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Abstract

:

The Chibougamau pluton is a Neoarchean multiphase intrusion that is related to Cu–Au porphyry-style deposits. In Archean greenstone belts, porphyries are marginal and poorly documented mineralizations. Such deposits are, however, important in the Chibougamau area, where the main historical mining camp (Central Camp) is a magmato-hydrothermal system. Understanding such systems requires documenting the related magmatic rocks. This contribution focuses on the petrogenesis of the Chibougamau pluton to elucidate how the intrusion participated in Cu and Au mineralized systems. Using field descriptions, whole-rock analyses, and petrographic observations, we describe the source, emplacement mechanism, and chemical evolution of the Chibougamau pluton. The Chibougamau pluton is a TTD (tonalite-trondhjemite-diorite) suite that contains more K than most plutons of similar age. This suite was produced from a heterogeneous source; i.e., a hydrated basalt and possibly a metasomatized mantle. These are rare (and thus prospective) characteristics for an Archean intrusion. In addition, differentiation may have been sufficiently prolonged in the diorite phase to concentrate metals and fluids in the evolved magma. These magmatic constraints must now be tested against a renewed understanding of the Cu-dominated mineralized systems of the Chibougamau area.
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1. Introduction


Archean greenstone belts are assemblages of supracrustal rocks, typically mafic lava flows and clastic sedimentary rocks, and magma intrusions predominantly of tonalite-trondhjemite-granodiorite (TTG) affinity. In gold-endowed greenstone belts such as the Abitibi sub-province within the Superior craton, exploration and research tend to avoid large-volume granitoid suites, which are generally barren of VMS (volcanogenic massive sulfide) and orogenic gold deposits. However, these intrusions are prospective for magmato-hydrothermal systems; a type of deposit that is viewed as less abundant and economic, and that is less sought after than VMS and orogenic gold deposits [1]. Magmato-hydrothermal systems are, however, important in parts of the Abitibi sub-province, such as in the Chibougamau area where the historical mining camp (Central Camp) is described as a cluster of porphyry-style mineralizations [2,3,4]. However, many questions remain regarding the genesis of Archean magmato-hydrothermal systems [5]. The Cu–Au Central Camp deposits, for example, are associated spatially with the multiphase Chibougamau pluton and are comprised of intermineral dykes, hydrothermal breccia, as well as other characteristics typical of porphyry deposits [6,7,8,9,10,11,12,13]. However, there are many differences between such Archean mineralizations and post-Archean porphyries, e.g., Archean ore bodies are dominated by Au, sometimes Cu, and tend to be less voluminous and less abundant than their modern counterparts [1,14]. Additionally, the source of magma for fluids and metals of these systems is poorly documented. The Chibougamau pluton, for example, is a multiphase intrusion comprised of tonalite and diorite that was emplaced at shallow depth; nonetheless, little is known of its chemistry and petrogenesis, leaving a number of unresolved questions. How many phases comprise the pluton? At what depth was the magma produced, and how did the magma evolve during its rise through the crust? Some of these questions have important implications for the metallogenic model, e.g., which intrusive phase is responsible for the mineralizing event? Other questions are important for exploration geologists, e.g., does magma associated with mineralization have remarkable (and prospective) chemistries?



This contribution addresses some of these issues by focusing on the Neoarchean Chibougamau pluton. This work relies on detailed mapping [15,16], unpublished chemical analyses performed in the 1980s, and petrological observations. This data allows us to comment on the composition, evolution, and specificities of a pluton that is associated with several historically mined and currently explored Cu-Au mineralizations.




2. Geological Setting


2.1. Regional Geology


The Chibougamau pluton, Québec, Canada, is located in the north-eastern corner of the gold-endowed Neoarchean Abitibi sub-province, which is the largest continuous greenstone belt of the Canadian Shield [17]. It extends between Ontario and Québec, and is located in the southern part of the Superior craton.



The evolution of greenstone belts can be summarized in two main stages. The synvolcanic period (1) is a construction phase characterized by intense magmatic activity that produces mafic lava plains, central volcanoes, as well as large-volume of tonalite-trondhjemite-granodiorite (TTG) suites and tholeiitic-layered complexes. The syntectonic period (2) that follows is characterized by deformation (mostly compression), sedimentary processes, and small-volume magmatic activity (e.g., monzonite, syenite). In the southern part of the Abitibi sub-province, the synvolcanic and syntectonic periods extend from >2750 to 2704 Ma and from 2700 to 2670 Ma, respectively [18]. These events are diachronous and occurred earlier in the northern portion of the sub-province; for example, in the Chibougamau area, the periods extend from >2790 to ~2710 Ma (synvolcanic) and 2701 to 2690 Ma (syntectonic) [19].



