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ABSTRACT

The Archean Cheechoo stockwork gold
deposit is hosted by a felsic intrusion of to-
nalitic-granodioritic composition and cross-
cutting pegmatite dikes in the Eeyou Istchee
James Bay area of Quebec, Canada (Ar-
chean Superior craton). The evolution of the
stockwork is characterized herein using field
relationships, vein density, and connectiv-
ity measurements on drill core and outcrop
zones. The statistical distribution of gold is
used to highlight mechanisms of stockwork
emplacement and gold mineralization and
remobilization.

Two statistical populations of gold con-
centration are present. Population A is rep-
resented by gold grades below 1 g/t with a
lognormal cumulative frequency. It is wide-
spread in the hydrothermally altered (albite
and quartz) and mineralized facies of the
pluton. It is controlled by the development
of quartz-feldspar-diopside veins as shown
by the similar lognormal distribution of
grades and vein density and by the corre-
spondence of grades with network connectiv-
ity. Diopside and actinolite porphyroblasts in
deformed veins within sodic and calcsilicate
alteration zones are evidence for auriferous
vein emplacement prior to the amphibolite
facies peak of metamorphism.

Population B (>1 g/t) is erratic and exhibits
a strong nugget effect. It is present through-
out the mineralized portion of the pluton
and in pegmatites. This population is inter-
preted as the result of gold remobilization
during prograde metamorphism and peg-
matite emplacement following the metamor-
phic peak. The pegmatites are interpreted to
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have scavenged gold emplaced prior to peak
metamorphism.

These results show the isotropic behav-
ior of the investigated stockwork during
regional deformation and its development
during the early stages of regional prograde
metamorphism.

INTRODUCTION

Fracture and vein network analysis has always
been a subject of great interest in geosciences
and has applications to petroleum resources,
aquifer characterization, and metallogeny (e.g.,
Narr and Suppe, 1991; Gillespie et al., 1993,
1999; Sanderson et al., 1994, 2008; Roberts
et al., 1998, 1999; Monecke et al., 2001; André-
Mayer and Sausse, 2007; Hooker et al., 2012,
2013, 2018; Hooker and Katz, 2015; Sanderson
and Nixon, 2015; McGinnis et al., 2017; Lavenu
and Lamarche, 2018; Watkins et al., 2018). The
description of, and interest for, vein and fracture
networks has evolved through time with the in-
troduction in the literature of several quantita-
tive parameters for describing and quantifying
their distribution. These parameters include
vein thickness, length, spacing, and fractal
distribution (Narr and Suppe, 1991; Gillespie
et al.,, 1993; McCaffrey and Johnston, 1996;
de Joussineau and Aydin, 2007; Laubach et al.,
2018; Marrett et al., 2018). They allow the es-
timations of network density and connectivity
in relatively simple systems, i.e., monophased
networks that formed in brittle domains and in
rocks that underwent low metamorphic grade
(e.g., Narr and Suppe, 1991; Gillespie et al.,
1993; Hooker et al., 2012, 2013, 2018; Hooker
and Katz, 2015; McGinnis et al., 2017; Lave-
nu and Lamarche, 2018; Roberts et al., 1998,
1999; Sanderson et al., 1994, 2008; Watkins
et al., 2018). However, even though a significant
proportion of hydrothermal systems are found
in crustal segments that undergo ductile-brittle
deformation, it is challenging to characterize the
vein distribution and connectivity of polyphased
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vein networks emplaced in high-grade terranes,
which underwent subsequent deformation and
high-grade metamorphism.

To provide a frame for the investigation of
such complex systems, we chose to focus on
an Archean stockwork that represents a dense
network of well-organized to randomly oriented
veins. Stockworks are in some cases polyphased,
and they occur in a variety of settings and are
a hallmark of numerous metal deposits such as
porphyry Cu(-Au) (Ulrich and Heinrich, 2002;
Sillitoe, 2010), iron oxide copper gold I0OCG)
(Corriveau et al., 2010), and volcanogenic mas-
sive sulfide (VMS) deposits (Solomon, 1976;
Franklin et al., 1981). They are usually formed
during the progressive cooling of the magmatic-
hydrothermal components. In Archean green-
stone belts of the Superior craton, numerous
stockworks have been described, such as those
of the Don Rouyn, Coté Gold, and Troilus gold
deposits (Jébrak, 1992; Fraser, 1993; Goodman
et al., 2005; Katz et al., 2017). In the case of
these magmatic-hydrothermal systems, there is
commonly a significant hiatus between the em-
placement of the gold-rich stockwork associated
with the cooling of the pluton and later super-
imposed deformation and metamorphism that
affect the host rocks. However, in the James Bay
area, the Cheechoo gold deposit displays an ex-
ceptional setting where the stockwork formation
appears to be closely associated with prograde
metamorphism, but emplacement mechanisms
remain poorly constrained (Fontaine et al., 2018;
Turlin et al., 2019b).

The Cheechoo gold deposit (93 Mt of ore
grading at 0.65 g/t Au for a total of 1.95 mil-
lion ounces (Moz) of gold resources; data from
Sirios Resources, Inc., November 2020) is lo-
cated in the Eeyou Istchee James Bay area of
Quebec, Canada, which is part of the Archean
Superior craton. It is characterized by a stock-
work hosted within a pluton of tonalitic to grano-
dioritic composition emplaced within metasedi-
mentary rocks. At Cheechoo, the veins that host
the mineralization were affected by polyphase
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deformation during compressional and late-
tectonic events (D, and D;), metamorphosed
up to upper amphibolite facies conditions, and
cut by syn- to late-kinematic granitic pegmatites
(Fontaine et al., 2018; Fontaine, 2019; Turlin
et al., 2019b).

Turlin et al. (2019b) explored the vertical vari-
ations of the network distribution and topology
of the various hydrothermal and pegmatitic vein
networks that form the deposit and addressed
the reliability of these approaches for character-
izing vein networks that underwent subsequent
high-grade metamorphism. The gold mineraliza-
tion appears to be mainly controlled by (1) the
density of quartz-feldspar-diopside (Qtz-Fsp-Di)
and quartz (Qtz) veins and by (2) the connectiv-
ity of these networks as shown by the increase of
both parameters with increasing gold grade. The
topologic approach allows a direct estimation of
the vein network connectivity at the time of vein
formation (Sanderson and Nixon, 2015, 2018),
can characterize vein networks in hydrothermal
systems (Turlin et al., 2019b; Blenkinsop et al.,
2020), and can be used as a proxy for the predic-
tion of metal grade when applied to metal depos-
its (Turlin et al., 2019b).

In this study, we explore evolution of the
Cheechoo stockwork over space and time and
whether vein connectivity, density, and topol-
ogy are consistent in three dimensions. We also
investigate how the geometry and topology of
the Cheechoo stockwork changed during its evo-
lution in a prograde metamorphic environment.
This work allows us to (1) define the method-
ologies to be used for the description, charac-
terization, and interpretation of vein networks
affected by high-grade metamorphism and to
(2) understand the evolution of vein connectiv-
ity in a prograde stockwork and its relation to
metamorphism.

We used detailed mapping and structural
analysis of a large, stripped outcrop and quan-
tified vein density, topology, connectivity, and
gold grade distribution to identify mechanisms
of vein emplacement. This study provides new
tools for the characterization of vein networks,
especially in metal deposits, and allows for a
better understanding of stockwork formation
and evolution during prograde metamorphism
at amphibolite facies conditions.

