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Abstract: Archean greenstone belts are renowned for their Au endowment. Gold can be associated
with orogenic Au style of mineralization and with diorite-hosted Au-Cu disseminated sulfides
interpreted as a porphyry style of mineralization. The Regnault Au project, located in the Frotet–
Evans greenstone belt (Superior craton), is a structurally-controlled and diorite-hosted mineralization
with an unclear metallogenic model. The aim of this study is to evaluate the fertility of the Regnault
granodiorite-diorite-gabbro intrusive. Using whole-rock chemistry and petrological observations,
it is concluded that the intrusive suite derives from a differentiated and water-bearing magma
extracted from the metasomatized mantle. Amphibole chemistry indicates that the magma was
moderately oxidized and that it emplaced at a shallow depth. It is concluded that the Regnault
intrusive suite displays several characteristics favorable to the exsolution of magmatic fluids in the
upper crust and that the Regnault Au mineralization potentially corresponds to, at least in part, a
magmatic-hydrothermal system.

Keywords: gold mineralization; Kenorland; Regnault; Frotet–Troilus domain; magma; diorite;
amphibole chemistry; physical-chemical parameter

1. Introduction

The Baie James area, located in the southern part of the Superior craton, Québec,
Canada, is the focus of exploration efforts for Au and base metals mineralization. Ex-
ploration focuses on orogenic gold systems, such as the Roberto deposit [1,2], and on
magmatic-hydrothermal mineralization, such as the Cheechoo Au project [3] and the
Troilus Au-Cu porphyry [4]. Orogenic gold systems are defined as Au-only mesothermal
hydrothermal systems dominated by metamorphic fluids [5]. In contrast, porphyry Au-
Cu deposits are magmatic-hydrothermal systems related to fluids generally exsolved by
diorite-bearing magmatic systems [6].

In the southern part of the Superior craton, most diorite-associated porphyry deposits
are located in the Abitibi greenstone belt. These include the ca. 2.74 Ga Côté-Gold Au ± Cu
mine [7,8] and the ca. 2.72 Ga Cu-Au deposits of Central Camp, Chibougamau [9–11].
Other deposits associated to diorite intrusions are located in the Frotet–Evans greenstone
belt (Opatica sub-province) and correspond to the 2.79 Ga Au-Cu Troilus porphyry [12,13]
and to the poorly documented Regnault Au mineralization [14].

The Regnault Au project is a diorite-hosted mineralization dominated by quartz veins
and disseminated sulfide [14]. It is also structurally controlled and spatially associated
with major structures such as E-W fault zones and fold axes [14]. The mineralizing process
at Regnault is unclear and may have involved: (1) magmatic-hydrothermal processes;
(2) hydrothermal processes during a major metamorphic and deformation event, or; (3) a
multi-stage process implicating both magmatic and metamorphic fluids.
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This study focuses on the least-altered part of the granodiorite-diorite-gabbro intrusive
complex of Regnault and aims at determining its petrogenesis and depth of emplacement.
Results are used to discuss the opportunity, for the studied magmatic system, to exsolve
a significant volume of magmatic fluids with a mineralizing potential. This study does
not provide a definitive metallogenic model for the Regnault Au project, as such a model
requires a detailed study of mineralized rocks, which is beyond the scope of this study. This
study, however, evaluates the fertility of the intrusive complex that hosts the mineralization.

2. Geological Setting
2.1. Regional Geology

The study area is located in the Opatica sub-province, in the southern part of the
Superior craton, Canada (Figure 1). This sub-province is dominated by tonalite gneiss
of medium- to high-metamorphic grade (migmatite are locally observed) and by the
supracrustal rocks of the Frotet–Evans greenstone belt. This greenstone belt is dominated
by mafic to felsic volcanic rocks that have been metamorphosed to the conditions of the
greenschist facies and to higher grade (lower-amphibolite facies) near the plutons [15]. The
prefix “meta”, however, is omitted hereafter.
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Québec (MERN), Sigeom dataset, and from the Ontario Geological Survey (OGS). The projection is
UTM NAD83 Zone 18N. The inset displays the location of the samples considered in this contribution.

In Archean cratons, the main magmatic phase is referred to as the synvolcanic pe-
riod, during which voluminous tonalite-dominated intrusive complexes (e.g., tonalite-
trondhjemite-granodiorite—TTG—suites) and tholeiitic lava flows are produced. Tonalite
and tonalite gneiss of the Opatica sub-province assembled and crystallized between ca.
2820 Ma to 2702 Ma [16,17], and these rocks constrain the age of the synvolcanic period.
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Additionally, during this period, the volcanic rocks of the Frotet–Evans greenstone belt
were emplaced at ca. 2793–2755 Ma according to known ages [18].

The synvolcanic period is followed by the syntectonic period, which leads to the
stabilization of the craton (cratonization) and during which deformation, sedimentation,
and K-rich magmatism prevail, as is the case for greenstone belts around the world [19].
For the Opatica sub-province, the syntectonic stage is characterized by the following
deformation events [16]: (1) deformation event 1 (D1) that corresponds to early thrusting
initiating at ca. 2702 Ma; (2) main deformation event, D2, which corresponds to N-S
shortening at ca. 2693–2696 Ma or later; and (3) late deformation event, D3, which mostly
corresponds to strike-slip movements along major shear zones such as the Nottaway River
and Lucky Strike faults with a maximum age of 2686 ± 4 Ma recorded by a fault-hosted
deformed granite [16,20,21].

The Frotet–Evans greenstone belt is divided in four segments, and this study focuses
on the Frotet–Troilus segment located in the easternmost part of the belt (Figure 1). This
segment consists of four volcanic cycles, each made of komatiite, basalt, and intermediate-
felsic volcanic rocks, as well as coeval intrusions [15,22]. The North and South domains,
within the Frotet–Troilus segment, are separated by the Frotet anticline (Figure 1). The
Troilus Au-Cu mine (porphyry deposit) is located in the North domain and the Regnault
Au project, on which this study focuses (Figure 1), is located immediately south of the
fold axis. Other mineralization, in the belt, includes VMS (Zn-Cu-Ag-Au) and orogenic
gold [12,23–25]. The mineralization, at Regnault, is spatially associated with the Frotet
Formation, located in an intermediate position in the stratigraphy of the Frotet–Troilus
segment [4,26]. The Frotet Formation is dominated by calc-alkaline pyroclastic deposits
and also comprises tholeiitic to transitional basalt lava flows [26]. The Frotet Formation
contains subalkaline synvolcanic intrusions, including gabbro and diorite, as well as some
granodiorite and granite [26].

2.2. Regnault Project

The study area is part of the Frotet exploration project (Kenorland Minerals Ltd.,
Vancouver, BC, Canada) and was developed following a 2018–2019 till survey that led
to the discovery of gold anomalies. High-grade gold zones were then intersected in the
Regnault area by drilling in 2020 [26]. Drill hole 20RDD007 has returned the most signif-
icant mineralization to date, i.e., 29.08 m @8.47 ppm Au and 12.23 ppm Ag, including
11.13 m @18.43 ppm Au and 25.93 ppm Ag, and this mineralization consists of diorite-
hosted quartz ± calcite stockwork veining and disseminated pyrite [26]. The following
relies entirely on drill core samples and geophysical surveys, as outcrops are lacking at
Regnault [26].

The mineralization is mostly hosted by locally-brecciated gabbro and diorite intrusive
phases, as well as volcanoclastic units. The granodiorite-diorite-gabbro intrusive complex
of Regnault shares chemical similarities with the intrusions observed in the area of the
past producing Troilus mine [26]. At Regnault, sulfide-free quartz veins are generally
barren and mineralization, including visible gold, is associated with quartz veining and
disseminated pyrite, i.e., commonly 1–5%, up to 5–10% pyrite [26]. The best gold grades
are also associated with a minor amount of chalcopyrite and/or galena. Gold is positively
correlated with Te, Bi, Pb, and Ag (correlation coefficient > 0.9) [26]. Biotitization is restricted
to the selvages of gold-bearing quartz veins [26]. Folded veins are abundantly observed
at Regnault, and other evidence suggests that the mineralization may, at least in part, be
pre-deformation [26].