This contribution focuses on an intrusion of the synvolcanic period. In the Chibougamau area, this period consists of two main volcanic cycles that produced abundant mafic lava flows as well as intermediate to felsic extrusions and volcanoclastic deposits. The oldest volcanic products (2790–2760 Ma [20,21,22]) are of a limited extent. The volcanic cycle 1 consists of the undated, large-volume Obatogamau Formation (mostly basaltic to basalt-andesitic lava flows) and the 2729–2727 Ma [21,23] VMS-bearing Waconichi Formation (a complex assemblage of differentiated volcanic, volcanoclastic, and sedimentary products) (Figure 1). The volcanic cycle 2 comprises the 2724 Ma [22] Bruneau Formation (mafic to intermediate lava flows), the <2721 Ma [24] Blondeau Formation (assemblage of felsic extrusions, volcanoclastic and sedimentary products), and this cycle is topped by the Bordeleau Formation (sedimentary units) (Figure 1).



Several intrusions formed during the synvolcanic period, including TTGs and the ca. 2728 Ma [21] Lac Doré Complex (LDC), which is a layered complex dominated by anorthosite units and coeval with the cycle 1 of volcanism [25] (Figure 1). The syntectonic period, on the other hand, is dominated by sedimentary units (Opémisca Group), small to intermediate volume granodiorite intrusions (e.g., the ca. 2715 Ma Anvil pluton) [26], shoshonitic volcanism (the Haüy Formation of the Opémisca Group), and large-volume sanukitoid plutons (the Opémisca and Barlow plutons, 2700–2697 Ma) [21,27]. For a more detailed and recent review of the stratigraphy of the Chibougamau area, the interested reader is referred to the work of F. Leclerc [19].



TTG magmatism is emblematic of the Archean, and it is particularly abundant during the synvolcanic period. Two main types of intrusions have long been recognized on the basis of field relationships: (1) the gneissic complexes (intrusions having a gneissic texture and a domal shape that have concordant contacts with their host rocks) that are emplaced at depth; and (2) the intrusions having massive and often porphyritic textures, with sharp and discordant contacts, that are emplaced relatively high in the crust [29]. Both types are observed in the Chibougamau area, and the Chibougamau pluton belongs to the shallowly emplaced category [15,16].



The Chibougamau pluton is a 64-km-long and 1.6–3.2-km-wide intrusion having an aerial extent of 466 km2 (Figure 2). It is convex toward the south, possibly as a result of deformation along the nearby Grenville Front (Grenville Orogeny, ca. 1100 Ma) [30] (Figure 1). The Chibougamau pluton makes up the core of the Chibougamau anticline, a structure that may have developed as the pluton pushed its way toward the surface [31,32].



The pluton was first identified in 1935, and it was fully mapped in 1977. This mapping was first summarized [25,33] and then reviewed and completed in the early 1980s by D. Racicot [15,16]. This latter work was motivated by the presence of intermineral dykes in the historical Cu–Au mining camp (Central Camp). These dykes are related to an intrusive phase of the Chibougamau pluton [34].



Most of the Chibougamau pluton was emplaced between 2718 and 2715 Ma [35,36] and this intrusive event is coeval with the cycle 2 of volcanism. Additional magma was then emplaced between 2705 and 2701 Ma [20,37] during the syntectonic period. The pluton intruded rocks of the volcanic cycle 1, including the gabbro and anorthosite units of the LDC and, to the west, the volcanic rocks of the Waconichi Formation. The south-western portion of the pluton is in discordant contact with the conglomerates of the Opémisca Group (Figure 2), indicating that the pluton had already been exhumed when the Timiskaming-style basin was formed at ~2700 Ma [24,38], prior to the main deformation phase [39].



The Chibougamau pluton is a multiphase and asymmetric intrusion. It includes an abundance of tonalite and diorite dykes, pegmatites, feldspar-phyric units, as well as hydrothermal and magmatic breccia, all of which pointing to a shallow emplacement depth [40,41]. Based on field relationships, the emplacement depth is estimated to be a few kilometers; i.e., <5 km, possibly 2–4 km [42].