GEOLOGICAL FRAMEWORK
Regional Setting

The Cheechoo intrusion is located in the La
Grande subprovince close to the contact with
the Opinaca subprovince (Fig. 1B). The Opinaca
subprovince consists of Neoarchean migmatitic
paragneiss, diatexite, and amphibolite (Simard
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and Gosselin, 1999; Bandyayera and Fliszar,
2007; Bandyayera and Lacoste, 2009; Bandya-
yera et al., 2010; Cleven et al., 2020) intruded
by granodiorite, granite, and pegmatite plutons
and dikes (Bandyayera and Fliszar, 2007; Ban-
dyayera and Lacoste, 2009). In the study area, the
La Grande subprovince consists of polyphased
diorite, tonalite, granodiorite, and granite intru-
sions emplaced into Neoarchean volcanic and
sedimentary rocks of the Eastmain Group (ca.
2734-2686 Ma; Moukhsil, 2000; Moukhsil et al.,
2003; Bandyayera and Fliszar, 2007; Bandyayera
and Lacoste, 2009; Bandyayera et al., 2010; Da-
vid et al., 2010; Ravenelle et al., 2010; Fontaine,
2019). The Eastmain Group consists of the Ber-
nou and Kasak formations, which are composed
of basalt and andesite with a tholeiitic to calc-
alkalic affinity (Moukhsil, 2000; Moukhsil et al.,
2003; Bandyayera and Fliszér, 2007; Bandyayera
and Lacoste, 2009; Bandyayera et al., 2010) and
of wacke and polymictic conglomerate belong-
ing to the Pilipas and Low formations (Bandya-
yera and Fliszar, 2007; Bandyayera and Lacoste,
2009; Bandyayera et al., 2010; David et al., 2010;
Ravenelle et al., 2010). The Low Formation is
the main host of the Cheechoo intrusion, and it
is mainly represented by turbiditic wacke locally
grading into pelitic sillimanite-bearing parag-
neiss. The wacke also contains metamorphosed
volcaniclastic rock horizons, iron formations, and
skarn-like metamorphic and/or hydrothermal as-
semblages, where garnet-biotite-amphibole-epi-
dote bands locally define the metamorphic layer-
ing (Fontaine et al., 2018). Syn- to late-tectonic
Neoarchean intrusions, such as the Cheechoo
intrusion, were emplaced into these supracrustal
sequences (Ravenelle et al., 2010; Dubé et al.,
2011; Fontaine et al., 2015). All of these Archean
units from the La Grande and Opinaca subprov-
inces were subsequently crosscut by Paleopro-
terozoic diabase dikes (between ca. 2491 Ma and
2208 Ma; Fahrig et al., 1986; Buchan et al., 1993;
Heaman, 1997).

Structures and Metamorphism

Four main phases of deformation were rec-
ognized in the La Grande subprovince in the
area covering the Cheechoo deposit (Ravenelle,
2013; Morfin et al., 2013; Fontaine et al., 2018).
D, is bracketed between 2710 Ma and 2697 Ma
based on U-Pb zircon dating of syn-tectonic
plutons (Moukhsil, 2000; Moukhsil et al., 2003;
Bandyayera et al., 2010). D, is cryptic and as-
sociated with F, folds that are overprinted by
F, folds (Bandyayera et al., 2010; Ravenelle
et al., 2010). D, is the main phase of deforma-
tion and can be bracketed between 2675 Ma and
ca. 2605 Ma (Moukhsil et al., 2003; Bandyayera
and Fliszar, 2007; Bandyayera et al., 2010; Rav-
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enelle, 2013; Fontaine et al., 2015; Fontaine,
2019). It is characterized by a N-S compres-
sional event and by the transposition of bedding
and of the S, into the S, foliation, which is axi-
al-planar to F, folds (Fig. 1; Bandyayera et al.,
2010). D; is characterized by SW-NE-trending
F, folds and associated with the formation of a
dome-and-basin interference pattern (Fig. 1B;
Remick, 1977; Ravenelle et al., 2010) that is
attributed to a late tectonic episode of intrusion
emplacement (Ravenelle et al., 2010) that also
affected the orientation of the S, foliation (Ban-
dyayera et Fliszar, 2007; Ravenelle et al., 2010;
Fontaine et al., 2017). The S; foliation is marked
by the reorientation of aluminosilicate porphy-
roblasts in the metasedimentary rocks, by the
development of a crenulation cleavage associ-
ated with F; folds, and by the local reorientation
of F, folds concentrically around late tectonic
intrusive domes (Bandyayera et al., 2010). D, is
marked by E-W- to NW-SE—trending subverti-
cal faults and high strain zones (Fig. 1B; Morfin
et al., 2013; Fontaine et al., 2018).

In the La Grande subprovince, metamorphic
grade increases toward the east and from south
to north in the area surrounding the Cheechoo
intrusion. Metamorphism ranges from green-
schist to upper amphibolite facies conditions
and reaches upper amphibolite facies along the
contact with the Opinaca subprovince (~650 °C,
~5-6 kbar) (Bandyayera et al., 2010; Ravenelle
etal., 2010; Fontaine, 2019). In the Opinaca sub-
province, metamorphic conditions increase to-
ward the south and reach granulite facies close to
its southern margin (Simard and Gosselin, 1999;
Bandyayera et al., 2010; Coté-Roberge, 2018).
Partial melting in the Opinaca subprovince oc-
curred between ca. 2666 Ma and 2636 Ma based
on U-Pb dating of zircon from migmatites and
leucogranite dikes (Morfin et al., 2013). This
episode of migmatization is interpreted as syn-
D, based on the presence of syn-kinematic dikes.
The migmatite displays asymmetric folds (Mor-
fin et al., 2013, 2014) and mutual crosscutting
relationships with the S, fabric (Ravenelle et al.,
2010). Recent studies have shown that the Opina-
ca subprovince experienced an earlier high-tem-
perature and low-pressure metamorphic event
around 2670-2660 Ma that was followed by a
high-temperature and medium-pressure meta-
morphic event at ca. 2645 Ma (Cadéron, 2003;
Morfin et al., 2013, 2014; Coté-Roberge, 2018).

The Cheechoo Intrusion

The Cheechoo intrusion is composed of
metaluminous granodiorite and tonalite, which
composition indicates reduced conditions (Fon-
taine et al., 2018). A sample collected on the
main stripped outcrop yielded an age of ca.
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Figure 1. (A) Positions of the Superior Province and the Quetico, Nemiscau, Opinaca, and Ashuanipi subprovinces in North America are
shown (after Fontaine et al., 2017, 2018). (B) Geological map of the Cheechoo intrusion area (Eeyou Istchee James Bay, Québec) and po-
sition of the Cheechoo gold showing that was investigated in this study in the frame of the La Grande and Opinaca subprovinces (after
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2612 Ma that is interpreted as the crystallization
age (U-Pb thermal ionization mass spectrom-
etry (TIMS) on zircon; Fontaine et al., 2015).
The intrusion has undergone high-grade meta-
morphism and intense hydrothermal alteration
mainly albitization. It is mainly composed of
quartz-feldspar-biotite & diopside =+ actinolite
with feldspar phenocrysts and biotite porphy-
roblasts (Fontaine et al., 2018). Textures range
from massive and saccharoidal to strongly fo-
liated. The surrounding wacke is intruded by
apophyses of the Cheechoo intrusion, and both
the wacke and the intrusion are crosscut by nu-
merous granitic pegmatite dikes (Fontaine et al.,
2018). The contact between the intrusion and
the wacke is often marked by E-trending isocli-
nal F; folds and numerous pegmatite dikes and
veins as described in the 6-9 trench (Fig. 1C)
by Fontaine et al. (2018). On the main stripped
area, the contact is either sharp, obscured by the
emplacement of a mafic dike and pegmatites, or
overprinted by a syn-D; shear zone and a late
subvertical fault (Fig. 2A).

Several vein types have been reported (Fon-
taine et al., 2018; Turlin et al., 2019b) from drill
core investigations (Table 1). A dominant type
is represented by quartz-feldspar-diopside (Qtz-
Fsp-Di) veins that, along with a less dominant
quartz (Qtz) vein population, have been shown
to exert strong control on gold mineralization
(Turlin et al., 2019b). The intrusion, S, foliation,
and gold-related veins are crosscut by pegmatitic
dikes, extensional Qtz veins, and chlorite (Chl)-
coated fractures (Fontaine et al., 2018; Turlin
et al., 2019b).

