An assessment of Precambrian gold deposit models from deep to shallow crustal levels
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Why are GIS important for exploration geologists?

* GIS tools are keys for modern mapping and exploration projects:

* It takes less and less time and/or people to make a map => less cost
(e.g., a 1000 km? can be mapped in one year at 1/20,000 by one geologist)
* Modern GIS tools include:
* Field instruments to support mapping (smartphones, GPS, handheld computers, laptops, etc.)

» 2D/3D display and modeling softwares (Google Earth, QGIS, Geosciences Analyst, etc.)

* Exploration companies commonly have GIS specialists (responsible for
data compilation and display) but rarely GIS-experienced geologists (to
produce advanced map/data interpretation and integrated analysis)
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

Main GIS applications for gold exploration

* Support traditional field mapping and planning

* Display geographic data, topographic data, existing geological maps,
point location, drillhole location, etc.

o,
* Build and display series of layers >80 %

* e.g., geological, geophysical and geochemical maps

* Interpret these layers to build integrated geological models @
* Use all the available knowledge for prospectivity analysis
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Two main approaches ...

* “Visual” integration (i.e., commonly geologist-approach)
* Uses every piece of information, including previous geological knowledge
* Field observation are always used to validate/support the interpretation
* Subjective (i.e., two geologists will end-up with two different models)

;“, » “Automated” integration (i.e., commonly geophysicist-approach)
* Uses continuous or discrete input values
* Uses statistical (e.g., PCA) or image processing (e.g., edge detection) methods
* Not user dependent (i.e., two users will end-up with the same results)
* Metadata are rarely considered (i.e., analytical method, uncertainties)
* Limited use of field observations and geological knowledge
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

How do they work?

* “Visual” integration:
Lrter I, Prooicls

. . GEOLOGIST BRAIN )
* Field observations e * Geological map

* Geochemical maps * Metamorphic map
* Geophysical maps ) * Alteration map

* Previous knowledge

* Prospectivity map

* “Automated” integration:

oot

Lrter

“Integrated map”
(NOT a final product)

* Geophysical grids
¢ Chemical values

e Structural values
* Rock type
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Mapping using a “Visua
integration approach

Geological Mapping for Gold Exploration
in the Ashanti Greenstone Belt, West Africa
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

West African craton

* Precambrian in West Africa:
~ 5,000,000 km? <> % Canada area

* WAXI Project (2006-2018) nttp.//www.waxi2.ora/
* 12 West-African countries
» 73 partner organizations over 12 years
* 80 international publications so far
* 90 HQP training (PDF, PhD, MSc, BSc)
* 650 GB, 250 layers, exploration GIS

3000 km

& * 650,000 km? of geophysically constrained
S geological mapping (1/200,000 to 1/10,000)
(\F) y
% . WAXI - West African Exploration Initiative a ﬁﬁ:ﬁﬁ[‘a{&ﬂ,‘{iﬂﬁne
S BV N e I e ¢ IXOA- Linitative d Exploration Ouest Africaine HARQUAIL Soemmmsans

Leo-Man shield

MoN T5'N
Milési et al.

(2004 - SIG Afrique)

* Archean nucleus composed
of granitoid-greenstones
terranes in the SW

* Series of Paleoproterozoic
greenstones belts, accreted
from the E, and separated
by granitoids or meta-
sedimentary basins

S‘ENEGALf}?%

GUINEA

%

1
SIERRA LEONE

Paleoproterozoic!

Jesselllet-al. (2

* Regional-scale Eburnean
orogeny ~ 2.1 Ga and gold
mineralization

Paleoproterozoic
Late basins
o i:l Granitoids

Al Greenstones

Bl Archean
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

Why mapping using GIS-based data integration?

How to make a
geological map at
1/100,000 with one
outcrop every 10 km?