In greenstone belts, the chemistry of subvolcanic granitoid plutons is generally similar to that of contemporaneous volcanic products [1]. The Chibougamau pluton follows this general tendency, as it shares a calc-alkaline affinity with the volcanic rocks of the Blondeau Formation [41]; thus, there is a possible genetic link between this formation and the pluton [43,44,45,46]. The Chibougamau pluton is therefore considered as the volcanic chamber of the volcanic cycle 2 [47].



The Chibougamau pluton has been metamorphosed in the conditions of the greenschists facies, as have most rocks of the Abitibi sub-province [48,49], but the magmatic textures are relatively well preserved. In the vicinity of the Grenville Front, however, the rocks have a gneissic texture and display amphibolite-grade metamorphism. To simplify the text, the prefix “meta-“ is omitted from the rock names in this paper.



The structure of the Chibougamau area is dominated by large amplitude folds, and there is a lack of major breaks similar to those found in the gold-endowed structures observed in the southern part of the Abitibi sub-province. The elongated morphology of the pluton is comparable to the general E–W structure of most of the Abitibi sub-province, which was affected by a main N–S compressional event known as the regional Kenorean Orogeny [50]. The pluton has been deformed by this event; however, its E–W morphology also likely reflects injections along an E–W synvolcanic structure [16]. Most of the foliation planes are parallel to the outline of the intrusion, and a portion of these structures may have a magmatic origin [16].



The pluton occupies the core of the Chibougamau anticline, and its exhumation began toward the end of the cycle 2 volcanism [47]. Its evolution can be summarized as follows: (1) emplacement of the pluton beneath a central volcano at ca. 2718–2716 Ma; (2) followed by exhumation at ca. 2714 Ma; (3) emergence and erosion of the plutonic phases at ca. 2712–2710 Ma; and (4) deformation and additional magmatism during the main compressional event at ca. 2708–2695 Ma [12].




2.2. Cu–Au Mineralization


The Central Camp is the historical mining camp of the Chibougamau area. It is located north of the Chibougamau pluton, south of the homonym city, on the northern flank of the Chibougamau anticline. This “Chibougamau style” mineralization is contained mostly in the anorthosite rocks of the LDC (Figure 2). Most mining activities ended in the late 1990s, although the area is currently explored for Cu and Au (e.g., AmAuCu Mining Corporation, Toronto, ON, Canada).



Other Cu and Au projects and showings are located within rocks of the pluton, in the southern part of the intrusion (Figure 2). Cu-dominated showings are also observed north of the pluton, within the cycle 2 volcanic rocks and coeval intrusions. Further west, in the Chapais area (Figure 1), Cu mineralization is known as the “Opémisca style.” The Central Camp mineralization thus appears to be part of one or several Cu-dominated mineralizing events whose timing, extent, origin, and significance are not fully resolved.



The mineralization in and around the Chibougamau pluton shows features (e.g., intermineral porphyritic dykes, hydrothermal breccia) that lead many authors to describe it as having a “porphyry style” [6,7,8,9,10,11,12,13]. The mineralization is mostly epizonal (i.e., formed at 1–2 km depth) [51], but shows local epithermal features (e.g., Lac Berrigan) [52,53,54,55]. Individual deposits have been extensively studied, and a comprehensive synthesis can be found in Pilote and collaborators [6,12].



Most studies have focused on the Central Camp deposits. These “Chibougamau style” mineralizations consist mostly of NW–SE-striking subvertical fractures filled with chalcopyrite, pyrrhotite, and pyrite. Other ore minerals include sphalerite, galena, and molybdenite, as well as free gold. The mineralization is structurally controlled by NW–SE fractures and E–W to ESE-WNW-striking faults with a normal to reverse movement [31,56] (Figure 2).



The main mineralization styles are (1) early sulfide-filled fractures and quartz veins and (2) late iron carbonate-magnetite-sulfide veins. A marginal style (“McKenzie-type”) consists of gold-bearing quartz-carbonate-sulfide-tourmaline veins that may be related to a distinct and overprinting mineralizing event [6,57]. The main alteration assemblages consist of quartz, carbonate, white micas, chlorite, and K-feldspar [25,52]. The alteration may also include albitization [58].



Hydrothermal breccia developed only in parts of the camp deposits (e.g., Lac Clark deposit). Intermineral dykes are reported in most mines and showings [52,59,60,61]. In the Lac Clark deposit, an intermineral dyke yields an age of 2715.2 ± 0.7 Ma [6] and indicates that the mineralizing event occurred during the synvolcanic period. Studies of fluid inclusions reported two types of fluids: (1) a fluid having an elevated salinity (CaCl2 and NaCl) and (2) a methane-rich fluid [62].