3. Methodology

Sampling of 22 least-altered and un-mineralized core sections from the Regnault
project was performed on-site in December 2019 and January 2020. Sampling aimed at
documenting the main lithologies encountered by the drilling program, i.e., mostly diorite
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(n = 15 samples), as well as gabbro (n = 2), dacite (n = 3), and andesite (n = 2). Sample
location is reported by Table S1A.

3.1. Whole-Rock Chemsitry

Whole-rock chemical analyses were performed by ALS Chemex Ltd. (Vancouver, BC,
Canada) on the 22 half-core samples collected in the field in 2019–2020 (inset, Figure 1).
Major elements were analyzed by inductively coupled plasma (ICP) atomic emission
spectroscopy (AES) following acid digestion, applying a detection limit of 0.01 wt.%. Most
trace elements were analyzed by ICP mass spectrometry (MS) following lithium borate
fusion, with detection limits ranging from 0.01 to 5 ppm. Analytical results are reported by
Table S1B.

The Kenorland dataset, which contains 14,312 entries, was also considered. Samples
from this unpublished dataset are distributed over the area displayed by Figure 1’s inset and
correspond to the whole suite of occurring rocks, including mineralized and altered samples.
These analyses were performed by Bureau Veritas Ltd. (Chicoutimi, Canada), following
four-acids digestion on half-core samples measuring ~0.5 to 1.5 m long. Major elements
were analyzed by ICP emission spectroscopy (ES) following acid digestion, applying a
detection limit of 0.01–0.001 wt.%. Trace elements were analyzed by ICP-MS, with detection
limits ranging from 0.5 to 5 ppm.

3.2. Petrography and Mineral Chemistry

Thick (50 µm) polished sections were obtained from 22 core samples (Table 1). Pet-
rographic observations were performed using an Olympus BX53M petrographic micro-
scope equipped with a motorized stage and an SC50 camera. Further characterization
was performed using a petrographic microscope (Olympus Instruments) equipped with
cathodoluminescence (CL8200 Mk5-1 Optical) at UQAC. In addition, back-scattered elec-
tron (BSE) images were obtained for 13 samples, using a Tescan Vega 3 scanning electron
microscope (SEM) at the Mineral Exploration Research Centre, Laurentian University (Sud-
bury, ON, Canada). Chemical data were also obtained using the SEM instrument and using
an energy-dispersive detector (EDS) (Table S2A–E).

Table 1. Modal proportions for the 22 intrusive and volcanic rock samples.

Sample Phase Pl 1 Kfs Qz Amp
(cpx) Bt-Chl Ap Ep Mag Ttn Ilm Py Cpy Cal

TR06

Phase 1a

45 5 25 15 6 1 1 1 Tr Tr 1
TR10 56 5 2 24 7 1 Tr 2 1 1 Tr 3
TR41 44 15 24 11 3 1 1 1 Tr Tr
TR43 65 5 10 11 4 1 1 1 Tr 1 1
TR44 55 5 2 22 9 1 2 1 Tr Tr 3

TR03

Phase 1b

58 5 27 5 1 1 Tr Tr 1 Tr 2
TR05 58 Tr 10 21 8 1 Tr 1 1 Tr
TR07 75 5 12 3 1 2 1 Tr 1
TR13 65 Tr 4 23 3 1 1 1 Tr Tr Tr Tr 2
TR15 52 Tr 5 32 5 1 1 2 Tr 1 Tr 1
TR40 61 7 21 8 1 Tr 1 Tr 1

TR11

Phase 1c

55 13 2 20 1 1 3 5
TR16 69 8 14 1 1 2 5
TR21 55 1 24 5 8 1 1 1 Tr Tr Tr 4

TR29 3 48 28 7 13 1 Tr 2 Tr Tr 1

TR23
Phase 2

42 5 45 1 1 Tr Tr Tr 6
TR04 40 1 5 48 1 Tr 2 1 1 1
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Table 1. Cont.

Sample Phase Pl 1 Kfs Qz Amp
(cpx) Bt-Chl Ap Ep Mag Ttn Ilm Py Cpy Cal

TR28
Andesite

71 5 18 1 5
TR31 60 30 1 9

TR35
Dacite

45 27 13 4 1 Tr Tr 10
TR26 39 Tr 24 21 4 1 Tr 1 Tr 10
TR32 59 20 15 5 1 Tr

1 Abbreviations are from Warr [27] and stand for plagioclase (Pl), K-feldspar (Kfs), quartz (Qz), amphibole (Amp),
clinopyroxene (cpx), biotite (Bt), chlorite (Chl), apatite (Ap), epidote (Ep), magnetite (Mag), titanite (Ttn), ilmenite
(Ilm), pyrite (Py), chalcopyrite (Cpy), and calcite (Cal); 2 Tr stands for trace amount; 3 Modal proportions for the
main intrusive phase observed in sample TR29 (enclaves are described in the text).

Quantitative laser ablation ICP-MS (LA-ICP-MS) analyses of amphibole were car-
ried out at the LabMaTer laboratory (UQAC) on 17 samples. These in situ analyses were
run using a RESOlution ArF-193nm excimer laser ablation system (Australian Scientific
Instrument) equipped with a double-volume cell S-155 (Laurin Technics) coupled to an
Agilent 7900 ICP-MS. The parameters used for these analyses were a beam size of 75 µm,
a laser frequency of 15 Hz, a dwell time of 5 to 20 ms for each element, and an energy
density of 5 J/cm2. Amphibole and reference materials were analyzed using lines (stage
speed = 10 µm/s) after measuring the gas blank for 30 s.

For most elements, calibration was performed using the NIST610 reference mate-
rial, which is a glass doped with ~500 ppm of each trace element [28]. Data quality was
monitored using the NIST612, NIST614, BC28 (magnetite), GP6, and GSD reference materi-
als [29–31]. The results are in good agreement with working values, except for P (all the
standards), as well as K and Fe (NIST standards; Table S3A–G).

Trace elements determined using laser ablation (LA-ICP-MS) methods at UQAC were
reduced using the LADR 1.1.60 software (Kingston, Australia) and the internal standard
29Si. For amphibole, a single integration box is used to characterize the average chemistry
of the grain. Exceptions include grains displaying 2 to 3 domains with distinct chemistries,
for which 2 to 3 integration boxes per grain are used, and a total of 121 integrations were
used. Amphibole grains are heterogeneous at a scale smaller than the beam size (75 µm)
and are enriched in micro-inclusions (see Section 4.3)—as a consequence, the value for the
internal standard could not be obtained from EDS spot analyses (note that acquiring data
using a microprobe instrument would have failed for the same reason). Instead, amphibole
chemistry was exported using a generic value for 29Si (i.e., 10 wt% Si) and the analyses
(major elements only) were re-calculated to 100% to approximate the average silica content
of individual amphibole grains. These calculated silica values are reported in Table S3H
and range from 44.4 to 68.2 wt% SiO2, with one outlier at 20 wt% SiO2. These calculated
values were then reported in the LADR software and used as internal standards.