METHODOLOGY
Structural Analysis

In this study, structural analysis was carried
out on both the main stripped area that has been
mapped in detail by Sirios Resources, Inc., and
by Fontaine et al. (2018) and on drill core sec-
tions modeled by Sirios Resources, Inc. The
main stripped area is a shallowly inclined sur-
face where large flat zones locally prevent reli-
able structural measurements. Where possible,
the strike and dip of structures and veins (fol-
lowing the right-hand rule) were reported from
the main stripped area (Tables S1 and S2') and

ISupplemental Material. Structural features inves-
tigated on the Cheechoo tonalite/granodiorite
including the topological measures carried out on the
outcrop and on drill cores, along with the gold grades
and facies variability, and the structural measures of
foliation and veins from the main stripped area. Please
visit https://doi.org/10.1130/GSAB.S.14717937 to
access the supplemental material, and contact editing
@geosociety.org with any questions.

Turlin et al.

were used to reconstruct the structural evolution
of this area. The outcrop was divided into struc-
tural domains, which were based on changing li-
thologies, facies, or structural pattern (Fig. 2A).

Selected Vein Populations and Drill Cores

A comparison between gold grade values and
vein network parameters such as vein density
and connectivity allows for a better understand-
ing of these parameters and their influence on
fluid circulation and metal concentration. Ac-
cordingly, we focused our study on veins that
control the gold mineralization, namely, the
Qtz-Fsp-Di veins and the Qtz veins (Turlin
et al., 2019b). Network parameter measure-
ments and gold grade distribution were in-
vestigated on the NW-SE—trending drill core
section that is close to the main stripped area
(Fig. 1C). This methodology allows for reliable
comparisons between the observations car-
ried out on the outcrop and on drill cores, on
which the topological characterization of vein
networks has already been tested (Turlin et al.,
2019b). Along this section, five drill cores (NQ
is ~4.7 cm in diameter) with high recovery rates
(>99%) were investigated for the quantification
of vein density and topology and the distribution
of gold grade. Lengths of drill core halves rang-
ing from 0.1 m to 2.0 m were systematically
sampled by Sirios Resources, Inc., and analyzed
by fire assay at Actlabs and ALS laboratories.
The drill cores from NW to SE are: CH16-092,
CH17-126, CH16-040, CH17-094, and CH16-
059 (Figs. 1C and 3). Their azimuths, dips, and
lengths are reported in Table 2.

The gold grades were used to interpolate gold
grade envelopes on drill core sections. The in-
terpolation was carried out by Sirios Resources,
Inc., using the Leapfrog radial basis function
(RBF) tool and by including the orientation of
the S, foliation for better determination of en-
velop geometry. The samples are composited
at lengths of 3 m, and the interpolation method
uses a half spheroidal variogram. The parameters
were set to sill = 25, range = 100, nugget = 3.

Systematic measurements of vein parameters
(number and topology) were carried out on the
whole length of the intrusion intercepted by the
drill cores, and the latter were investigated as
1-D scanlines. These systematic measurements
allow comparison of every facies of the pluton
including barren and mineralized zones. The in-
tervals considered correspond to those in which
gold grade has been analyzed and range in length
from 0.1 m to 2.0 m. The results are reported in
Table S3 (see footnote 1). Unfortunately, the
drill cores investigated were not oriented and
did not allow the measurement of the true vein
orientations.
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Vein Density Measurement

The systematic measurement of density
(number of veins per meter) was carried out on
selected sections of drill cores. The length of
the intervals was corrected by subtracting the
thickness of late pegmatites, which are younger
than the vein populations investigated. Accord-
ingly, the number of veins obtained on these cor-
rected intervals represents the best estimation of
vein density.

The vein populations considered in this study
are not subparallel to one another (Turlin et al.,
2019b). Therefore, the Terzaghi correction was
not applied. This correction aims to yield the
most accurate number of veins in the area or vol-
ume investigated so the most representative vein
density can be calculated. It must only be applied
in the case of subparallel veins that would be
intersected at low angle with the scanline (Ter-
zaghi, 1965). On the contrary, in the case of vein
surveys carried out in areas where a great variety
of orientations is available for examination, the
variability of orientation likely represents a fair
sample of the veins present in the zone inves-
tigated (Terzaghi, 1965). Accordingly, the wide
spread of 6 angles (angle between a vein and the
drill core) allows a reliable estimation of their
density (Turlin et al., 2019b). The results are
reported according to the measured intervals as
the number of veins per meter in Table S3 along
with the associated gold grade.

Topological Measurements

The topological characterization of veins
was carried out following the method of Sand-
erson and Nixon (2015, 2018), which was
demonstrated to be reliable when applied to
stockworks that underwent high-grade meta-
morphism by Turlin et al. (2019b). It involves
the counting of node types for each vein from
a given population (Manzocchi, 2002; Mikel,
2007; Sanderson and Nixon, 2015). Three types
of nodes can be represented, either isolated tips
(I), crossing veins (X), or abutments and splays
(Y) (Manzocchi, 2002). The difference in net-
work topologies is a function of the relative
node proportion (Sanderson and Nixon, 2015,
2018). The average number of connections per
branch (Cg) varies between 0 and 2 and is a
direct quantification of the connectivity of the
networks (Sanderson and Nixon, 2015, 2018).
Its calculation is summarized in Appendix A.
‘We measured the number of each node type for
both Qtz-Fsp-Di and Qtz veins on every drill
core interval investigated. The points where
veins extend across the core were not counted
as I nodes but were treated as edge nodes and
thus were not included in the calculations. The
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results obtained on drill cores include vein to-  along with the associated gold grade and vein  main stripped area were chosen to investigate
pology and connectivity and are reported ac-  density. Similarly, 2-D zones of several square  the topology of Qtz-Fsp-Di and Qtz veins.
cording to their measured intervals in Table S3  meters of the central and western parts of the  Veins that extend across the area were treated
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TABLE 1. SUMMARY OF THE CHARACTERISTICS OF THE VEIN TYPES OBSERVED IN THE CHEECHOO PLUTON

Vein type Mineralogy Width Relationships Structure/texture Facies
with previous
veins/structures
Qtz-Fsp-Di Qtz-Fsp-Di + Act + Scl millimeter to Systematic alteration halo (1:1 to 1:3 vein over  Ubiquitous in the intrusion
veins complemented with Py-Po- centimeter halo ratio) More abundant in most altered
Apy =+ visible gold Di-Act- Generally transposed into the S, foliation, facies
Ab centimeter halo some are folded and/or dismembered
Variable orientations on the main stripped
area
Qtz veins Qtz + sulfides (Py, Apy, Po) millimeter to Crosscut Qtz- Locally present a whitish alteration halo (1:1 Ubiquitous in the intrusion
<1mm Fsp-Di veins vein over halo ratio) More abundant in most altered
Transposed in the S, foliation, ptygmatitic facies
folded or crosscutting the foliation
Generally clustered
Tur veins Fsp-Tur & Ttn + Scl centimeter Unobserved Form ductile breccias Observed in the Qtz-Ab facies
of the main stripped area
No link with the Au
mineralization
Pegmatitic Qtz-Fsp (pegmatitic centimeter to Crosscut Qtz- Textural continuity between pegmatitic veins No links with facies
veins and veins) + Bt + Tur + Ap + decimeter Fsp-Di and Qtz and pegmatite forms a sheeted vein More abundant at the contacts
pegmatites sulfides (mainly Py + Cp in (veins) veins array subparallel or at low angle with the between the intrusion and
pegmatites) decimeter to intrusion margins the wacke
Locally present Act-Fsp decameter High angle or sub-parallel to S,
selvages (dikes) Syn-kinematically folded by F; in some places
Extensional tz centimeter to Crosscut Qtz- Extensional veins Observed in the (sub-) fresh
Qtz veins decimeter Fsp-Diand Qtz N- to N-NW-striking perpendicular or sub- facies of the main stripped
(veins) veins parallel to the intrusion margins area
High to low angle to S2
Perpendicular to high angle to F3 axial planes
Chl veins Chl + Qtz + Ep minor <1mmtoa Crosscut every Straight, unfolded and long (up to decimeter) Ubiquitous in the intrusion
Py =+ visible gold (rare) few mm vein type and veins May be found in the wacke

(commonly barren)

structures

Notes: Modified after Fontaine et al., 2018; Turlin et al., 2019b. Abbreviations: Ab—albite; Act—actinolite; Ap—apatite; Apy—arsenopyrite; Bt—biotite; Chl—chlorite;
Cp—chalcopyrite; Di—diopside; Ep—epidote; Fsp—feldspar; Po—pyrrhotite; Py—pyrite; Qtz—quartz; Scl—scheelite; Ttn—titanite; Tur—tourmaline.

as edge nodes. The results are reported in Table
S4 (see footnote 1).