The Central Camp mineralization is synvolcanic and corresponds to a magmato-hydrothermal system [7,12,56]. Remobilization of these deposits formed chalcopyrite veinlets, isolated gold nuggets [63], and it impacted on the structure of the mineralization [52,54]. A part of this remobilization occurred under relatively low-grade metamorphic conditions [64]. It may have occurred during the Proterozoic based on ages on galena [65,66], but syntectonic events are also possible [67].



Outside of the Central Camp, mineralization has developed within the intrusive phases of the Chibougamau pluton, e.g., the Queylus and Devlin breccias and the Corner Bay project (Figure 2). This mineralization is generally sub-economic and consists of stockworks, disseminated sulfides, extensive breccia, and overlapping hydrothermal alterations [6]. The timing of these mineralizing events is not fully resolved.



In summary, the Cu–Au mineralization that is spatially associated with the Chibougamau pluton displays several characteristics of magmato-hydrothermal systems, including (1) hydrothermal alteration located in and around an intrusion [68], and (2) oxidized, high-salinity fluids and the related alteration minerals (e.g., K-feldspar and magnetite) [69,70]. The Chibougamau deposits also appear similar to the mineralized hairline fractures of the Cenozoic Koloula igneous complex, which corresponds to the deep and weakly mineralized portion of a porphyry system; i.e., the part that is not strongly influenced by meteoric water [71]. Dedicated studies are needed to refine the metallogenic model of the Central Camp; however, given the present level of understanding of these deposits, the “porphyry” designation is considered reasonable.





3. Methodology


3.1. Field Data


As with most of the economically relevant areas of the Abitibi sub-province, the deposits of Central Camp have been studied in detail. The associated plutonic rocks, on the other hand, have received little attention since the detailed investigation of their most recent mapping, summarized by two reports written in French [15,16]. The Chibougamau pluton was mapped in the 1980s as part of the geological mapping of Québec carried out by MRN (Ministère des Ressources Naturelles), now referred to as MERN (Ministère de l’Énergie et des Ressources Naturelles). This contribution uses a compilation of D. Racicot’s data, as well as outcrop re-visited in 2018 (Figure 3), to reinterpret the petrogenic evolution of the Chibougamau pluton and to identify the magmatic factors favorable to the production of Cu-Au magmato-hydrothermal mineralization.



The compiled field data include 2606 outcrops described in field notebooks, paper maps, and notes of D. Racicot. The compiled data correspond to the outcrop and sample numbers, as well as the main lithologies and their morphologies (main units, irregular injections, or dykes; Table 1 and Table 2) observed in the field by D. Racicot. These outcrops were georeferenced using the ArcGIS software (Figure 4; Supplementary Material S1 and S2).




3.2. Pyrite Chemistry


The Chibougamau pluton is spatially, and likely genetically, related to Cu–Au mineralization [6,7,8,9,10,11,12,13]. The nature of this relationship is commented using pyrite chemistry. Quantitative laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses were carried out on two polished thin sections at the LabMaTer (UQAC). These in situ analyses were performed in 2018 using a RESOlution ArF-193nm excimer laser ablation system (Australian Scientific Instrument, Fyshwick, Australia) equipped with a double-volume cell S-155 (Laurin Technics, Launceston, Australia), coupled to an Agilent 7900 ICP-MS (Agilent Technologies Santa Clara, CA, USA). The parameters used for these analyses were beam size of 75 µm, laser frequency of 20 Hz and an energy density of 3 J/cm2. Pyrite and reference materials were analyzed using spots (20 s acquisition time), lines (10 µm/s stage speed) and maps (beam size of 15 µm, scan speed of 10 µm/s), after measuring the gas blank for 20 s.