4. Results
4.1. Petrography and Texture of the Main Lithologies

In the core section, the most frequently observed rock is a medium- to coarse-grained
intrusive rock reported as diorite in the drill logs. This rock is dominated by euhedral
plagioclase and amphibole grains. Petrographic observation indicates that this intrusive
phase can be sub-divided into Phase 1a and Phase 1b on the basis of the occurrence and lack
(or low abundance), respectively, of K-feldspar. Phase 1a (samples TR06, TR10, TR41, TR43,
and TR44) is made of plagioclase (45–65 vol%), amphibole (12–25 vol%), quartz (2–25 vol%),
K-feldspar (5–15 vol%), biotite (5–10 vol%), and accessory phases (see below). Phase 1b
(samples TR03, TR05, TR07, TR13, TR15, and TR40) is made of plagioclase (50–75 vol%),
amphibole (20–30 vol%), quartz (5–10 vol%), biotite (5–10 vol%), and accessory phases
(Table 1).
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The other intrusive phase observed in the core section is a fine-grained rock domi-
nated by plagioclase and quartz, that contains more biotite than amphibole. This rock is
designated Phase 1c (samples TR11, TR16, TR21, and TR29). Samples TR11 and TR21 are
equigranular, and the other samples are plagioclase-phyric. Phase 1c is made of plagio-
clase (50–55 vol%, up to 70 vol%), quartz (15–30 vol%), biotite (10–20 vol%), amphibole
(2–7 vol%), trace amount of K-feldspar, and accessory phases (Table 1). In sample TR29, the
intrusive phase contains 13 vol% biotite and it encloses two types of enclaves: (1) biotite-
enriched (~40 vol% biotite + amphibole) enclaves that otherwise contain the same minerals
as the main phase; and (2) mafic enclaves dominated by extensively altered mafic minerals
(now actinolite) and plagioclase (now epidote ± quartz).

The rocks designated gabbro in the field (samples TR04 and TR23) will be referred to as
Phase 2 in the rest of the text. These samples are more amphibole-rich than Phase 1 samples.
The texture of sample TR04 is similar to the coarse-grained diorite (Phases 1a and 1b),
and sample TR23 is medium-grained. Phase 2 rocks contain amphibole (45–50 vol%),
plagioclase (40 vol%), quartz (5 vol%), trace biotite (chloritized), and accessory phases
(Table 1).

Andesite samples (TR28 and TR31) are dominated by plagioclase (60–70 vol%), am-
phibole (18–30 vol%), and quartz (0–5 vol%). Dacite samples (TR26, TR32, and TR35) are
dominated by plagioclase (40–60 vol%), amphibole (13–20 vol%), quartz (20–30 vol%), and
biotite (5 vol%). Apart from sample TR28, which is the least-altered and displays a trachytic
texture, the other samples are fine-grained, and magmatic textures have been obliterated
by alteration and deformation.

In the bulk of rocks, the main secondary minerals are sericite and epidote (hydrolysis
of feldspar), chlorite (replaces biotite), actinolite (replaces hornblende), and carbonate
(Table 1). For this reason, hydrothermal alteration is generally poorly expressed in the
studied rocks and consists of carbonate veinlets and disseminated sulfide. Other alteration
styles are described below.

4.2. Whole-Rock Chemistry

The analyses of the Kenorland dataset provide information on most major elements
(SiO2 excluded) and on some trace elements. The missing silica values were calculated
using the modelled precursor method of Trépanier et al. [32], which is a neuronal network-
based method designed to calculate the major element composition of altered rocks on the
basis of their minor and trace element content, i.e., Al, Ti, Zr, Y, Cr, Th, and Nb, and that
also performs mass balance calculations.

The calculated precursors (Kenorland dataset) are examined on the TAS and AFM
diagrams (Figure 2a,b). With the exception of basalts, which may be tholeiitic, most samples
define a single sub-alkaline and calc-alkaline trend on the TAS and AFM diagrams, respec-
tively. Mafic to felsic samples are observed, with samples with intermediate composition
(possibly diorite) being the most abundant (Figure 2a,b). A few samples are Na-K-enriched
and plot in the alkaline field of the TAS diagram, which either indicates the presence of
alkaline rocks or points to a few calculation errors generated by the method of Trépanier
et al. [32]. The Kenorland dataset is also displayed on major elements vs. Zr/TiO2 binary
diagrams (Figure 3). In these diagrams, Zr/TiO2 is used as a proxy to the un-analyzed SiO2
values, i.e., diagrams of Figure 3 are the equivalent of Harker diagrams. The lack of clear
correlations can be a consequence of both alteration and multiple lithologies, as the dataset
contains intrusive and extrusive rocks with calc-alkaline and tholeiitic affinities (Figure 2).
Tendencies are nonetheless observed, as CaO, MgO, and FeOT are negatively correlated
to the Zr/TiO2 ratio, and Al2O3 displays limited variation (Figure 3). The alkali content
varies significantly among samples, possibly as a consequence of alteration.
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(b) CaO, (c) MgO, (d) K2O, (e) Na2O, and (f) FeOT vs. Zr/TiO2 binary diagrams. In these diagrams,
Zr/TiO2 is used as a proxy to un-analyzed SiO2 values and these diagrams are the equivalent of
Harker diagrams.

The 22 new samples are irregularly distributed in the sub-alkaline field of the TAS
diagram (Figure 4a). The precursors calculated using the method of Trépanier et al. [32] are
less scattered, and these calculated compositions indicate that Phase 2 is mafic (gabbro),
Phase 1b is intermediate (diorite), and Phases 1c and 1a are felsic (granodiorite), while
volcanic rocks identified as andesite and dacite in the field correspond to basalt-andesite and
dacite, respectively (Figure 4b). On the REE and multielement diagrams (Figure 4c,d), most
samples are enriched in the most incompatible elements and display fractionated profiles,
with fractionation increasing from dacite (La/YbN = 13, median value), through sample
TR04 classified as Phase 2 (La/YbN = 15), Phase 1b (La/YbN = 22), Phase 1c (La/YbN = 25),
to Phase 1a (La/YbN = 42). In these samples, trace elements are least abundant in dacite,
and the trace element content increases from sample TR04 (Phase 2), through Phase 1b,



Minerals 2022, 12, 128 8 of 24

Phase 1c, and is maximum in Phase 1a. The main exception is sample TR03 (Figure 4c,d),
which is the most enriched in trace elements and has been assigned to Phase 1b on the
basis of its petrology (Table 1). The samples display a “hockey stick” pattern in the REE
diagram. Samples also lack Eu anomalies and display negative Nb-Ta and Ti anomalies.
The negative Zr-Hf anomaly is most pronounced in Phase 2 (sample TR04) and Phase 1b,
less pronounced in Phases 1c and 1a, and is lacking in dacite. The other samples display
flat profiles (La/YbN = 0.5–1.4) and correspond to the two andesite samples and to sample
TR23 assigned to Phase 2 (Figure 4c,d).
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(e) binary diagram displaying CaO, FeO, and MgO mass changes in g per 100 g of precursor. These
mass changes are calculated using the method Trépanier et al. [32] for the 22 new chemical data and
for the Kenorland dataset (n = 14,312).

Results of mass balance calculation performed with the method of Trépanier et al. [32]
indicate no mass change to minor MgO, FeOT, and CaO gains (i.e., 1–2 g gains per 100 g of
precursor) and point to no mass change for Na2O and K2O. For silica, mass changes could
not be calculated for the Kenorland dataset because silica analyses are not available. For
the 22 new samples, silica mass changes are limited. Displaying the main mass changes
on a binary diagram shows that 40% of the samples of the Kenorland dataset gained >2 g
(FeO + MgO) and >1 g CaO (Figure 4e).

4.3. Texture of the Main Minerals and Accessory Phases

The textures described in this section mostly apply to Phase 1 (i.e., Phases 1a, 1b, and
1c). Phase 2 is more extensively altered than Phase 1, but textures similar to those observed
in Phase 1 remain recognizable, especially in sample TR04. Volcanic rocks are fine-grained
and extensively altered, but the minerals listed below have nonetheless been identified
(zircon excepted) in these rocks (Table 1).

Plagioclase is the most abundant mineral in the studied rocks. It is generally euhedral
and elongated (aspect ratio = 0.3–0.4) (Figure 5a,b). Alteration is limited in most samples,
but feldspar hydrolysis (i.e., grains enriched in minute white mica and epidote inclusions)
can be extensive (Figure 5b) and is generally observed along fractures and carbonate vein-
lets. Plagioclase also forms large inclusions in amphibole (Figure 5c) and these inclusions
can be fully altered into epidote ± quartz assemblages (Figure 6a). In CL, plagioclase dis-
plays a light blue-brownish color (Figure 5a,c). Feldspar also displays an irregular brown
(in CL) rim made of albite (Figure 5b). In CL, this brown zone (albitization) also forms
patches within part of the plagioclase grains, and is best expressed along fractures and
carbonate veinlets. In volcanic rocks (sample TR28 excepted) and some Phase 1 samples
(Figure 5d), the bulk of feldspar displays a brown color indicative of extensive albitization
(Figure S2).