LITHOLOGIES, FACIES, AND VEIN
TYPES

The Cheechoo tonalite to granodiorite intru-
sion (further designated as granodiorite for the
purpose of this article) shows several facies that
range from massive quartz-albite-dominated
(Fig. S2D; see footnote 1) to several types of
more or less penetrative hydrothermal altera-
tion (Fontaine et al., 2018; Turlin et al., 2019b)
that range from an albite-amphibole-diopside-
altered (Ab-Amp-Di) facies to a biotite-bearing
(Bt) facies. The intrusion is also crosscut by
several mafic dykes of various orientations. All
of these facies and lithologies were affected by
the regional metamorphic D, compressional
event as shown by the development of a pen-
etrative S, schistosity. A thorough description
of the lithologies and facies that compose
the Cheechoo deposit is given in the supple-
mental file.

Quartz-Feldspar-Diopside Veins

Quartz-feldspar-diopside (Qtz-Fsp-Di) veins
are thin (millimeter to centimeter thick). They
also contain amphibole, biotite, pyrite, arse-
nopyrite, pyrrhotite, locally scheelite, and rare
visible gold (Figs. 2A and 4A-4C). They are

associated with a halo of albite (1:1-1:3 vein
over halo ratio). Their orientation is variable on
the main stripped area (Fontaine et al., 2018).
The veins were transposed into the S, foliation
(Fig. 4B) and folded during D,, which locally
formed ptygmatic folds (Fig. 4A; Fontaine et al.,
2018; Turlin et al., 2019b). Accordingly, we in-
terpret these veins as early- to syn-D, (Turlin
etal., 2019b).

Quartz Veins

Quartz (Qtz) veins are thin (millimeter to
centimeter thick) quartz + pyrite-arsenopyrite-
pyrrhotite £ visible gold veins (Figs. 4D—4E).
A halo of albite is locally associated with these
veins (1:1-1:2 vein over halo ratio), which have
a variable orientation on the main stripped area
(Fig. 2A; Fontaine et al., 2018). They are lo-
cally found crosscutting the Qtz-Fsp-Di veins,
transposed into parallelism with the S, foliation,
crosscutting the S, foliation, or folded. When
folded, the Qtz veins locally form ptygmatic
folds with a centimeter wavelength (Turlin et al.,
2019b). We also interpret these veins as early- to
syn-D, (Turlin et al., 2019b).

Pegmatites
Pegmatites include centimeter- to meter-wide

dikes (Figs 4F, 4G, and 5). They are composed
of quartz, plagioclase, and microcline and are
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therefore of granitic composition (Figs. 4F, 4G,
and 4]). They also contain biotite + tourma-
line 4+ muscovite £ apatite & pyrrhotite & py-
rite & chalcopyrite £ rare visible gold and
locally garnet where they are intruded into
metasedimentary rocks. They are not associ-
ated with any sign of contact metamorphism.
The pegmatites vary from coarse grained and
equigranular to pegmatitic with local graphic
textures. In some cases, they have a peculiar
texture that is composed of rounded subhedral
centimetric quartz phenocrysts and interstitial
plagioclase and microcline. This texture, intro-
duced by Turlin et al. (2019b), is referred to as a
“giraffe” facies (Fig. 4H). This specific facies is
systematically gold-bearing, whereas more typi-
cal pegmatite has erratic and random gold values
(Turlin et al., 2019b). Relics of altered and ran-
domly foliated host rock with diffuse boundaries
are locally found in pegmatites, which suggests
that these are partially digested xenoliths (Turlin
et al., 2019b).

Pegmatites can be found at high angle or
sub-parallel to S, (Figs. 2A and 6). They show
boudinage, layer-parallel stretching, Z-folding,
and local dismembering along fold limbs More-
over, no apparent intracrystalline or solid-state
planar fabric indicative of an intense metamor-
phic recrystallization during deformation can
be recognized (Turlin et al., 2019b). This sug-
gests that pegmatite emplacement postdates
the syn-D, metamorphic fabric, although the
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Figure 3. SW-NE cross sec-
tion across the Cheechoo plu-
ton passes through the main
stripped area (modeled from
drill core data by Sirios Re-
sources, Inc.). The trace of the
cross section is represented in
Figure 1C. Note the decrease
of gold grade background val-
ues in the albite-amphibole-
diopside altered pluton and the
strike of pegmatites that steep-
ens from SW to NE.

TABLE 2. COORDINATES, STRIKE, DIP, AND LENGTH OF THE DRILL CORES
FROM THE CHEECHOO PLUTON INVESTIGATED IN THIS STUDY

Drill core number Easting* Northing* Strike Dip Length
©) ©) (m)
CH16-040 438666 5831047 295 -55.00 355.4
CH16-059 438815 5830061 300 -53.00 450.0
CH16-092 438372 5830320 300 -50.00 225.0
CH17-094 438666 5830148 120 —-80.00 505.2
CH17-126 438507 5830217 313 -55.00 454.0

Notes: Their respective locations are reported on Figure 1C and the cross section modeled using these drill
cores by Sirios Resources, Inc., is represented in Figures 5 and S3 (see footnote 1).
*Coordinates are reported as Universal Transverse Mercator (UTM), in UTM zone 18, projected in the

NAD83 system.
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pegmatitic veins are affected by ptygmatic F,
folds (Figs. 4F—4G). Altogether, these features
indicate that pegmatites represent syn-kinematic
injections that can be bracketed to be late D, to
early Ds.

Extensional Quartz Veins

A second type of quartz vein consists of
extensional lenticular quartz veins up to a few
centimeters wide (Fig. 4I). These veins are com-
monly barren and are either perpendicular (e.g.,
6-9 trench) or subparallel to the intrusion mar-
gins (main stripped area) (Fontaine et al., 2018).
They are essentially exposed in the central part
of the main stripped outcrop where they are
NW-SE-trending and have a steep dip (80-85°)
(Figs. 2 and S4; see footnote 1). They are per-
pendicular or at high angle to the axial plane of
F, folds (Fig. 2A).

Chlorite Veins

Chlorite (Chl) veins are straight unfolded and
essentially barren chlorite-coated fractures no
larger than a few millimeters (Fig. 4J; Fontaine
et al., 2018; Turlin et al., 2019b). Even though
they are essentially composed of chlorite with
local sulfides and rare visible gold particles
(Fontaine et al., 2018), Turlin et al. (2019b)
demonstrated that they do not exert any con-
trol on the gold mineralization. These fractures
crosscut the intrusion following a general N-S
direction. They crosscut all ductile structural
fabrics and the Qtz-Fsp-Di and Qtz veins and
pegmatites (Fig. 4J; Fontaine et al., 2018; Turlin
et al., 2019b). These features and their mineral-
ogy demonstrate their late emplacement under
brittle conditions.