For most elements, calibration was performed using the UQAC-FeS-1 reference material, which is an artificial sulfide produced at UQAC [72] based on a modified technique developed by Garbe-Schönberg and Müller [73]. For Ca, Zr and Al, calibration was performed using the USGS reference material GSE-1g, which is a fused-basaltic glass containing c.a. 10% Fe and doped with ~500 ppm of each trace element [74]. MASS-1 (USGS) [75] was used as quality control reference material. Data quality was also monitored using the UQAC-FeS-5 reference material, as well as a massive sulfide reference material: CCU-1e, a copper concentrate (Canadian Certified Reference Materials Project—CCRMP). Pressed pellets were produced from CCRMP powdered reference material using a similar technique for the production of UQAC-FeS-1. It was presumed that the concentrations reported on the certificates of analysis provided by the CCRMP were not affected by the re-crushing procedure which involves 60 min of crushing in a Planetary Mills (Pulverisette 7, Fritsch, Idar-Oberstein, Germany) to reduce the powder to sub-microns particles sizes [73]. The results are in good agreement to working values (see Supplementary Material S3).



The data were reduced using the LADR 0.6.6.0 software (http://norris.org.au/ladr) while IOLITE software (version 2.5) [76] was used to produce maps (Figure 5). The dwell time is 5 ms for each element. The internal standard 57Fe and the stoichiometric value 46.55 wt % was used (source: [77]). The analyzed pyrites contain numerous silicate and sulfide inclusions that were included in the integrations. The inclusion-rich and -poor pyrites were exported using distinct integrations (n = 37). Representative analyses for pyrite are given in Table 3, and the full LA-ICP-MS dataset (including calibration) is provided in the electronic Supplementary Material S4.



Additional integrations were performed to compile “time-slice data sets” (TSD), following the recommendations of Gourcerol and collaborators [78]. In this contribution, the spot and line analyses were reduced using 2 s integrations. The advantage of this technic is that inclusions are treated as distinct analyses, while the 37 data described previously are mixed compositions (i.e., mean chemistry of pyrite, other sulfides and silicates). Once exported, data with Si > 100,000 ppm were removed from the dataset to discard the silicate analyzes. The remaining data (n = 290 and n = 205 for the Kokko and Queylus samples, respectively) were processed using principal component analysis (PCA) (Figure 6).



PCA is a coordinate transformation method that can be used to reduce the dimensionality of a dataset (n observations and m variables). The method calculates principal components (PC1, PC2, PC3 etc.) and by considering only PC1 and PC2, the dimensionality of the data is reduced from m to two variables. In our case, m = 25 variables, n = 290 and n = 205 (Kokko and Queylus sample) data (i.e., in situ pyrite analyzes integrated using 2 s intervals). A natural logarithm transformation is performed to facilitate the combination of the variables. The result of PCA is presented in a two-dimensional plot (“correlation circle”). In this plot, elements are distributed as a function of their degree of correlation (positive or negative) with respect to the components (PC1 and PC2 or PC3) that best explain the variability (Figure 6).




3.3. Whole Rock Chemistry and Petrological Data


The petrogenetic evolution of the pluton is interpreted using chemical and petrological data collected in the 1980s. These data were treated as part of a postgraduate study at École Polytechnique de Montréal. These petrological and chemical data have not, however, been fully made public. Some of these data can be found in the SIGEOM dataset of MERN. The compiled data includes: (1) 113 standard thin sections; (2) 135 microprobe analyses; (3) 121 whole-rock chemical analyses performed in the 1980s; and (4) eight whole-rock re-analyses performed in 2018.



Petrographic observations were performed on the 113 thin sections (Figure 7 and Figure 8; Supplementary Material S5). The microprobe analyses were performed in the 1980s on amphibole and feldspar observed in polished thin sections. These polished thin sections have been lost, and the quality of these data could not be controlled. These analytical results are provided on an indicative basis (Figure 9).



The proportions of the main minerals observed in thin sections were evaluated in the 1980s based on point counting (n = 2 samples). Due to time constraints, this method could not be extended to the remaining 111 thin sections. In addition, most feldspars have been hydrated and are assemblages of albite, epidote, and white mica, which renders the modal estimate of the proportion of plagioclase and alkali feldspar difficult. For these reasons, a simplified normative calculation was used to estimate the proportions of the main phases, i.e., hornblende, biotite, anorthite, albite, orthoclase, and quartz. As discussed below, the sampled outcrops are weakly to moderately altered. For this reason, normative calculation approximates magmatic assemblages well.



The normative calculation was performed on the 121 rocks for which FeO and Fe2O3 had been analyzed (i.e., the 1980s dataset). A sequential calculation was performed by calculating normative apatite and titanite to exhaust P2O5 and TiO2. Then, normative biotite (3 Si, 1 Al, 3 Mg + Fe2+, 1 K) was calculated to exhaust K, Fe, or Mg, depending on the samples, followed by the calculation of normative hornblende (7 Si, 1.75 Al, 4 Mg + Fe2+, 0.25 Fe3+, 1.8 Ca, 0.2 Na). Excess water was considered throughout this calculation. The remaining amount of Na, K, and Ca was then allocated to feldspar, and normative quartz was calculated using the remaining amount of Si. Ternary diagrams display the results of this calculation (Figure 10).