In Phase 1c and in volcanic rocks, amphibole is generally small (~0.1 mm), elongated,
can be associated with biotite, and is more homogeneous (i.e., inclusion-poor) than the
amphibole of the other samples. In the other samples, i.e., Phases 2, 1a, and 1b, amphi-
bole forms large (~1–3 mm) euhedral grains with complex texture (Figure 5c,e,f). In these
samples, amphibole grains generally contain a medium-grey (BSE images) core in which
120◦ cleavages can still be identified. This core is homogeneous (i.e., lacks quartz and
magnetite inclusions) and corresponds to hornblende relics (Figure 6e). In the most ex-
tensively altered samples (e.g., TR04), amphibole grains lack such hornblende cores. In
rare instances (e.g., sample TR03), the hornblende core is rimmed by an inclusion-poor
actinolite (Figure S3). More frequently, amphibole is extensively altered amphibole and are
characterized by a dark-grey color (BSE image). This amphibole displays a well-expressed
porosity and is enriched in small magnetite inclusions (~1–10 µm) and/or quartz inclu-
sions (Figure 6a,b). These porous amphiboles generally rim the hornblende grains, but
can also replace the core of amphibole grains (Figure 6d). Altered amphibole also con-
tains some light-grey (BSE image) patches or thin lines of Ca-rich minerals (Figure 6a).
Medium-grey (BSE image) patches or irregular lines are also observed, which correspond
to Fe-Mg-Si-dominated minerals (Figure 6c). Small inclusions of carbonate are observed
in most amphiboles. Carbonate is generally restricted to the edge of the amphibole and
replaces 1–2 vol% of the grain (Figure 5c). Carbonate can also be well distributed within the
grain for amphibole containing up to 10–20 vol% carbonate. Apart from quartz, magnetite,
and carbonate, the main inclusions observed in amphibole are plagioclase, biotite, apatite,
ilmenite, and titanite.
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grained sample TR43 that contains large euhedral feldspar with sericitized core (dark blue-grey), 
least-altered rim (blue), and albitized ± carbonatized edge (brown-orange), as well as amphibole 
(black), apatite (green), and interstitial K-feldspar (bright blue); (c) large amphibole grain with feld-
spar inclusions and a carbonatized rim in sample TR10; (d) feldspar-porphyry with oscillatory zon-
ing altered along its edge, in a feldspar-dominated albitized and carbonatized matrix, in sample 
TR16; (e) samples TR10 and (f) TR13 observed in natural light and displaying large amphibole 
grains with clinopyroxene core (e), altered amphiboles (f), and euhedral feldspars (e,f); mineral ab-
breviations are from Warr [27]. Additional CL images are available as supplementary material to 
this publication (Figure S2). 

Figure 5. (a–d) Diorite observed in cathodoluminescence and showing: (a) elongated apatite and
euhedral feldspar (blue) altered along their edges (brown-orange) in sample TR13; (b) coarse-grained
sample TR43 that contains large euhedral feldspar with sericitized core (dark blue-grey), least-altered
rim (blue), and albitized ± carbonatized edge (brown-orange), as well as amphibole (black), apatite
(green), and interstitial K-feldspar (bright blue); (c) large amphibole grain with feldspar inclusions
and a carbonatized rim in sample TR10; (d) feldspar-porphyry with oscillatory zoning altered along
its edge, in a feldspar-dominated albitized and carbonatized matrix, in sample TR16; (e) samples TR10
and (f) TR13 observed in natural light and displaying large amphibole grains with clinopyroxene
core (e), altered amphiboles (f), and euhedral feldspars (e,f); mineral abbreviations are from Warr [27].
Additional CL images are available as supplementary material to this publication (Figure S2).
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Figure 6. Backscatter electron (BSE) images of (a) altered amphibole grain dominated by actinolite and
containing altered feldspar inclusions (now epidote-quartz), minute quartz inclusions (black), Ca-rich
patches (Ca), relic hornblende patches, and REE-bearing epidote inclusions; (b) sample TR10 displays
a clinopyroxene relic partially replaced by a porous amphibole that contains apatite, magnetite,
quartz, calcite, and titanite inclusions; (c) sample TR13 showing a partially altered amphibole that
contains Fe-Mg-Si-rich domains; (d) sample TR13 containing porous (quartz inclusions-rich) actinolite
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rimmed by a more homogeneous amphibole; (e) altered amphibole in sample TR43 that contains
apatite and REE-bearing epidote that display oscillatory zoning; (f) porous amphibole and chloritized
biotite grain rimmed by titanite. Mineral abbreviations are from Warr [27]. Additional BSE images
are available as supplementary material to this publication (Figure S3).

Relic clinopyroxene, recognizable by its orthogonal cleavage, can be identified in the
core of a few amphibole grains of sample TR10. These pyroxenes are rimmed by amphibole
enriched in quartz and magnetite inclusions (Figure 6b). K-feldspar is most abundant in
Phase 1a diorite, but is also observed in the other samples of Phases 1 and 2. K-feldspar
is anhedral and is generally an interstitial phase. It can also be observed as an inclusion
in plagioclase (e.g., sample TR41). Quartz is an interstitial phase in the bulk of samples.
Quartz also forms minute inclusions in altered feldspar (now epidote) and amphibole.

Biotite is a large (~0.5–1 mm), generally anhedral, mineral that can be isolated, but
generally occurs as clusters. Titanite and/or ilmenite inclusions are frequent, and can
be abundant along the edge of biotite grains (Figure 6f). Most biotite grains are partly
replaced by chlorite bands parallel to biotite cleavage. In inclusion-poor amphibole, biotite
inclusions are small (~10 µm), rare, and euhedral. In inclusion-rich parts of amphibole,
biotite inclusions can be large (~100 µm) and more abundant (e.g., samples TR03; Figure S1)
than in inclusion-poor amphibole. Small biotite grains can also rim, and locally replace,
amphibole.

Epidote is a frequently observed minor phase. Disseminated epidote and quartz-
bearing epidote pseudomorphing plagioclase grew at the expense of feldspar (Figure 6a)
during alteration and/or metamorphism (see Section 5). Most samples also contain large
(~50–100 µm) grains of magmatic epidote located in amphibole, in plagioclase, or next
to these minerals. The core of these magmatic epidote displays light-grey (BSE images)
irregular zoning associated with REE-enrichment (Figure 6e). Magmatic epidote can also
contain apatite and titanite inclusions.

Ilmenite is a common accessory mineral that is often altered to titanite and, in two
samples, to rutile. Ilmenite can be spatially associated to magnetite (sample TR13; Figure S2).
In amphibole and plagioclase, ilmenite is generally rimmed by titanite. Titanite also forms
small diamond-shaped inclusions in amphibole. Magnetite is an abundant micro-inclusion
in amphibole (see above) and is also observed as larger grains in and outside of amphibole.
These large (>100 µm) magnetite grains lack ilmenite oxy-exsolutions. Apatite is a common
accessory mineral that forms sub-rounded to slightly elongated inclusions in amphibole.
Needle-shaped apatite is also observed included in a variety of minerals, such as quartz
and feldspar (Figure 5e). Zircon is another common accessory mineral in diorite, and might
be too small to enable easy identification in volcanic rocks.

Calcite (<1–5 vol%, up to 10 vol%) is the main alteration mineral. It forms inclusions
in amphibole and plagioclase, and is most abundant along the contacts between the main
minerals (i.e., amphibole and plagioclase). Carbonate veinlets are also abundant in some
samples (Figure 5d). Other alteration minerals are disseminated pyrite and chalcopyrite.
The studied samples are not significantly mineralized because sampling targeted least-
altered rocks to facilitate the characterization of intrusive phases.