STRUCTURES
Foliations, Folds, Dikes and Faults

The main stripped area consists of an out-
crop where the Cheechoo intrusion and the
host metasedimentary rocks are both exposed
(Fig. 2A). The contact between both units is
sharp and locally masked by mafic dikes or
pegmatites. The metasedimentary rocks consist
of massive to bedded wacke, sillimanite-rich
metapelite, and silicate facies iron formation
(garnet-amphibole) (Fig. 2A). Large rafts of am-
phibole-bearing wacke are also present within
the intrusion.

Sedimentary bedding (S,) is NW-striking and
steeply dipping toward the NE or SW (structur-
al domain 1; Figs. 2A and 6). Graded bedding
is locally preserved and indicates an eastward-
younging sedimentary sequence (structural
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Figure 4. Representative photographs show the various vein types identified in the Cheechoo
pluton. The drill core is ~4.7 cm in diameter. Where applicable, dashed arrows indicate
the bottom of the drill cores. (A) Sulfide-rich, folded quartz-feldspar-diopside vein; (B)
transposed quartz-feldspar-diopside veins in the S, foliation; (C) visible gold in a quartz-
feldspar-diopside vein; (D) NW-SE-trending quartz veins; (E) highly connected network
of quartz veins. Note the random orientation of the veins compared to those in Figure 4D;
(F) folded pegmatite emplaced into metawacke with no evidence for intracrystalline nor
solid-state deformation nor for a preferred orientation of minerals. These features point to
the syn-kinematic emplacement of pegmatites. Note the biotite-rich reaction boundary that
developed in the metawacke at the contact with the pegmatite that points to a disequilibrium
between both lithologies during intrusion of the pegmatites probably during the retrograde P-T path; (G) relationships between pegmatites
and the S, foliation. Note the dike crosscutting S, and its apophyses injected in the foliation; (H) ‘“‘giraffe’ pegmatite characterized by an
assemblage of rounded quartz porphyroblasts and interstitial feldspar; (I) sigmoidal NW-SE-trending quartz vein emplaced under an
extensional regime; (J) thin and straight chlorite-coated fracture crosscutting a pegmatite. Abbreviations: Ab—albite; Apy—arsenopyrite;

¥

Bt—Dbiotite; Chl—chlorite; Di—diopside; Fsp—feldspar; Po—pyrrhotite; Py—pyrite; Qtz—quartz; Tuar—tourmaline.

domain 1; Fig. 2A). The S, foliation is steeply
dipping (43-88°), at a low angle to subparallel
to bedding, and wraps around the Cheechoo in-
trusion, where it varies from NE- to W-striking
(Fig. 2A). It is marked by biotite and over-
printed by syn- to late-S, garnet, amphibole,
and sillimanite porphyroblasts and contains a

down-dip mineral lineation (Figs. S2A and 6).
Steeply plunging mesoscopic asymmetric F,
folds are locally developed and have an axial-
planar S, foliation. In the intrusion, mafic dikes
are also folded (F,) and affected by the S, folia-
tion. Locally, in the Ab-Amp-Di-altered pluton,
a distinct banding is imparted by alternating
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granoblastic and recrystallized quartz-albite
and amphibole(-diopside)-rich layers that cut
the folded mafic dikes. This banding is NW-
SE-trending, steeply dipping (63—-88°), and is
also present elsewhere in the Cheechoo intru-
sion in zones of high strain developed along
less competent mafic dikes.
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Pegmatites are mostly present in the Ab-
Amp-Di-altered facies and in the strongly foli-
ated Bt-bearing facies of the intrusion (Fig. 2A)
and show a variety of structures. Elongated
straight dikes are steeply-dipping, NW-SE-
trending with a significant clockwise reorien-
tation from W to E toward a N-S trend (Figs. 2
and S4). In addition, other (sub-) orthogonal
pegmatite dikes are found between and in
textural continuity with these elongated dikes
(Fig. 2A). The former show ptygmatic and both
Z- and S-folds that are indicative of a contrac-
tion perpendicular to the dikes (Fig. 2A). The
pegmatites are parallel to or cut the S, foliation,
whereas tourmalinization associated with peg-
matite emplacement replaces late- or post-S,
aluminosilicate porphyroblasts. This suggests
that the bulk of D,-related strain and associated
peak metamorphism predates the emplacement
of the pegmatites.

In the NE-SW—trending cross section that
passes through the main stripped area (Fig. 3),
the Cheechoo intrusion shows a megascopic
fold with a long wavelength (>500 m) and an
axial plane steeply dipping toward the SW. It is
associated with folding of mafic dikes and the
S, foliation and some of the syn-kinematic peg-
matites that show a shallow apparent dip in the
SW and a steep dip in the NE. In the intrusion,
part of the hinge zone of the megascopic fold
is occupied by the albite-altered facies of the
pluton (Fig. 3). Similar structures are observed
on the NW-SE—trending cross section presented
in Figure 5. However, the trace of the S, folia-
tion is not available on this section and does
not allow a structural reconstruction like that
proposed for the NE-SW—trending one.

An S; crenulation cleavage is locally well
developed in the metasedimentary rocks from
the main stripped area. It is generally at high-
angle to S,, steeply dipping toward the NE
(structural domain 10; Figs. 2A and 6), and as-
sociated with open to closed F; folds. In the
Cheechoo intrusion, the S; foliation is marked
by biotite and also affects the pegmatite dikes.
Along the eastern contact of the granodiorite
with the metasedimentary rocks, a 2-5-m-thick,
N-striking and E-dipping high strain zone
shows well-developed and subparallel S, and
S, foliations as well as asymmetric (Z-shaped)
F; folds. In this zone, earlier ductile fabrics
are cut by a late 10-cm-wide brittle fault and
related quartz veins. This brittle fault zone is
associated with the formation of chlorite-coat-
ed fracture networks and the chloritization of
biotite. Within ~20 m to the east of this defor-
mation zone, N-NE—trending pegmatite dikes
are buckled into Z-shaped ptygmatic folds,
whereas S-SE—trending dikes are boudinaged
(Fig. 2A), which is a geometry compatible with

Domain 10
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Mafic dike

Domain 6

Qtz veins
Qtz-Fsp-Di veins

Domain 5

Domain 4
Extensional Qtz veins

Pegmatites

Veins
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Figure 6. Structural measurements obtained on the main stripped area of the Cheechoo pluton are shown. The numbers of structural zones are reported on Figure 2. Abbre-

viations: Di—diopside; Fsp—feldspar; Qtz—quartz.
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a dextral sense of shear during D; following
dike emplacement along the eastern margin of
the intrusion. Elsewhere, within the Cheechoo
intrusion, the pegmatites locally accommodate
dextral shearing during their emplacement,
prior to, or during Dj.

Vein Reorientation

The Qtz-Fsp-Di and Qtz veins are oblique
to subparallel to the S, foliation (Fig. 6). To a
few exceptions, these veins are moderately to
steeply dipping (generally 42-90°), but their
strike is variable. In the banded altered facies
of the intrusion, Qtz-Fsp-Di veins show a mean
strike of 297° (between 137° and 359°, n = 34)
and a mean dip of 73° (between 45° and 89°)
(structural domains 7 and 8; Figs. 2A and 6; Ta-
ble S1). In the same facies, the Qtz veins have
a mean strike of 326° (between 238° and 356°,
n = 19) and a mean dip of 70° (between 49°
and 83°) (structural domains 7 and 8; Figs. 2A
and 6; Table S1).

In the central part of the outcrop, the grano-
diorite is massive and shows a quartz-albite
alteration. The S, foliation is subtle. This
facies hosts the highest proportion of Au-
bearing veins (Qtz-Fsp-Di and Qtz veins;
Fig. 2A), which form dense networks that
show a progressive reorientation following a
clockwise path from a NW-SE to ESE-WNW
orientation (structural domain 6; Figs. 2 and
6). This reorientation is in response to a dex-
tral shearing and is also shown locally at the
mesoscopic scale.

