C-lower-crust
TR LA ke el e el D — parallel to stratigraphy

s’}

Druillettes Lo Dagversiére Chipois  Chibow,

Doda FEZ  Guercheville FZ

— 3
el

G

,,,§ Lithoprobe - Abitibi
(Calvert and Ludden 1999)
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Seismic reflection

Multi-scale projects
* Large-scale (geodynamic setting, magmatic system)
* Intermediate scale (magma intrusion)
* Local scale (intrusive phase, hydrothermal system)

Absibi Opatica Subprovince
I ]
Drailieties Lo Demrersiére Chapsis  Chuibouzamsn Chibouzaman Waconichi Waconichi
4 Antomette FZ e
DodsFZ  Gueschenille FZ Kapuspoagm FZ " Lac Sawvaze FT wrh Barlow FZ Srucoures (Pl 7)

Lithologies (Figure 1)

Chibougamau profile
(seismic reflection)

=i sd METAL EARTH
[ Jrower crust

= Folds

=+ Contact Abitibi
and Opatica
subprovinces

T
20 100

Mathieu et al. (2020) - Tectonics
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Chibougamau transect
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1. Tholeitic (TH) magma — basalts and Lac Doré Complex
2. ‘Calc-alkaline’ magmas — felsic flows (anatexis?) + TH
o
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Q
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Geodynamic evolution

Partial melting of hot ambient upper mantle (Herzberg
et al., 2010; Herzberg & Rudnick, 2012)
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(a) Synvalcanic period (2.8 - 2.73 Ga)
O olcanic rocks
Caopatina Fra?

8

Voleanic cycle 1
{central volcano? plateau basalt!)

Mare mature crust to the north?

Ao Tkt Gempley Connécted to the Abitibi crust?

N

Nature of lower crust? Mafic cumulats and goeisses? Sialic basement?

(b) Synvoleanic period (2.73 - 2.71 Ga)

Shorlening
begins?

Micro-plates imbircation?
Shortening of continuaus crust?

Main shortening
event?

(d) Svatectonic period (2,69 Ga'

Hébert pluton

N

of deformation
10km
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Synvolcanic magmatism in the Abitibi

greenstone belt

400,000 (m) 500000 600000 700000 800,000 900,000 1000000
0
ONTARIO E QUEBEC Opatica Subprovince
© U-Pb geachro- | | [ Sedimentary rocks
nological data | | [T Volcanic rocks
E - Other methods [ Gneiss
=
8.
g 5 25 0 50 km
5 N —
o
Quetico .
Subprovince "
L
@
&
g 5
= I3 3
g1 & A o N
) 3 ; o,
|
¥ A
§ .
M Syntectonic intrusions
= [ Synvolcanic intrusions
S | Foliated intermediate to felsic
S ~intrusions and gneisses
8 [ Unclassified mafic, interme-
0 { diate and felsic intrusions
Cobalt g Mathieu et al. (2020) - Minerals
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The Chibougamau pluton

e Plton [ Chibougamau Pluton (ca. 2715 Ma)

(TTD suite, Chibougamau area)
* Field relationships: intermineral dykes, alteration, ...

¢ Pyrite chemistry — magmatic fluid signature
¢ Fluid inclusions (in progress)

950000
1

Québec

Chevrillon
pluton

5550000

Pluton;
* 27482714 Ma o o AsS Co®

2701-2765 Ma

Opémisca

w&‘m;nvm. Front

Volcanic rocks (cycle 1)
Volcanic rocks (cycle 2)
e Sedimentary rocks
[ LacDoréComplex (LDC)
[ Otherintrusive rocks and gneiss

Achil (diorite, tonalite, trondhjemite)
Achila (meladiorite)

Achi2 (tonalite, diorite)
Achi3 (diorite, trondhjemite)
Achid, nAdbr (magmatic breccia)

Anville
pluton

Eau Jaune
Complex

Complex

b ’ Mathieu (2019) — Ore Geology Reviews

MERN map

Mathieu and Racicot (2019) - MDPI Minerals
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Petrogenesis of the Chibougamau pluton

L

L

Chibougamau pluton (polyphased)

Sample / Primitve mantle
i

* Tonalite phase

1 01 |
h No Ta la Ce Nd Zr Hi Sn T _Gd To Ho Y Tm Yo La Ce Nd Sm Eu Gd Tb Ho Tm Yo Lu

e Typical TTG magmatism (deep partial melting of
[} .
E c) hydrated and enriched basalt)
E
2 -
£ * Diorite phase
a * Mantle component at the source?
2 0.1 | — Leucotonalite  — Diorite
£ Tonalite — Meladiorite
g Tonalite (duplicata) did
[} Diorite " Diorite
) d)
s
o 10 \
2 — N
so. . . ;
£ \/\ i - Mathieu and Racicot (2019) - MDPI Minerals
Tl somm =
i
g i = Fractional
© - - :: . .
@ [ M crystallisation
22-23/09/2020 SEG 2021 — short course 13