According to the observations listed above, amphibole, plagioclase, REE-bearing
epidote, and apatite, and possibly ilmenite-magnetite, are early co-crystallizing phases.
Biotite is a later phase and may have, in part, co-crystallized with amphibole and plagioclase.
Quartz and K-feldspar are interstitial and crystallized last from the residual melt.

4.4. Mineral Chemistry

Mineral chemistry, as determined using the EDS detector (SEM instrument), provides
insights into the general chemistry for the minerals described in the previous section.
According to EDS analyses, plagioclase spans the range of compositions between andesine
and albite. For Phases 1a and 1c, and for Phases 1b and 2, plagioclase is, respectively,
oligoclase-albite and oligoclase-andesine (Figure 7a). Andesine-(oligoclase) is most frequent
in volcanic rocks. In the bulk of rocks, the alkali feldspar is K-feldspar (Figure 7a).
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Figure 7. (a) Analyses performed using an Energy-Dispersive Detector (EDS) and displayed on the
ternary diagram for feldspar (n = 589); (b) temperature calculated using EDS analyses performed on
biotite grains (n = 272) and the Ti-in-biotite thermometer of Henry et al. [35].

The structural formula of biotite was calculated assuming 11 oxygens per formula and
all iron as ferric iron. This calculation indicates that biotite is Al-enriched and K-Fe-Mg-Si-
depleted compared to the ideal formula, i.e., K(Fe,Mg)3AlSi3O10(OH,F)2. Biotite has the
following median apfu (atom per formula unit) composition: 0.78 ± 0.09 K, 1.04 ± 0.13 Fe,
1.49 ± 0.11 Mg, 1.44 ± 0.07 Al, and 2.86 ± 0.07 Si, with values provided as median ± stan-
dard deviation. Biotite is intimately associated with chlorite (Figure 6f) and the analyzed
grains are likely partially chloritized. Biotite also contains a detectable amount of Ti, and
temperature could be estimated using a Ti-in-biotite thermometer. Some biotites, however,
are rimmed by Ti-minerals (Figure 6f), suggesting that biotite may have lost a part of its Ti
during alteration and/or metamorphism, and only lower estimates of temperature condi-
tions are obtained. The Ti-in-biotite thermometer used here is an empirical thermometer
based on the Ti, Fe, and Mg content of biotite and developed for metamorphosed pelite [35].
This thermometer is nonetheless often applied to hydrothermal biotite observed in por-
phyry systems and it tends to overestimate temperature in such settings [36]. Applying this
thermometer to the biotite of the Regnault project returns temperatures mostly between
800 ◦C and 900 ◦C for the bulk of samples (Figure 7b).

The structural formula of amphibole was calculated following the recommendations
of the International Mineralogical Association (IMA) published by Hawthorne et al. [37]
and all formulas are based on 24 (OH, F, Cl, O). Most amphiboles belong to the calcium
amphibole group and are displayed on a classification diagram (Figure 8a,b) following the
recommendations of Hawthorne et al. [37]. In Phases 1 and 2, amphibole forms a trend
between hornblende (pargasite for some samples) and tremolite (Figure 8a,b). Pargasite and
hornblende correspond to the inclusion-poor amphibole described in the previous section.
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Tremolite is most frequent in dark-grey (BSE image) inclusion-rich (porous) amphibole
grains. Tremolite is distinctly Mg-richer than pargasite and hornblende (Figure 8c,d). The
other areas observed in altered amphibole grains include light-grey (BSE) patches that are
Ca-enriched ‘amphibole’ plotting outside of the classification diagram (Figure 8a). These
Ca-rich patches are mostly observed in Phase 1a. Finally, the Fe-Mg-Si domains observed
in altered amphibole belong to the Mg-Fe-Mn amphibole group and can be classified as
cummingtonite. In volcanic rocks, amphibole is hornblende and actinolite with variable Ca
and Na contents.
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Figure 8. Punctual analyses performed on amphibole grains using EDS; (a,b) amphibole analyses
displayed on the binary diagram for Ca-amphiboles and classified following the recommendations of
Hawthorne et al. [37]. These diagrams display amphiboles (a) from phase 1a (n = 990) and (b) from
the other phases (n = 1381), excluding the 13 analyses of Ca-rich domains that plotted outside of the
diagram; (c,d) binary diagram showing the Mg# of amphibole as a function of Al-Fe-Ti (apfu) content
(c) for phases 1a and 1b, and (d) for the other phases.

Physical-chemical parameters are calculated using amphibole chemistry and the
method of Ridolfi et al. [38]. The basis for this method is a compilation of chemical
data for amphibole grains from calc-alkaline magmas produced in subduction settings. It
includes empirical thermobarometric formulations based on independent compositional
components of a single phase, i.e., amphibole [38]. This method returned P, T, fO2, and
melt water-content values for 352 out of 2384 analyses. The limited success of this method
is likely a consequence of the extensive alteration that characterizes the studied amphibole
(Figure 6). The Ridolfi et al. [38] method applies successfully to pargasite, hornblende, and
tremolite, for which the highest (pargasite) to lowest (tremolite) calculated temperatures
are obtained (Figure 9a). For most amphibole grains, the calculated P and T range between
sub-surface to ~150 MPa and ~650 ◦C to 820 ◦C, respectively (Figure 9b). For amphibole of
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Phase 1c, higher P-T values are obtained and maximum P-T (up to 600 MPa and 1000 ◦C)
is obtained for a pargasite of Phase 1a (Figure 9a,b). For the fO2 parameter, near NNO
(nickel nickel oxide buffer), values are obtained for pargasite that crystallized at >850 ◦C. A
negative correlation between oxidation state and temperature is observed, and tremolite
grains crystallized at ~650 ◦C return a fO2 of ∆NNO + 3 (Figure 9c). Additionally, and
according to amphibole chemistry, the water content of the melt was ~7.5–9.5 wt% H2O,
which corresponds to the value returned by amphibole grains crystallized at high tempera-
ture, while the amphibole grains for which low T of 650 ◦C are obtained return values of
3–4 wt% H2O (Figure 9d).
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Figure 9. Subset (n = 352) of the punctual analyses performed on amphibole grains using EDS, i.e.,
only the grains for which the method of Ridolfi et al. [38] returned results are shown. Amphibole
analyses are (a) classified following the recommendations of Hawthorne et al. [37] and returned
physical-chemical parameters [38] that are displayed on a (b) pressure vs. temperature, (c) a delta
nickel nickel oxide buffer (∆NNO) vs. temperature, and (d) a water (H2O content of the melt) vs.
temperature binary diagrams.

Epidote, in the bulk of samples, has relatively homogeneous chemistry and cor-
responds to Fe-bearing clinozoisite, whose ideal formula is Ca2Al3(SiO4)3(OH). When
calculated on the basis of 12.5 oxygens per formula, the apfu composition of epidote is
1.776 ± 0.035 Ca, 0.774 ± 0.218 Fe3+, 2.169 ± 0.194 Al, and 3.100 ± 0.132 Si, with values
provided as median ± standard deviation. The REE-bearing epidote grains (magmatic
epidote) contain up to 10 wt% LREE. According to EDS analyses, apatite is systematically a
fluoroapatite. Magnetite has unremarkable chemistry, except for some minute magnetite
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inclusions observed in amphibole and that can be Cr-rich magnetite (samples TR04, TR06,
TR10, TR13, and TR26) and chromite (sample TR10). Ilmenite can be enriched in Mn
(up to 3–4 wt% MnO) and some titanite grains can contain a detectable amount of LREE.
Carbonate is exclusively calcite and contains <1–2 wt% of MgO, FeO, and MnO. In addition,
44.2% of analyzed calcite (n = 172 analyzed in total) contains detectable La (Supplementary
Material S2).