SPATTIAL AND STATISTIC GOLD
GRADE DISTRIBUTION

Main Stripped Area

At the scale of the main stripped area, the
gold mineralization is mainly present in both

the contact zone between the pluton and the
wacke and in the massive Qtz-Ab-altered fa-
cies from the central part, where veins cut the
intrusion. The latter is the zone with the high-
est density of Qtz-Fsp-Di and Qtz veins and
where these veins underwent a reorientation
(Fig. 2).

Cross Sections

At the scale of the investigated drill core
cross sections (Fig. 5), the gold grade values in
the intrusion were compiled into a gold grade
vs. cumulative frequency diagram following the
method of Taner and Trudel (1991) (Fig. 7A).
The grade distribution shows an inflection
around 1 g/t that allows discrimination of two
distinct grade populations (Taner and Trudel,
1991). Population A is defined by values be-
low 1 g/t and shows a lognormal distribution
(Fig. 7B). On the contrary, population B is de-
fined by values above 1 g/t (and up to 110 g/t)
and shows a chaotic distribution that is inter-
preted to reflect a nugget effect (Fig. 7C). Such
distinct distributions have been interpreted to
reflect two mineralizing events (Sinclair, 1976;
Taner and Trudel, 1991).

The spatial distribution of the gold miner-
alization in the cross sections is represented
as interpolated gold grade envelopes (Figs. 3
and 5). These envelopes follow the general
pattern of deformation in the intrusion and
present shapes that reflect their folding as for
mafic dikes (Figs. 3 and 5). These envelopes are
continuous both inside and outside of the Ab-
Amp-Di-altered facies of the pluton (Figs. 3
and 5). Outside of this Ab-Amp-Di-altered fa-
cies, the gold grade envelopes are widespread
and include both sparse high-grade (1 g/t Au)
and very high-grade (up to 38.73 g/t Au) min-
eralization (Figs. 3 and 5). On the contrary, in
the Ab-Amp-Di-altered facies and more locally
in the pegmatites, the gold grade envelopes are

»
>

Figure 7. Distribution of gold grade values obtained on drill cores samples of pluton from
the Cheechoo deposit (unpublished data are from Sirios Resources, Inc., obtained on drill
cores CH14-016, CH15-023, CH15-025, CH15-028, CH16-025E, CH16-031, CH16-040,
CH16-059, CH16-092, CH16-093, CH17-094, CH17-126, CH17-135, CH17-137, CH17-141,
CH17-143, CH17-144, CH17-145). (A) Gold grade vs. cumulative frequency diagram after
Taner and Trudel (1991). The inflection in the distribution around 1 g/t distinguishes two
populations of gold grades. (B) Lognormal distribution of the population A of gold grades
(<1 g/t). (C) Chaotic distribution of the population B of gold grades (>1 g/t) that witness
nugget effects after a gold remobilization (see text for details). (D) Comparison between the
density of Qtz-Fsp-Di and Qtz veins and gold grades for the drill core interval studied. Note
the matching between the distribution of Qtz-Fsp-Di vein density (and to a minor extent of
Qtz veins) and the population A of gold grades (<1 g/t) that points to direct control of this
population by the vein networks. Abbreviations: Di—diopside; Fsp—feldspar; Pop A/B—

population A/B of gold grades; Qtz—quartz.
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much narrower and characterized by a bimodal
distribution of gold grades (Figs. 3 and 5). This
is shown by the discrete, very high-grade val-
ues with no to slight background; this pattern
reflects nugget effects.
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DENSITY, TOPOLOGY AND
CONNECTIVITY OF VEIN NETWORKS
AND THEIR LINK WITH THE GOLD
GRADE

Main Stripped Area

On the main stripped area, where the full
length of structures is visible, the topology of
Qtz-Fsp-Di and of Qtz veins has been investi-
gated on two representative zones for each vein
network (Figs. 2A and 8). For the latter, one zone
with several visible gold occurrences has been
chosen, and the other one is barren to slightly
mineralized (Fig. 2A). Plotted in a ternary I-Y-X
nodes diagram, the results fall within the fields
of those determined by Turlin et al. (2019b) on
the same vein networks on drill core samples
(Fig. 8). The two investigated Qtz-Fsp-Di vein
zones are from two distinct facies: the Qtz-Ab-
altered facies and the Ab-Amp-Di-altered fa-
cies (Fig. 2A). Both zones yielded similar I-Y-
dominated networks with a very low proportion
of X nodes (<1.4%; Fig. 8; Table S2) and high
connectivity as shown by the average number
of connections per branch (Cy parameter; see
Appendix A for details) of 1.40 (Table S2). The

N\
Zone 3 Number of counted
nodes per zone:

1:1310 31557
100 2616 4:1291

YO 25 50 75

0
100 X

Topology obtained on:

Drill cores
(Turfin et al., 2019b)

1
1

Main stripped area
(this study)

Qtz-Fsp-Di veins
Qtz veins [ ]

Figure 8. Ternary diagram shows the node
type proportion for the Qtz-Fsp-Di veins,
Qtz veins, and pegmatites measured on the
main stripped area compared to data ob-
tained from the same vein networks mea-
sured on drill cores reported by Turlin et al.
(2019b). To be noted are the similar results
obtained in both cases, which therefore vali-
dates the use of the topological approach
on both outcrops and drill cores. Abbre-
viations: Di—diopside; Fsp—feldspar;
Qtz—quartz.

Turlin et al.

two Qtz vein zones also yielded I-Y-dominated
networks with a very low proportion of X nodes
(<6%; Fig. 8; Table S2) but higher connectivity
as shown by their Cy parameter, which ranges
between 1.58 and 1.68 (Table S2). The Qtz
vein zone associated with visible gold is the
one that shows the lowest connectivity (zone 1;
Figs. 2A and 8) in response to a lower proportion
of Y nodes.

Cross Sections

The density of Qtz-Fsp-Di and Qtz veins has
been investigated on the drill cores presented in
the cross section of Figure 5. In a vein density
vs. cumulative frequency diagram, the density
of Qtz-Fsp-Di veins shows the same distribution
of gold grades (<1 g/t; Fig. 7D) as population
A. The density of Qtz-Fsp-Di veins is character-
ized by a strong increase in low density values
(Fig. 7D). The difference between the curves of
gold grade distribution and the density of Qtz-
Fsp-Di veins appears to be around 1 g/t, i.e.,
where the gold grade distribution changes from a
continuous lognormal one to a discrete distribu-
tion dominated by nugget effects. The distribu-
tion of the density of Qtz veins is characterized
by a more progressive increase than that of Qtz-
Fsp-Di veins (Fig. 7D).

Similarly, the topology of Qtz-Fsp-Di and Qtz
veins has been measured on the same drill cores.
As for the two-dimensional investigations on the
main stripped area, results show that both net-
works are dominated by I-Y nodes with minor
proportions of X nodes (Fig. S5; see footnote 1).
The increase of Y nodes, i.e., of connectivity, is
associated with increasing gold grades (Fig. S5).
The topology obtained outside and inside of the
Ab-Amp-Di-altered facies is similar (Fig. S5).

When plotted along the investigated drill cores
on the cross section in Figure 5, the distribution
of the density and Cy parameter (see Appendix A
for details) of Qtz-Fsp-Di and Qtz veins does not
vary inside or outside of the Ab-Amp-Di-altered
facies. Accordingly, it only corresponds to gold
grades outside of the Ab-Amp-Di-altered facies
(Fig. 5).