Laterite (weathering)

Integration for lithological mapping

Lithology Phyllites Sandstones Conglomerates

Magnetic
Susceptibility
Geochemistry

(U, Th, K)

Moderate (0.001 Sl) Low (0.0001 SI) High (0.005 SI)

High U, Th, K High Th, low U, K Low U, Th, K

BOyIliteS

Sandstones Q
Conglomerates '
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

- . . Eoeburnean
Birimian Tarkwaian Eburnean Intrusions .
Intrusions
. N Volcanoclastic ) Metabasalts ) o Granite Granodiorite
Lithology Micaschists metasediments Phyllites Metaandesites Metagabbros Phyllites Sandstones Conglomerates Dolerite (sills) Granodiorite Tonalite
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Susceptibility
3 0.24-0.32 0.24-0.56 0.06 - 0.60 0.09-4.22 0.35-24.70 0.08-0.16 0.08-0.32 0.13-13.10 No data 0.06 - 38.00 0.05-8.06
range (10~ SI)
Sample GH101B GH504 GH515 GH503 GH129G GH397 GH512 No Sample GH395 GH237 GH507
U (ppm) 1.440 0.460 0.350 0.310 4.500 0.880 No data 0.740 0.650 0.110
Th (ppm) 5.100 1.030 1.220 0.750 9.290 3.580 No data 2.220 1510 0.270
K,0 (%) 3.150 1.120 1.130 0.610 2.640 1.050 No data 0.140 2.120 0.170

XA

8km 8km 8 km 8km 8km 8km 8km 8 km 8km

/= N N \ 3 ‘
Map 7 ~ S \\
>N

8km
Moderate intensity

i Low intensity bodies
_ |Moderate intensity  [Low intensity Moderate to high ~ |High intensity Moderate intensity _ to high tolow tohigh [strong magnetic
Strong magnetic . ¥ . ) N Low intensity layers |. ) . ) N N . N
' layers domains, uniform  |intensity layers bodies layers intensity layers intensity layers intensity bodies  [fabric (parallel to bt.
fabric (parallel to bt.

Airborne alignment) alignment)

Magnetic
Response
Medium U Low U Low U Low U, Th, K Low U, Th, K High U Medium U Low U Medium U Low U Low U
High Th Medium Th LowTh Often covered by  |Often covered by [High Th High Th Low Th High Th Low to medium Th ~ [Low to medium Th
Medium K Low K Medium to high K~ [high U, Th regolith  |high U, Th regolith  [Medium K Medium K Medium K Low K Medium K Low K
Airborne (dark green) (green) (red-violet) (blue-green) (blue-green) (whi llow) (green - yellow) (dark red) (light green) (dark red) (dark red-green)
Radiometric 7

Response

Structural geophysics |

* Interpretation of textures and lineaments

* Validated/completed by field observations
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

Structural geophysics | & oo

* “Structural measurements” from airborne geophysical data (e.g., gravity)

a5 1A

80° toward E ' 40° toward E 80° toward E ' 40° toward E

Structural geophysics |l & s

* “Structural measurements” from airborne geophysical data (e.g., gravity)

110



TR

YRnecambrian Research)

A\

<l g

012

201

Perrouty et alN(

An assessment of Precambrian gold deposit models from deep to shallow crustal levels

GIS - Ashanti Greenstone Belt

* > 150 Moz Au, including the giant
Obuasi deposit (62 Moz) and the !
Tarkwa paleoplacer (40 Moz)

* Over 2000 years of exploration for gold

* 5 regional deformation events

Radiometric

* 4 main episodes of mineralization (early, e
syn- and late orogenic + paleoplacer) ) B

* 38 GB of geological data to be integrated
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

GIS - Ashanti Greenstone Belt

560000 550000 600000 620000 640000 660000 680000 700000

600000 620000 680000

GIS - Ashanti Greenstone Belt
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

GIS - Ashanti Greenstone Belt

560000 580000 600000 620000 640000 650000 680000 700000

Radiometric

Perrouty et alN(2012

GIS - Ashanti Greenstone Belt

560000 580000 600000 620000 640000 660000 630000 700000

Radiometric

2

201

Perrouty et alN( 10)

Gold deposit:
O Orogenic
® Placer
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

Gold occurrence / deposit

3D GIS and simple prospectivity map

e

* Field observations:
* Stratigraphy
* Fault cross-cutting relationship
* Structural measurements

Gecioay Fevews)

‘§ + Geological maps

@re

* Structural geophysics:
* 3D geometries
* Undercover maps
* Geophysically-constrained cross-sections

(201~

Perrouty et al’
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3D GIS and simple prospectivity map

560000 580000 600000 620000 640000

0c008S

580000

Q Major active gold mine

* Field observations: 7 Distance to BV
aldl * Stratigraphy g "
§ * Fault cross-cutting relationships . : 1500 m
S & g
Ty * Structural measurements

SN 3000 m
S)
Q
(o)
)
©

* Geological maps

9 Gold occurrence

560000
000088

@re

0000k

10000 0 10000 20000
e —

540000

* Structural geophysics:
* 3D geometries

metres.