4.5. Amphibole Chemistry as Determined by Laser Ablation

In this section, LA-ICP-MS analyses are used to characterize the average chemistry of
amphibole grains. To achieve this goal, ablation lines were designed to cross entire grains
through their core in most cases, except for the largest amphiboles (>2–3 mm) for which
half-grains were analyzed from core to rim. The 121 analyses thus obtained were classified
following the recommendations of the IMA published by Hawthorne et al. [37] and all
formulas are based on 24 (OH, F, Cl, O). Results indicate that the analyzed amphiboles are
mostly hornblende, and some are pargasite and tremolite (Supplementary Material S3).

The trace element content of amphibole grains is displayed on multielement and
REE arachnid diagrams, using a color code that highlights a negative correlation between
silica and trace elements (Figure 10). The silica content of grains is a proxy to the type of
amphibole that was analyzed, as tremolite contains more silica than hornblende, which
contains more silica than pargasite [37]. Amphibole that contains <52.78 wt% SiO2 (parg-
asite and/or hornblende) is the most enriched in trace elements (Figure 10). Amphibole
that contains 52.78 to 58.80 wt% SiO2 also contains a lesser amount of trace elements but
display profiles, on arachnid diagrams, that are parallel to the profiles of an amphibole
that contains <52.78 wt% SiO2 (Figure 10). The following remarks apply to amphibole
grains that contain <58.80 wt% SiO2. On the REE diagrams, such amphibole grains display
fractionated profiles, with (La/Yb)N = 6–7.5, as well as limited negative Eu anomalies
(Eu* = 0.6–0.7), and the profiles are convex-shaped for LREE (Figure 10a). On a multi-
element diagram, pronounced negative Nb-Ta, Zr-Hf, and Ti anomalies are observed
(Figure 10b).
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main diagrams show the bulk of analyses, and insets in the upper-right corners display median
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The amphibole grains that contain >58.80 wt% SiO2 (mostly tremolite) are the most
depleted in trace elements and are particularly depleted in LREE compared to hornblende
and pargasite. On the REE and multielement diagrams, the profiles are flat to depleted
in the most incompatible elements, and the negative Eu, Ti, Nb, and Ta anomalies are
weak or lacking (Figure 10). A similar trend is observed for other trace elements, with
silica-poor amphibole (hornblende, pargasite) being more enriched in most constitutive
and trace elements than silica-rich (tremolite) amphibole (Table 2). Exceptions to this
negative correlation between silica and other elements include MgO, with tremolite being
more magnesian than hornblende and pargasite (Table 2), as is also indicated by EDS
data (Figure 8c). Other elements, such as Cr, are not correlated to silica, with most grains
being Cr-poor and some containing >0.1 wt% Cr. This is because the distribution of Cr is
controlled by inclusions of Cr-rich magnetite and chromite according to SEM data. Silica
and CaO are also un-correlated, which can be explained by the heterogeneous distribution
of epidote inclusions and Ca-rich domains in amphibole (see Section 4.4.). The distribution
of Th, U, and Zr is also likely controlled by inclusions of zircon and epidote. Additionally,
silica-poor amphibole tends to contain more Rb, Sr, and Ba than silica-rich amphibole
(Table 2), but the correlation is poor for these highly mobile elements. Most grains contain
<10 ppm Cu, and some contain up to 0.1–0.3 wt% Cu, pointing to the presence of minute
chalcopyrite inclusions. Silica is also un-correlated to S, Sc, Ni, Zn, As, Mo, Bi, and Au,
with Au being close to detection limit (Table 2).

Table 2. Amphibole composition as documented by LA-ICP-MS and classified as a function of silica
content.

<52.78 1 52.78–55.33 55.33–57.43 57.43–58.80 >58.80

Med 2 Std Med Std Med Std Med Std Med Std

SiO2 (wt%) 50.46 6.62 54.52 0.81 56.46 0.70 58.20 0.34 59.51 2.02
P2O5 0.12 0.83 0.02 0.15 0.02 0.33 0.01 0.05 0.01 0.04
TiO2 1.27 1.84 0.52 0.29 0.36 0.66 0.40 0.21 0.24 0.17

Al2O3 7.87 2.45 5.59 2.20 3.74 0.90 3.16 2.12 3.18 2.80
Cr2O3 0.03 0.10 0.13 0.21 0.22 0.19 0.15 0.19 0.12 0.33
MnO 0.34 0.12 0.27 0.07 0.27 0.07 0.28 0.05 0.28 0.08
FeOT 13.14 1.19 10.59 3.16 10.21 2.65 9.32 0.98 8.62 1.61
MgO 11.48 2.00 12.70 1.10 14.25 1.07 14.56 1.78 14.19 2.93
CaO 12.47 8.84 13.79 3.94 13.29 2.95 13.07 1.38 12.67 1.83

Na2O 0.87 0.27 0.67 0.22 0.43 0.11 0.36 0.52 0.36 1.04
K2O 0.71 0.48 0.33 0.22 0.15 0.19 0.19 0.34 0.06 0.14

S (wt%) 0.08 0.39 0.05 0.05 0.04 0.01 0.04 0.02 0.05 0.02
Sc (ppm) 54.29 25.57 59.77 25.86 63.02 23.00 55.28 26.59 46.55 34.54

V 285.01 64.39 238.11 84.33 207.05 80.02 201.95 85.30 154.26 104.54
Cr 183.10 714.99 885.93 1426.00 1487.05 1279.23 1026.15 1293.32 829.51 2260.56
Co 61.74 31.80 57.16 9.61 57.15 7.48 57.58 6.40 58.71 11.34
Ni 168.90 85.10 222.13 104.34 285.15 84.02 293.31 125.57 239.15 155.95
Cu 3.59 252.93 2.61 676.50 3.05 85.25 4.27 25.90 1.28 10.86
Zn 227.97 51.33 148.85 78.94 197.45 80.70 199.95 58.23 196.40 57.28
As 1.83 1.16 1.48 1.72 0.85 1.54 1.09 0.65 0.58 0.54
Rb 7.08 10.55 3.55 4.45 1.07 5.01 1.41 8.00 0.45 3.45
Sr 135.21 196.23 90.16 121.11 34.19 45.98 29.53 51.07 17.00 145.10
Y 42.13 31.22 18.48 19.46 13.72 12.03 15.01 15.19 7.49 6.24
Zr 43.46 168.41 30.87 23.23 24.68 35.12 33.65 406.73 9.31 21.22
Nb 9.10 14.34 1.07 3.98 1.33 2.64 0.74 1.62 0.60 0.81
Mo 0.12 0.28 0.07 0.10 0.06 0.22 0.09 0.18 0.04 0.28
Sn 2.61 2.54 1.11 3.16 0.81 2.62 0.78 1.11 0.72 0.66
Ba 77.33 258.51 28.34 112.94 9.79 31.85 13.78 90.06 6.64 52.89
La 41.27 258.85 15.00 59.73 8.98 7.93 7.79 14.61 1.10 7.21
Ce 152.39 499.77 51.11 136.18 30.96 32.23 26.28 52.46 3.77 18.40
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Table 2. Cont.