DISCUSSION

Distribution of Metal Grades: Evidence
for Two Mineralization or Remobilization
Events

The investigation of the gold grade distribu-
tion in the Cheechoo deposit shows the existence
of two distinct populations highlighted by an in-
flection in the cumulative frequency (Fig. 7A).
Two distinct grade populations suggest that two
mechanisms of gold precipitation were involved
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that possibly represent two distinct mineraliza-
tion or remobilization events (Sinclair, 1976;
Taner and Trudel, 1991). Several hypotheses
can be proposed for such mechanisms. The
first hypothesis is that two gold mineralizing
events succeeded one another with no genetic
link. The second hypothesis is that an early gold
stock was partially remobilized during prograde
metamorphism and/or magmatism. This hypoth-
esis seems reasonable as it has been invoked in
previous works to explain the genesis of visible
gold grains by remobilization in hypogene hy-
drothermal environments (Hough et al., 2007;
Butt et al., 2020; Voisey et al., 2020). Further
petrogeochemical investigations of mineralized
zones and ore minerals are required to confirm
or reject this hypothesis.

Vein Density and Topological
Characterization of a Metamorphosed
Stockwork

Massive Qtz-Ab-Altered Facies

Visible gold particles are present in both Qtz-
Fsp-Di and Qtz veins (Figs. 2A and 4C; Fontaine
et al., 2018; Turlin et al., 2019b). These veins
are affected by F, folds, they are transposed into
the S, foliation (Fig. 4B), and their selvages
contain K-feldspar, amphibole, and diopside
porphyroblasts. They show a dextral reorienta-
tion in the central part of the main stripped area
(Fig. 2). These features demonstrate that these
veins predate high-grade metamorphism and are
pre- to early-D, (Figs. 4A—4B). The cumulative
frequency of the Qtz-Fsp-Di vein density and
gold grades for population A, i.e., below 1 g/t,
are the same (Fig. 7D). These statistical parame-
ters suggest that gold grades of population A are
controlled by the Qtz-Fsp-Di veins. The strong
increase in the proportion of Qtz-Fsp-Di veins at
low densities indicates that these veins formed at
an elevated rate of propagation up to a saturation
value that is marked by the slower increase of
their proportion at high density values (Fig. 7D;
e.g., Roberts et al., 1999). On the contrary, the
slower increase of the proportion of Qtz veins at
low density values (Fig. 7D) is consistent with
their emplacement after the Qtz-Fsp-Di veins
in a vein-saturated environment in which they
nucleated on preexisting structures (e.g., Roberts
et al., 1999).

Gold shows a variable distribution that de-
pends on the facies of the intrusion as shown on
the cross section presented in Figure 5. The mas-
sive Qtz-Ab-altered facies shows widespread
low gold values (<0.3 g/t), relatively large zones
of higher gold values (>0.3 and <0.5 g/t), and
few elevated values (>1.0 g/t) that reach up to
38.73 g/t (Fig. 5). These features suggest that
gold grade population A (<1 g/t) is well-de-
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veloped in the massive Qtz-Ab-altered facies.
Moreover, in this facies, elevated values locally
occur and are generated by important nugget
effects (Fig. 5). These high-grade samples are
characterized by narrow grade envelopes with
gold values that are higher than in the rest of
the massive Qtz-Ab-altered facies (Fig. 5). These
elevated values correspond to gold grade popula-
tion B (>1 g/t). Accordingly, the massive Qtz-
Ab-altered facies is characterized by populations
of both grades.

In the massive Qtz-Ab-altered facies, zones
with the highest gold grades (~1.0-38.73 g/t)
also correspond to zones of high density and
connectivity (Cy parameter) of Qtz-Fsp-Di
(Fig. 5) and Qtz veins (Fig. S3). Hence, in zones
of high vein density and connectivity, one would
expect that gold grades may reach elevated val-
ues typical of population B, i.e., above 1 g/t.
Similarly, where the density and connectivity of
the vein networks decrease, the gold grades are
also expected to decrease down to values typical
of population A, i.e., below 1 g/t. The relation-
ships between vein density, topology, and gold
grades are also documented at the scale of the
main stripped area, where most of the mineral-
ization that is identified on the basis of visible
gold and sulfides is concentrated in the central
part (structural domain 6, Figs. 2A and 6). This
zone corresponds to the highest density of Qtz-
Fsp-Di veins (Figs. 2A and 9). On this outcrop,
the topology investigations carried out on these
vein networks over areas of a few square meters
yielded similar results as those obtained from
drill cores (Figs. 8 and S5). These results dem-
onstrate that the density and connectivity of Qtz-
Fsp-Di veins control the first mineralizing event.
Where these networks show relatively low den-
sity and connectivity, gold values are relatively
low, i.e., characteristic of population A. On the
contrary, a high density and connectivity of Qtz-
Fsp-Di veins leads to the elevated gold grades
characteristic of population B.

Amp-Ab-Di-Altered Facies

The Amp-Ab-Di-altered facies is character-
ized by gold grades with an erratic gold distribu-
tion and limited background values below 0.3 g/t
as shown by the thin grade envelopes centered
on a few elevated values that reach up to 110 g/t
(Fig. 5). Such features indicate that the distribu-
tion of gold grades in this facies is essentially
dominated by population B (>1 g/t).

The gold mineralizing event that is expressed
in the Amp-Ab-Di-altered facies can have two
distinct origins, namely, a new gold input or
remobilization of a previous gold stock. The
Amp-Ab-Di-altered facies is more altered than
the massive Qtz-Ab-altered one. Accordingly,
the stronger proportion of pre-metamorphic

hydrated minerals from the Amp-Ab-Di-altered
facies could have released more fluids than the
massive Qtz-Ab-altered one during regional peak
metamorphism at amphibolite facies. This fluid
release would have enhanced the remobilization
of gold that would have been reconcentrated as
visible gold grains (e.g., Tomkins, 2007). This
hypothesis is consistent with the preservation of
the density and connectivity of the gold-bearing
Qtz-Fsp-Di veins in both the massive Qtz-Ab-
and Amp-Ab-Di-altered facies during regional
metamorphism and deformation. Accordingly,
we propose that the distribution of gold grades
in the Amp-Ab-Di-altered facies is due, in part,
to gold remobilization.

Pegmatites

Pegmatites present a similar distribution of
gold grades as the Amp-Ab-Di-altered facies,
i.e., dominated by randomly distributed and
erratic gold values that can reach several g/t.
Pegmatites crosscut previous vein networks,
i.e., Qtz-Fsp-Di and Qtz veins. They present
elongation features that can represent primary
injection structures such as bead strings, as was
proposed for the Cap de Creus (NE Spain) by
Bons et al. (2004). These authors show that ap-
parent boudinage can be caused by injection
and subsequent local expansion and collapse at
the edges of the magmatic body. This type of
mechanism can only appear when the magma
is emplaced under ductile conditions and low
cooling rates (Bons et al., 2004). These con-
ditions allow the formation of bead strings by
ductile flow of the host rock (Bons et al., 2004).
However, even though the thermal conditions
are met in the study area, S,-parallel pegmatites
from the Cheechoo intrusion that show elonga-
tion features are also in textural continuity with
folded pegmatites that are oblique relative to S,
(Figs. 2 and 4F). In addition, both S,-parallel and
folded pegmatites lack evidence for solid-state
or intracrystalline deformation, and the latest
pegmatitic dikes are parallel to the S; foliation
(Figs. 2A and 9). These structural features are
typical of lower crustal ductile environments
(e.g., Brisbin, 1986). They define an anisotropic
regime of deformation with an apparent sub-
horizontal extension and minimum principal
stress (o5) direction. The associated calculated
elongation direction shows a clockwise rota-
tion with azimuths that range from WNW-ESE
in the southern part of the Ab-Amp-Di-altered
facies to NNW-SSE in the northern part of the
strongly foliated Bt-bearing facies (Fig. 2B).
The folded pegmatites are at low angle rela-
tive to the calculated maximum principal stress
(o,) direction (Figs. 2 and 4F). Accordingly,
the shortening features observed for pegmatites
from the Cheechoo deposit, as well as the lack
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of solid-state fabric, are interpreted as represent-
ing their syn-kinematic injection under ductile
conditions following peak metamorphism (see
discussions in Turlin et al., 2017, 2018, 2019a).