WGS 84 / UTM zone 30N

7 E L] Undercover maps = 560000 580000 600000 szu‘uou 640000 g
QJ . . .
> * Geophysically-constrained cross-sections
S
(o) A L
R | ———— W e e daine
R AR RN HARQUAIL B,
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

Uncertainty analyses

e Errors are associated with structural
measurements (e.g., operator,
declination, natural variations)

O Certain
((a
[fthelogy)

Uncertainty modeling

* Lithological variability for each cell
in the Ashanti Belt model (volcanic

=
& | sequence) :
o

o“i * Low variability not displayed

S * Moderate variability in orange =

Geoloe

N

* High variability in red

i 5re

ALY

* Qutcrop structural data in blue

~« => Uncertainty modeling helps to
assess the quality of a geological
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

Mapping using an
“Automated” approach

Example in the Abitibi Greenstone Belt, Canada

LaurentianUniversity
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Automated-mapping approach

0 - Initial data: noisy
synthetic magnetic field
-, - .

40 1-Detector function:

horizontal Igradient magnitude

* Remote-sensing methods
(i.e., automated image analysis)

2 - Elementary
* Intensity, textures => lithology edge Seg’{‘i"‘sr
IRV
Transformation ! )"
/
2 Thresholding ‘ /
* Edge detection methods 3 Straight 7 ’ ]
(i.e., strong gradients identification) discontiyities N4y
N ! T
° — 4 - Boundary lines \
Sharp contrast => contacts, faults - e § [ -—
| ! 4 ! - Edge linking
o
3 /,' IJ
35 . \\I\ - /
- AN
AVE =T . 30 : { Following
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

Automated-mapping

* Example from the Kirkland Lake —
Larder Lake area:

9|
- s e (i —————
N

UTM Zone 17 North
565000 570000 575000 580000 585000 530000 595000

5340000

* Lineament detection

A 4
5325000 5330000 5335000

0005265 0000CEG  000SEES  0000FES

£ ¢ Orientation diversity heat map ——

Q

: S‘BDODU 610000
(\5)

% il B mw g ™ utM Zov::k:“YNurth N

S IV E K IR e HARQUAIL £sesumsencs
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and “Automated”
Integration

“Visua

Characterization of a Gold Deposit Footprint,
Canadian Malartic, Superior Province
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

Integrated multi-parameter footprints

* Footprints Project (2013-2018) http.//cmic-footprints.ca/

@ Porphyry Copper

* 3 world-class Canadian deposits:
* Highland Valley, Porphyry Cu
e McArthur River-Millennium, Unconformity U
e Canadian Malartic, Disseminated Au

Uranium

@ Lode Gold

* 51 partner organizations over 5 years

* 43 HQP training (PDF, PhD, MSc, BSc)

. LaurentianUniversit
i )-/L pEent ol
! 3 NSERC-CMIC Exploration Footprints Research Network ’ (
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Canadian Malartic district

Regional Geology ITW A L)

[:lpmterozuicRocks ® ’>1:g:ﬁ:
* >3tAu
* 18.6 Moz Au e
{ Pontiac Subprovince
=~ | * Oxidized intrusion- _2;?::,‘?;‘;‘1‘;’-‘;‘; ”
o] : related deposit f;j‘;::::::nfm — :
e (Helt et al., 2014) -F"'.s.‘?'g"““sf‘““ - =
(B B R e Rk :km
/ . * Stockwork- Local Geology N5 e
: disseminated system  EElow=se 3 -
(De Souza et al., 2015) [Jowre Subp’k"?"\

> . -Granodlorite §-\
b 1] * South of the CLLDZ = —,,,0sene

(Cadillac L.arder Lake  — e
Deformation Zone) . .

|:| Mafic Volcanics
[ uttramafic Voicanics

Perrouty et alX(

118



An assessment of Precambrian gold deposit models from deep to shallow crustal levels

Geological setting

* 3 deformation events: D, - isoclinal F, folds, pressure-solution cleavage (S,)

D, - close s-shaped F, folds, NW-SE biotite cleavage (S,)
D, - subtle crenulation cleavage (S;)

* Syn-D, mineralization at 2664 =11 Ma (De Souza et al., 2015)

Geology, Review)

"Ore
4

)

‘P

"N

gouth

Eas-t:

NW-SE (S,)

-t 7l B = >100 ppb Au

Perrouty.et al (20174

-200 m below sea level

89 hydrothermal alteration haloes

* Examples in mafic dykes (concentration gain factor calculated using the
multiple protolith method of Maclean, 1990)
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

How to integrate these alteration haloes?