<52.78 1 52.78–55.33 55.33–57.43 57.43–58.80 >58.80

Med 2 Std Med Std Med Std Med Std Med Std

Pr 22.35 57.68 8.62 16.88 5.10 5.29 4.27 8.46 0.69 2.78
Nd 105.37 218.62 40.05 67.23 26.16 25.65 18.54 38.72 4.15 13.54
Sm 22.54 32.44 7.95 12.23 5.69 5.44 4.23 8.00 1.38 3.15
Eu 4.43 9.29 1.72 1.93 1.08 0.63 0.84 0.69 0.45 0.44
Gd 17.43 22.90 5.54 8.22 4.36 3.92 4.06 5.40 1.35 2.43
Tb 1.92 2.33 0.67 0.92 0.52 0.48 0.55 0.63 0.20 0.29
Dy 9.68 9.65 4.12 4.43 2.80 2.53 3.02 3.25 1.29 1.51
Ho 1.61 1.18 0.70 0.72 0.54 0.44 0.57 0.57 0.27 0.25
Er 3.95 2.27 1.64 1.75 1.43 1.16 1.46 1.49 0.81 0.62
Tm 0.46 0.25 0.20 0.21 0.18 0.15 0.19 0.19 0.13 0.08
Yb 2.71 1.50 1.35 1.21 1.08 0.91 1.20 1.23 0.85 0.46
Lu 0.38 0.19 0.19 0.16 0.14 0.12 0.16 0.19 0.12 0.06
Hf 2.62 2.82 1.36 0.87 1.04 1.40 1.31 9.68 0.35 0.77
Ta 0.30 0.51 0.06 0.15 0.05 0.10 0.03 0.06 0.02 0.04
Au 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 4.41 4.06 2.66 2.48 1.27 0.60 1.70 12.57 0.78 1.45
Bi 0.11 0.16 0.04 0.12 0.04 0.21 0.04 0.03 0.03 0.02
Th 1.22 7.95 0.41 2.62 0.74 1.00 0.54 2.33 0.13 1.04
U 0.77 2.56 0.24 1.16 0.24 0.19 0.19 1.39 0.07 0.79

1 Silica content of amphibole; 2 Med stands for median value, and Std stands for standard deviation.

The Ridolfi et al. [38] method returned temperature values for 104 out of 121 analyses
(Figure 11). This method, however, fails to return fO2 and P values, possibly because the
studied grains are altered to various degrees. The temperature values obtained following
the procedure outlined by Ridolfi et al. [38] display a clear correlation (R2 = 0.85) with
the silica content of amphibole, with the highest temperatures (~900–950 ◦C) obtained for
Si-rich grains, i.e., hornblende and pargasite (Figure 11). The largest amount of temperature
data was obtained for Phases 1a, 1b, and 2, because amphibole grains observed in Phase
1c diorite and in volcanic rocks are small and hard to analyze. Results are similar for all
phases, with the highest temperature obtained for amphibole of Phase 1a (Figure 11).
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5. Discussion
5.1. Characteristics of the Granodiorite-Diorite-Gabbro Intrusive Complex of Regnault

The Regnault Au mineralization is hosted by diorite, gabbro, and volcanic rocks [26],
and the chemistry of these rocks is discussed using the Kenorland dataset and 22 additional
samples. The datasets considered here are dominated by fresh to weakly altered rocks
according to mass balance calculations, and these rocks can thus be classified using the TAS
and AFM diagrams. Using these diagrams, it can be concluded that most rocks display
calc-alkaline affinities and are spatially associated with a minor volume of tholeiitic rocks
(Figures 2 and 4).

The rocks have been reclassified according to whole rock chemical and petrological
data (Table 3). Rocks with calc-alkaline affinities are granodiorite (Phases 1a and 1c),
diorite (Phase 1b), gabbro (Phase 2, sample TR04), and dacite with fractionated profiles on
multielement arachnid diagrams (Figure 4c,d). Rocks with tholeiitic affinities correspond to
basalt-andesite volcanic rocks that host the intrusive complex, and to sample TR23, which
was initially classified as Phase 2 and which is here re-classified as a xenolith of tholeiitic
gabbro (or coarse-grained basalt) based on flat trace element pattern (Figure 4c,d).

Table 3. Classification of the 22 intrusive and volcanic rocks samples.

Field Designation Mineralogy Mineralogy and
Chemistry Final

Diorite

Phase 1a
Granodiorite

Granodiorite intrusive
phase (1a–1c)Phase 1c

Phase 1b Diorite Diorite intrusive
phase (1b)

Gabbro
Phase 2 (TR04) Gabbro Gabbro intrusive phase

Phase 2 (TR23) Basalt

Volcanic hostrockDacite (thin-grained
and altered)

Dacite

Andesite Basalt-Andesite

The granodiorite-diorite-gabbro intrusive complex of Regnault is chemically similar
to nearby dacite (Figure 4c,d). These intrusive and volcanic rocks may be co-magmatic,
and their spatial association suggests that the intrusion was a sub-volcanic complex. This
interpretation implies shallow depth of emplacement, which is an important favorable
parameter for magmatic-hydrothermal mineralizing systems [39–41]. The intrusive com-
plex is also dominated by intermediate to felsic rocks, with a limited volume of mafic
phases, suggesting differentiation. Differentiation, and especially fractional crystallization,
is another favorable parameter as it promotes the concentration of fluids and metals in the
residual melt, and this increases the probability for the magma to exsolve a large volume of
mineralizing fluids [42].

Phases 1a and 1c granodiorite are plagioclase-quartz-dominated rocks with amphibole,
biotite, and K-feldspar (Phase 1a) or biotite ± amphibole (Phase 1c). Phase 1b diorite
displays a similar mineralogy, but contains trace amounts of K-feldspar and a lesser amount
of quartz compared to Phase 1a (Table 1). Phases 1a granodiorite and Phase 1b diorite,
which are the most abundant intrusive phases (Figure 1), may be related by a fractional
crystallization process. Phase 1c granodiorite, which is spatially associated to Phase 1a
granodiorite (Figure 1) and shares similar silica content (Figure 4b), may also correspond
to an evolved melt possibly enriched in water, as water content can favor biotite over
K-feldspar crystallization [43]. The increasing Na-content of plagioclase, which goes from
oligoclase-andesine (Phase 1b diorite) to oligoclase-albite (Phases 1a and 1c granodiorite),
and the increased concentration in trace elements with increasing silica content (Figure 4c,d),
are also consequences of fractionation. It is thus concluded that that phases 1a and 1c
granodiorite correspond to residual melts derived from Phase 1b diorite.
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Phase 2 gabbro is not abundant and is only documented by sample TR04, which
displays trace element content comparable to this of Phase 1b diorite. Sample TR04 may
thus be representative of the parental melt to the intrusive complex. A mafic parental melt
implies that the studied magma derives from a mantle source.

To further discuss the characteristics of this source, the intrusive suite of the Regnault
project is compared to diorite-bearing intrusive suites documented in the Abitibi greenstone
belt, south of the Opatica sub-province. In the Abitibi belt, diorites are part of tonalite-
trondhjemite-diorite (TTD) intrusive suites and may correspond to a mixture of mantle-
derived magma (tholeiitic melt) and TTG melt [9,44]. The Regnault intrusion is more
enriched in the most incompatible elements (e.g., LREE and Th, Figure 4c,d) than the TTD
suites of the Abitibi greenstone belt, and it may thus have a different petrogenesis. Another
evidence for the LREE- and Th-enrichment of the primitive magma at Regnault is offered
by the clinozoisite observed in most samples. This mineral displays oscillatory zoning and
corresponds to a magmatic mineral. Some of the growth zones observed in clinozoisite
are enriched in LREE (bright zones on BSE images; Figure 6e), indicating that magmatic
epidote crystallized from a LREE-enriched magma.

The occurrence of mafic (Phase 2 gabbro) and intermediate (Phase 1b diorite) intrusive
phases enriched in LREE and Th suggests a metasomatized mantle source for the Regnault
intrusive suite. This is of significance, as metasomatized source may be enriched in volatiles
(S, Cl, water) and metals (Au included), and may produce magmas with mineralizing
potential [45].

5.2. Physical-Chemical Parameters Deduced from Amphibole Chemistry

The presence of magmatic epidote indicates that fractionation initiated at a minimum
of 600 MPa (~20 km) for granodiorite [46], which is within the range of pressure indicated by
the amphibole from Phase 1a granodiorite (Figure 9b). Magmatic epidote is not frequently
reported for diorite [46], but may also point to high-pressure crystallization, while the
amphibole from Phase 1b diorite returns a maximum pressure of 400 MPa (Figure 9b). The
magma likely crystallized over a range of pressures as it ascended through the crust.

Most amphiboles crystallized at low pressure and <850 ◦C (Figure 9b). These am-
phiboles correspond to hornblende crystallized from the residual melt and to actinolite
crystallized within a magmatic-hydrothermal or later hydrothermal system (see below).
The pressure values obtained from these amphiboles are consistent with an emplacement
depth of ~1.5–5 km (50–150 MPa) or less for the intrusive complex. The magma likely raised
rapidly and emplaced a few kilometers below the surface, where it became over-saturated
in phosphorous and crystallized needle-shaped apatite. Low pressure estimates of <30 MPa,
which fall outside of the stability curve for amphiboles (Figure 9b), are likely unreliable
and are a consequence of the hydrothermal alteration that impacted amphibole.