2021-09-22

rogenesis

Challenges surrounding petrogenesis, e.g., synvolcanic period:
* TTG - Tonalite-Trondhjemite-Granodiorite
e TTD - Tonalite-Trondhjemite-Diorite
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8 . -
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Mathieu et al. (2020) - MDPI Minerals
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Petrogenesis
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Petrogenesis
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#= Mineralizalion
Alleration halo

o~ Magmatic fluid

™ Seawalerderived fluid

" Metamorphic fluid

(b)

Porphyries in the
Abitibi
greenstone belt

(3) epithermal

g
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[0 sedimentary rocks
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Porphyry mineralization

Many questions

A SUBDUCTION B. COLLISION
Collisional

Porphyry-style of mineralisation? BEBE. § oanic ROy Cuchy
. . Sea level i & ” o — < 3 Upper crustal
* They don’t look like porphyry deposits s = e o bk i
Oceanic mantie e A Lower crusta 3 |h‘|\cg§:\n‘=§”c

(too small, ...) Iithosphere \-\%\W.MAEH zone | pa.‘:.ar

. . 1000°C > g 1000scfioo0ee T —— Jelng el
* No oxidised magma in the Archean r—— gy T 1s°ng° x scu |

% Partial melting of |

* Preservation issues Astnenospere gy Nvcated mantie _
k! redge
\ %*z- Asthenosphere \\ /
N =

C. DELAMINATION D. POSTSUBDUCTION EXTENSION
Fostsubduction

porphyry Cu-Au Postsubduction
> alkalic epithermal Au

Lo R \ =
atholif .
Continental Grustal | Continental \-. - admetd
crust thickening | crust \
Partial
s : me"m;/ -\/E%OLM seon A N
SCLM = — - e e SCLM
PRI e i i e Asthenospheric™ B
- R upwelling
Asthenospnere o \ Aslhenospherlc Asthenosphere Partial melting in lower crust
Unwaring Partial melting in hydrous cumulates (black)
\\ and/or metasomatized SCLM (gray)
; Delaminated Y ; e
Richards (2009) - Geology mant\e I\|hosphena +asthenospheric melt invasion
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‘ Barlow pluton

Pyrites from magmatic-
hon} : hydrothermal systems
) compared to pyrites from
other environments

5,550,000

Magmatic fluid signature:
* Elevated Te;

* High Bi/Cu, Bi/Te,
and/or Bi/Pb ratios.

Anville
pluton

—
T
Eau Jaune g \ I g CRSNG
Complex i NSERC

EARTH

5,500,000

Mathieu (2019) — Ore Geology Reviews

e ana
Vente Fm. 27627368

1,000,000
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Central Camp Cu-Au porphyry system

Porphyry-style Cu-Au deposits (breccia, intermineral dykes, K
alteration, hydrothermal magnetite, ...) (Pilote et al. 1998, 2006)

PQ2 mineralised PC3
pyrite & other
a . Sulphides
I

7

' of pyrite
% silicate el
& oxide
PC2 PC3
S
C) %/ oigiis o silicate d )
of pyrite So
SR

Time-slice data sets

> Gourcerol et al. (2018) -
Y % mineralised

by pyee e omer - Mineralium Deposita
sulphides
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Porphyry systems
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500,000 540,000 580,000
Opatica Subprovince
o 5 |-5.560,000
Abitibi
Subprovince
5,560,000
5540,000
5540000 o
-~
5,520,000
5,520,000 o
|-5.500,000
Grenville
5,500,000 Province

500000 540,000

Syntectonic intrusions
Synvolcanic intrusions
Lac Doré Complex

Opémisca Group
B Bordeleau Fm
Volcanic gl Scorpion Fm.

orae 2 Blondeau and Bruneau Fms Cummings Intrusive Sufte
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Physico-chemical
parameters

Madon et al. (2020) - Minerals
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Introduction

M

agmas and mineralization

* Au-solubility — S and fO, (sulfide/sulfate), magma composition (mafic magmas are S-richer)