* Visual integration / geological interpretation
* Sizes, shapes, structural controls

te A * Machine learning:

* Support Vector Machine (Bérubé et al., submitted) Arodvcr

* Random Forest (Bérubé et al., in prep) * “Integrated map”

* Hypercube (Feltrin et al., in prep) O @l el

* etc...
- —— B o nraniaine
e B HARQUAIL

Principal Component Analysis

Chemicaljmobility

* PC1 (35%): 1 er
Au-S-C-TI-Li-LILEs = gy, “ 4% W
o ® o 80<>L0| 9

IS
S

Now oW
s &

N
S
Eigenvalues (%)

chemical mobility ¢ -
) 01 /A? Tiy PB:E ’9%\\\ & 10
* PC2 (156) F) B0l °

Spatial variation
(footprint size) 03

02 +

* PC3 (10%):
Igneous
fractionation of
the mafic dykes

01 +

bl

Perrouty et alS(sui

Igneous fractionation
Igneous frattionation
|
PC3

Th;
-0.1 v

-0.2 T+

— —
e M S 03 } 4 © Group 1 (least altered)

.'l [ 0.2 0.1 0 01 Group 2 (altered) 0.1 0 01 02 03

“THE HARQUAIL SCHOOL OF EARTH SCIENCES PC1 @® Group 3 (mineralized) PC2
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e

o

Perrouty et alN(sub

Validation of the PCA interpretation
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Final interpretation!  ~_ 3 r
B g PC1
Pt NN 0.4
: i
* PC1 represents a multi- TR
parameter integrated %% = o I 5
footprint of the Canadian  —~— N, R
. . g = L4
Malartic gold deposit == o o |5
TN
— L IX -~ - - - -
* Element mobility (and gold SRR .
mineralization) is mainly ' — [ o -
controlled by F;-F, joint S o Sl
fold hinge zone (i.e., zones \ om——"
of structural complexity) —
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GIS for prospectivity ...

Ore Geology Reviews 71 (2015) 477-483

Contents lists available at ScienceDirect

Ore Geology Reviews

&N

NSARTS A
iﬁ ELSEVIER journal homepage: www.elsevier.com/locate/oregeorev

Editorial

Introduction to the Special Issue: GIS-based mineral potential modelling
= and geological data analyses for mineral exploration

Alok Porwal *>* Emmanuel John M. Carranza ¢
oy -

2 CSRE, Indian Institute of Technology Bombay, Powai, 400076 Mumbai India
b Centre for Exploration Targeting, University of Western Australia, Crawley 6009, WA, Australia
€ Department of Earth and Oceans, James Cook University, Townsville, Queensland, Australia

CrossMark

@

Conclusions

* GIS tools are largely underused for geological mapping and gold
exploration in Canada and elsewhere

'\ '| * A huge amount of 2D and 3D geological and structural data can be
|il| extracted from an integrated interpretation of multiple GIS layers (e.g.,
~ mapping in the Ashanti Greenstone Belt)

~ * Both “Visual” and “computer-based” approaches should be understood

4 and interpreted by a “geologist brain” to deliver a better final product
0 (e.g., Canadian Malartic footprint)
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An assessment of Precambrian gold deposit models from deep to shallow crustal levels

As an exploration geologist you need to:

* Understand the raw data processing behind each layer of the GIS (e.g.,
geophysical maps, computer-based integrated maps)

* Be able to interpret each layer individually in term of lithology, structures,
metamorphism, alteration, etc...

* Be able to visually integrate the information from different layers to build
your geological exploration model

* Consider geological uncertainty and think in 3D (i.e., a fault strike and dip
in one outcrop may not be representative of the regional trends)

* Always validate your GIS interpretation with several field observations and
broad geological knowledge
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Thank you ...

" WAXI - West African Exploration Initiative )J C
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