Amphibole grains that return >850 ◦C crystallization temperatures (EDS analyses)
are probably the best indicators of magmatic conditions. These amphiboles point to a
moderately oxidized (around NNO) and water-rich (~7.5–9.5 wt% H2O) magma. Mod-
erately oxidizing conditions are consistent with the occurrence of large (>100 µm) grains
of magmatic ilmenite and magnetite. The measured water content is consistent with pet-
rographic observations indicating that clinopyroxene is an early crystallizing phase that
was destabilized by amphibole, which is a process consistent with a water-bearing magma
becoming water-rich as differentiation progresses [42,47,48]. The magma was thus volatile-
bearing and moderately oxidized, which are favorable characteristics for Au transportation
in magmatic systems [49]

The amphibole grains returning >800 ◦C crystallization temperatures (LA-ICP-MS
analyses) correspond to hornblende and pargasite that are enriched in trace elements com-
pared to secondary actinolite (Table 2, Figure 10). This trace elements-enriched amphibole
likely crystallized from a magma and is unlikely to have a metamorphic origin. Biotite is
strongly altered (chloritized) and some biotite may be alteration minerals (see below). Other
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biotite grains are Ti-bearing minerals that return temperatures consistent with magmatic
temperatures (800–900 ◦C), and these minerals likely crystallized from a magma.

Petrographic observations indicate that the studied magma crystallized feldspar,
clinopyroxene, and some REE-rich epidote at depth. Amphibole stabilization occurred late
and this mineral partially replaced pyroxene, while the magma continued crystallizing
plagioclase, apatite, ±biotite, and possibly ilmenite and magnetite. Needle-shaped apatite
then crystallized rapidly as the magma reached its final emplacement depth, while the
crystallization of amphibole, plagioclase, and biotite continued. The residual melt then
crystallized K-feldspar and/or biotite, and quartz.

The late crystallization of amphibole was induced by increasing water content as dif-
ferentiation progressed and it initiated before or after emplacement of the intrusive complex
in the upper crust at a depth of ~1.5–5 km. Such late crystallization of amphibole at the
expense of clinopyroxene is reported for plutons associated with porphyry deposits [42,50].
This indicates that the shallow intrusive system, at the Regnault project, contained volatiles
that could exsolve to generate a magmatic-hydrothermal mineralizing system.

5.3. Hydrothermal Alteration

This study focused on least-altered rocks with preserved magmatic textures. The
studied rocks are weakly altered. Alteration minerals are discussed in this section and
used to draw conclusions on the P-T conditions under which magmatic minerals were
destabilized by circulating fluids.

The studied rocks display evidence for hydration and other styles of alteration that
occurred in P-T conditions compatible with the stability fields of chlorite and actinolite,
i.e., greenschist facies conditions [51]. Mass balance calculations performed on whole rock
chemical data point to moderate Ca, Fe, and Mg gains. Calcium gains, as well as the trace
amount to up to 10 vol% of calcite observed in the bulk of samples, are compatible with
carbonatization. Iron and Mg gains may be related to chloritization (chlorite replacing
biotite). The reorganization of Ca, Fe, and Mg within amphibole grains (Figure 6) may also
have been promoted by the external addition of Ca, Fe, and/or Mg.

Petrographic observations also indicate that biotite locally replaces the outer margin
of amphibole, pointing to K-metasomatism. In addition, Na metasomatism albitized the
outer margin of most feldspars. Such modifications are likely related to minor Na- and
K-metasomatism, which are too weak to induce Na- and K-gains detectable by mass balance
calculations. Alkali metasomatism is likely a consequence of the exsolution and circulation
of late magmatic fluids, i.e., autometasomatism [39]. Other alteration styles correspond
to hydration that formed white mica and epidote in plagioclase (feldspar hydrolysis).
Sulfurization also formed minor amounts of pyrite and chalcopyrite, even if sampling
targeted the least mineralized and altered samples of the Regnault project.

Amphibole grains are large euhedral magmatic minerals that contain inclusions of
apatite, ilmenite, titanite, and plagioclase. Alteration induced a series of modifications in
these minerals. During alteration, hornblende and pargasite were replaced by inclusion-
poor Mg-rich actinolite, as well as porous Mg-rich actinolite enriched in inclusions of quartz
and magnetite. This latter mineral, which formed during alteration as a consequence of
the oxidation of the Fe contained in amphibole, indicates that the hydrothermal fluid was
oxidized. This is consistent with the elevated fO2 returned by actinolite grains (Figure 9c).
Metamorphic fluids tend to be relatively reduced [5] and are unlikely to be responsible for
the alteration reported here. Instead, the fluid that altered the studied amphibole grains
likely corresponds to an oxidized magmatic fluid.

The recrystallisation of amphibole during hydrothermal alteration also removed most
trace elements from amphibole grains. Several elements, and especially Ca, Fe, Mg, and
Si, were re-organized within amphibole grains to form Ca-rich patches, Fe-Mg-Si-rich
patches, and quartz inclusions. This too is inconsistent with metamorphism-induced
recrystallisation, which would have produced textually homogeneous amphibole grains.
Amphibole was likely recrystallized at >600 ◦C (Figure 11) in a magmatic-hydrothermal
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environment. The distribution of As, Mo, Bi, Au, and Cu (Table 2) also suggests that these
elements are controlled by micro-inclusions of sulfide or sulfosalts, which is also consistent
with the circulation of metal-bearing magmatic fluids.

The granodiorite-diorite-gabbro intrusive complex of Regnault likely assembled a
few kilometers below the surface and released magmatic fluids that induced hydrother-
mal alteration in the intrusive complex (autometasomatism) and surrounding rocks. The
metasomatized mantle source inferred for the Regnault intrusive complex on the basis of
LREE-enrichment (see above) is consistent with syntectonic magmatism [52], and the com-
plex may have emplaced between ca. 2702 Ma to 2686 Ma [16]. It can thus be concluded that
a magmatic-hydrothermal system operated at the Regnault project, and possibly during
the syntectonic period. The Regnault intrusive suite had the potential to exsolve mineral-
izing fluids. Determining whether these magmatic fluids mineralized the studied rocks
or whether most gold was introduced subsequently by metamorphic fluids is beyond the
scope of this paper.

6. Conclusions

The Regnault Au project, located in the Frotet–Evans greenstone belt, is hosted by
volcanic rocks and by a granodiorite-diorite-gabbro intrusive suite that is, according to
the results of this study, related to magmatic-hydrothermal mineralizing processes. The
parental magma to the Regnault intrusive suite was likely a LREE-enriched mafic melt de-
rived from the metasomatized mantle, and a syntectonic age is postulated for this intrusive
suite. The magma was moderately oxidized and water-bearing, and may have transported
Au. Whole-rock chemistry and petrographic observations point to extensive differentiation
dominated by pyroxene and plagioclase fractionation, with amphibole crystallizing late
and following the increase of the water content of the residual melt. The Regnault intrusive
complex also emplaced at shallow depth, as suggested by chemical similarities between
the calc-alkaline intrusive rocks and spatially associated calc-alkaline volcanic rocks. Am-
phibole chemistry confirms a shallow depth of emplacement that is poorly constrained at
~1.5–5 km. Significant increase of the water content during fractionation and shallow depth
of emplacement are important favorable factors for porphyry style of mineralization. The
Regnault intrusive complex may have generated a magmatic-hydrothermal system and is
considered ‘fertile’ for Au mineralization.
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rock analyses, Table S2—mineral chemistry (EDS analyses), Table S3—mineral chemistry (LA-ICP-MS
analyses), Figure S1—samples observed in natural light, Figure S2—samples observed in cathodolu-
minescence, Figure S3—samples observed in BSE.
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