28 (b) | m Rnyodacte-S O Andesite-S
@ RhydaciteClI © Andeside-Cl
24 FeSn,
E 2
o
= 464 Au (pprw) = 0.9327(a" i 5) + 0.2518
2 R’=0.9038 FeSm
E 12 .
z s
0.8 - —
’,f_, FeSqor
04cy =, Cl-brine
0 \
0 T T T 1
0 0.2 04 06 08 1

apparent activity of Cland S (a* CLS)

Botcharnikov et al. (2010) -
Geochimica et Cosmochimica Acta
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3 4
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2 5
=2 : (o
@ 20F S g
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AFMQ (log,, bars)

Figure 7. Sulphate as a function of {0,), relative to the FMQ buffer (after Carroll
and Webster 1994). Open triangles represent tholciitic basalt synthesi

1250°C and known O,); open diamonds denote Na,0#3Si0, ;
1 atm and controlled £O) and iS.); open circles with error bars dend
andesitic to dacitic melts synthesized at 1 to 2.9 kb and 920° to 1025%
and filled diamonds correspond to submarine basaltic o andesitic glasses with
determined {O,) from measured Fe*/Fe*

Yang (2012) - Geoscience Canada

5 4 3 -2 -1 0 1 2 3 4 5

24

12



Introduction

2021-09-22

Sé+ - Sulfate Increasing oxygen fugacity (fO,)
S# - Sulfite . .
(effective partial pressure of
S% - Elemental oxygen, reactivity of O, in a
S - Sulfide system)
fO, and fS,

How much Au, S, etc. in Neoarchean magmatic systems?
(how much Au, etc. at the source?)

22-23/09/2020 SEG 2021 — short course

Botcharnikov et al. (2011) - Nature Geosciences

$2 controls
Au solubility

_— S-bearing basalt

e S-bearing

o0 .

E andesite

E A1,050°C

2

8 81,300°C

z -free
é s-free systems

B,A Ad |
<1,050°C | ,
ol 3+

=

F

Oxygen fugacity (AFMQ)

25

Differentiation, emplacement depth

Amp -
oscillatory

”zonlﬂg ; ﬂ&’

Mathieu et al.
(2020) - Ore
Geology Reviews
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Muscocho Pluton (ca. 2700 Ma)
* Granodiorite
¢ Chibougamau area, Abitibi greenstone belt

26
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Differentiation, emplacement depth

Conclusion: degassing occurred at depth - too deep for an
efficient magmatic-hydrothermal mineralizing system?
Larger AT due to
sudden decompression
" and/or volatile exsolution Progressive ascent,
5 — e, small AT,
"@' large euhedral crystals
[ e e
Q a5
E
(5
x ATs
AIrE] L e @ llquidus,_
" Lliquidus. TR e Cliquidus, - auidus:
"
660°C | 2oolg
~3.2 kbar 10 kbar
PresSsure el
Mathieu et al. (2020) - Ore Geology Reviews
22-23/09/2020 SEG 2021 — short course 27

Physico-chemical parameters

Alteration!
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] p(x?) = 0.19
. 8 | [£CJC Concordant analysis. 103 = MUS2
Mathieu et al. (2020) - Ore & = Weighted mean age . VUS3
. 1 Analyses for weighted mean = MUS7
Geology Reviews age calculaton
S MR ID-TIMS ages (Mortensen 1993) TR G A MG Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
& e e L
1 2 3 4 5 6 7 8 9 10 1
N
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Physico-chemical parameters — fO,

Applied

Jar

Smythe and Brenan (2016) - EPSL

to the Muscocho pluton:

asSio, = 1 (quartz)

aTiO, = 0.58 (titanite, etc.)

Melt composition: whole rock analysis used as a proxy
Melt composition (H,0): estimated using amphibole
chemistry (Ridolfi et al. 2010)

Temperature: Ti-in-zircon

fO,: REE-content of zircon (Smythe and Brenan 2016)

La Dauversiére Pluton (work in progress)

SEG 2021 - short course 29
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Physico-chemical parameters

1000 a) Amphibole / Amphibole
73km . "
// Ridolfi et al. (2010)
maximum
thermal stability of
for amphibole. /
. 7
1] 3
1354
0 650 750 850 950 1050 1150 M7 750 950
1150 1C0 1
c) Amphibole 1 . d) Apatite
1050 —+ - 08
% g T3
3 ¥ oxidised aa
06
B ‘s / E Troderately
< oy e=mmusz || & 1 oddised
750 A// E mggg W moderately
reduced
wil | g ataicems || 02 Azadbakht et al. (2018)
« microprobe
4 6 8 10 12 0 07 08 09, 1 11
HaOmes (W1%) Ce anomaly
e) . Zircon i f) Zicon
100 i
i 10
g 10 o g
= £
ga £
§ T—— ? 1 altered zircons
o pristine zircons petsine zecns
001 001 4
Smythe and Brenan (2016)
0001
0 700 900 1100 1300 1500 1700 1900 -2 -1 0 1 2 3 4
TCo) 10 (delta FMQ)
Mathieu et al. (2020) - Ore Geology Reviews

Muscocho Pluton (ca. 2700 Ma)
* Slow ascent, progressive crystallisation
*  Fluid-rich (H,0)
e S-content?
» O, not optimal (what about at the
source?)