Genetic Model

We propose in Figure 9 a structural evolu-
tion model of the genesis of the prograde stock-
work that includes the timing of gold input and
remobilization(s). The Qtz veins crosscut the
Qtz-Fsp-Di veins, both show structural features
that allow them to be attributed to a pre- to early-
D, stage (Fig. 9), and they share a similar albitic
alteration halo. This is consistent with the type
of complex and protracted hydrothermal activity
that would generate both vein types and hydro-
thermal alteration assemblages. Moreover, the
Qtz-Fsp-Di and Qtz vein networks show a con-
servation of density, topology, and connectivity
between the massive Qtz-Ab-altered facies and
the Ab-Amp-Di-altered facies as demonstrated
both on the main stripped area (Figs. 2A and S5)
and in the cross section of Figure 5. The simi-
lar results obtained on two-dimensional (hori-
zontal) and on one-dimensional (vertical) drill
core investigations indicate that the connectiv-
ity has an isotropic character. The saccharoidal
texture and presence of diopside and amphibole
porphyroblasts in the hydrothermally altered in-
trusion and metasedimentary rocks and in Qtz-
Fsp-Di veins reflect a secondary metamorphic
mineral assemblage that may be associated with
the recrystallization of an earlier hydrothermal
system at amphibolite facies conditions. This is
consistent with the amphibolite P-T conditions
reached in the area (Fontaine et al., 2018; Fon-
taine, 2019). Such features are typical of gold
deposits in amphibolite facies metamorphic belts
(McCuaig and Kerrich, 1998; Eilu et al., 1999;
Tomkins, 2007). Accordingly, even though fur-
ther petrogenetic documentation is needed to
confirm this hypothesis, we favor a model in
which early pervasive hydrothermal alteration
and associated veins (Qtz-Fsp-Di and Qtz veins)
were metamorphosed to form the sodic and calc-
silicate facies in the intrusion (Fig. 9).

The first gold input would have been associat-
ed with the early pervasive hydrothermal altera-
tion (Fig. 9) as shown by the control of the gold
grades in the massive Qtz-Ab-altered facies by
the density and connectivity of the Qtz-Fsp-Di
veins. In the massive Qtz-Ab-altered facies, the
lowest density and connectivity of these veins is
associated with the lowest gold values. Accord-
ingly, both populations A and B are associated
with this gold input. The subsequent regional
metamorphism would have promoted fluid re-
lease and mobilization of the previous gold stock
especially from the Amp-Ab-Di-altered facies.
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It is proposed that, in this facies, gold was in
part remobilized to form population B (Fig. 9).
Gold remobilization was also associated with
syn-kinematic late-D, to early-D; pegmatites,
which are interpreted to have scavenged part of
the initial gold stock during magma ascent and
emplacement (Fig. 9).

The results presented in this study show that
the grade vs. cumulative frequency diagram of
Taner and Trudel (1991) (Fig. 7) cannot be seen
as a means for discriminating grade values asso-
ciated with specific mineralizing events. Indeed,
we show that in the Cheechoo deposit, the popu-
lation B of gold grades, which is identified on the
basis of inflection points in this diagram (Fig. 7),
does not represent in itself a new gold mineral-
izing event. On the contrary, this population B
is composed of values that belong to both the
first mineralizing event and to its remobilization.
Accordingly, the use of the grade vs. cumulative
frequency diagram of Taner and Trudel (1991)
must be used as a tool for identifying gold grade
populations that can afterward be interpreted in
terms of processes.

CONCLUSIONS

In this study, we show that the coupling of
field geology, gold grade distribution, vein den-
sity, topology, and connectivity allows for a bet-
ter understanding of the metallogenic history of
a deposit even if it has undergone high-grade
metamorphism and deformation. Our results
obtained on the Cheechoo stockwork show that
two steps may be distinguished in the evolution
of a metamorphosed stockwork as indicated by
the bimodal gold grade distribution. This dis-
tribution, coupled with field relationships, vein
mineralogy, and vein density and connectivity,
shows that the Qtz-Fsp-Di veins control the input
of a first gold stock in the Cheechoo deposit. This
first stock was associated with hydrothermal al-
teration that was metamorphosed to sodic and
calcsilicate facies during peak metamorphism.
It was further locally concentrated in a smaller
volume of the pluton in response to vein reori-
entation associated with dextral shearing during
regional deformation and metamorphism. The
geometry of the stockwork was preserved during
this shearing and vein reorientation. Moreover,
the multi-method approach yields evidence for
isotropic behavior of the topology, and therefore
of the connectivity, of the stockworks during re-
gional deformation.

The same methodology also suggests evi-
dence for a gold remobilization event. The
gold distribution associated with this event is
characterized by a strong nugget effect, which
is found both in the Ab-Amp-Di-altered facies
and locally in the pegmatites. The development

of porphyroblasts of albite, actinolite, diopside,
and titanite in these hydrothermally altered fa-
cies suggests metamorphism up to amphibolite
facies. This event is interpreted to have been
associated with fluid release during metamor-
phism, which thus promoted the remobilization
of the first gold stock. Similarly, gold-bearing
pegmatites showing random and locally high-
grade gold mineralization would have scavenged
part of the first gold stock during magma ascent
and emplacement in the Cheechoo pluton.
Accordingly, we provide evidence that the de-
velopment of a stockwork is not restricted to the
retrograde evolution of magmatic-hydrothermal
or metamorphic systems, but that it can hap-
pen during the early stages of regional prograde
metamorphism. Moreover, the results provide
new clues for the characterization of successive
veining or fracturing events and for predicting
the loci of mineralization in such systems. The
latter is of prime importance in terms of the ex-
ploration, evaluation, and exploitation of a de-
posit. Accordingly, this study opens new avenues
regarding the characterization of hydrothermal
deposits and of vein networks even if they have
undergone high-grade metamorphism.

APPENDIX A. CALCULATIONS OF
NETWORK TOPOLOGY

Considered in a two-dimensional plane, a
vein is represented by a finite line or trace. It is
composed of one or more branches that ends by
a node at each termination (Fig. Al; Sanderson
and Nixon, 2015). Three categories of nodes are
defined, namely isolated tips (I), abutments or
splays (Y), or intersections (X) (Fig. A1; Manzo-
cchi, 2002; Mikel, 2007; Sanderson and Nixon,
2015). The network topology is defined on the
basis of the relative proportions of these nodes.

A vein is divided into branches that are char-
acterized by two nodes. I nodes contribute to
one branch, Y nodes to three branches, and X
nodes to four branches. Therefore, the number
of branch (Np) is (the following equations are
from Sanderson and Nixon, 2015):

Ny =1/2(N, + 3Ny +4Ny) (1)

where N|, Ny, and Ny are the number of counted
I,'Y, and X nodes, respectively.

The average number of connections per
branch (Cy) is given by:

Cy =Ny +4Ny)/Ny (2)
This parameter is a proxy of the connectivity

of a vein network (Sanderson and Nixon, 2015).
It varies between O (unconnected network) and
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— Vein --- Associated veins
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| - Isolated tips

X - Crossing veins

Y - Abutments or splays

Figure A1l. Schematic representation shows
the topologic approach that illustrates the
relationships between veins from a similar
population and the various types of counted
nodes used to evaluate network topologies
and connectivity (adapted from Sanderson
and Nixon, 2015; Turlin et al., 2019b).

2 (fully connected network) (Sanderson and
Nixon, 2015). A percolation threshold is set by
Sanderson and Nixon (2018) at a Cy value of
~1.56. However, Turlin et al. (2019b) argued
that some form of connectivity can be reached
below this percolation threshold.
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