ZIRCON, APATITE, AMPHIBOLE

CRSNG
NSERC

d METAL EARTH
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Physico-chemical parameters — fO,

2021-09-22

Intrusions of the synvolcanic and syntectonic periods (Chibougamau area)
1000
@ Anville
Non altered zircons :
o | ® Chevrillon
° ... P | L4 ® Lac Line
100 £ e © Phe ® Saussure
_ [ ° | ® Opémisca
*: ., :x. ..! / '.o
< St %o ’o ° °
3 10 o" /
= o e ° 0
s oy < °
= ° — - ° v NiNIO
N _ .~ o ® 1000
s ° °
1L
° X °
Altered zircons e
01 | | 3 -20.00
0 05 1 15
Zircon (Eun/Eu*n) 500
Madon et al. (2020) - MDPI - Minerals s
Temperature (C*)
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Physico-chemical parameters — S-content

orthoclase (molar)

b ) S0O: (molar)

2 Mus2

. VUS3

== MUs7

— Empirical partitioning of S between apatite and
i rhyolititc/andesitic melts (Parat et al. 2011)

Sapatite = 0.0629 * NSy, + 04513

low-T hydrothermal

albite (molar) anorthite (molar)  F/100 (molar) Cl/35.45 (molar) Apatite-melt pratitioning model (Li and Hermann 2017)
C) Mn (molar) d ) Mn (molar) Xap L
Clyperr = =L ——— 4 10.79
melt Xap Kdap—me .
OH Cl-OH

Results, for the Chibougamau area:

fow-T hydrothermal . ¢ 10to 100 ppm S in the melt

22-23/09/2020

systems 0 ao em R syster‘ns 5 _/: -
IR wageny By 8 a3 RIS N .
Na (molar) Ca/100 (molar) Fe (molar) Ca/100 (molar) ° 0'1 Wt% CI n the mE|t
Mathieu et al. (2020) - Ore Geology Reviews Madon et al. (2020) - MDPI - Minerals
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Physico-chemical parameters - timing

* U/Pb isotopic system (1-2 Ma
resolution)

* Growth rate of zircon? Evolving physico-
chemical parameters?

petrochronometer
La Dauversiére Pluton (work in progress)

22-23/09/2020 SEG 2021 — short course 33

Conclusions

Understanding Archean magmatic hydrothermal

systems
Y ) ) 1. Multi-scale projects
* Geodynamic setting + Large-scale (geodynamic setting, magmatic system)
* Partial melting conditions (P, T, %) * Intermediate scale (magma intrusion)

« Magmatic system (volume, duration) * Local scale (intrusive phase, hydrothermal system)

* Characteristics of the differentiation process

Abitibi Subprovincs Opatica Subprovince
1

* Shallow intrusive system (emplacement :
depth? Duration? Degassing conditions?)

Dnilietis Lo Dauversiére Chapais  Chibougamsn Chibougaman Waconicki  Waconichi
d ‘Strucrures (Figure 2)
DodsFZ  Guescheville FZ Bk FE

Lumologies (Figme 1)

* Mineralizing systems (characteristic of the
fluid, volume, host rock composition and
structure)

same as Figire 1

2. Quantification
* Volume of magmatic system?
* [Aul, [S]? (source, intrusive phase)

Depth (km)

wow

¢ Volume of fluid? = I —— i
* DURATION (magmatism, degassing) : i 8 = A nitmm * A " 15 "
Mathieu et al. (2020) - Tectonics
22-23/09/2020 SEG 2021 — short course 34

17



2021-09-22

e

UQAC EERM]

—
UNIVERSITE DU QUEBEC CENTRE DETUDES SUR LES
A CHIcouTIMI RESSOURCES MINERALES

Vel VETAL EARTH

A new Canadian research initiative funded
by Canada First Research Excellence Fund.

UL

& CANADA

E : FIRST Bl

~4=3 FIRST © Canadd
EXCELLENCE
FUND

LaurentianUniversity

UniversitéLaurentienne M E

HARQUAIL icoiroissamcspris s

18