The 1980s samples were analyzed by X-ray fluorescence for major, minor and trace elements (Rb, Sr, Y, Nb, Zr, Zn, Cu, Ni, Cr, Ba, V) by MERN. The samples were also analyzed by titration and infrared, respectively, for iron (Fe2O3 and FeO) and volatiles (CO2, H2O+, S). Among these samples, 28 were analyzed for additional trace elements (rare earth elements - REE, Sc, Cr, Hf, Ta, Th, U, Sb) by neutronic activation at Université de Montréal (see Supplementary Material S6 and S7). These chemical data are displayed in several diagrams (Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15).



The 1980s chemical dataset provides invaluable insights into the major elements content of the Chibougamau pluton. The quality of the trace elements analyses is however debatable. In multi-element and REE diagrams, the irregular shape of the profiles is, in part, due to analytical imprecisions (Figure 14a,b). In addition, the apparent lack of a Nb anomaly in the 1980s analyses of diorite is likely due to analytical imprecisions for Th values (Figure 14a). For these reasons, eight samples were re-analyzed in 2018.



The eight whole-rock re-analyses were performed by ALS Chemex Labs Ltd (Vancouver, Canada). The major and minor elements were analyzed by ICP-AES, following acid digestion, and with detection limits of 0.01 wt %. The trace elements were analyzed by ICP-MS, following a lithium borate fusion, with detection limits of 0.05 to 1 ppm. The metals were analyzed by ICP-AES, following a four-acid digestion, and detection limits were set at 0.5 to 2 ppm (see Supplementary Material S6).





4. Results


4.1. Field Data


The outcrops of the Chibougamau pluton generally consist of complex assemblages of dark (diorite) and light (tonalite) colored rocks of variable grain size and having diffuse to sharp contacts (Figure 3). The multiphase nature of the pluton can be appreciated at a meter-scale. The pluton is also heterogeneous at a tens-of-kilometer–scale (Figure 4) and consists of an assemblage of injections emplaced along an E–W axis.



Outcrops of the eastern portion of the pluton expose rocks having a gneissic texture. They consist of juxtaposed “ribbons” of mafic to felsic units (rubanement) of variable grain size; the magmatic textures have been obliterated by metamorphism and deformation during the Grenville orogeny. For this reason, the following description focuses on the central and western parts of the pluton where magmatic textures and structures are well preserved.



The main lithological units are diorite and tonalite (Table 1). These units have been subdivided based on color (meladiorite, quartz-diorite, biotite-tonalite, and leucotonalite; Table 2), grain size, and the nature of the main porphyritic phase (feldspar, biotite, amphibole, or chlorite) [15,16]. In this paper, the general designations of “diorite” and “tonalite” are favored (Table 2), even though some leucotonalite units may correspond to trondhjemite. In outcrops, these units can represent the dominant lithology, occur as enclaves within the main lithology, form injections having irregular shapes and sharp or diffuse contacts, or occur as linear dykes having sharp contacts. The intrusive contacts with irregular shapes correspond to magma mingling (Figure 3). Grain size in the outcrops may vary from a submillimeter- to centimeter-scale (Figure 3c). These grain-size variations are too irregular to correspond to compositional or textural layering; they may represent the result of multiple injections of phases carrying variable amounts of phenocrysts within conduits of variable thicknesses that cooled at different rates.



The contact between the pluton and its host rocks (i.e., mostly anorthosite of the LDC) is irregular, and many enclaves of anorthosite and gabbro are observed in the tonalite and diorite units (Figure 4a). The magmatic breccia (Figure 2) consists of a 2-km-thick area of millimeter- to meter-long angular fragments of mostly LDC rocks, as well as aplite, diorite, and tonalite that are injected by fine-grained diorite and aplite [79]. The entire pluton is surrounded by diorite and tonalite injections (Figure 4a). Individual injections thus consist of plugs having massive cores surrounded by a large number of injections.



The compilation of cross-cutting relationships leads us to draw conclusions similar to those of D. Racicot [15,16]. The diorite phases (i.e., meladiorite and quartz-diorite with hornblende phenocrysts as well as quartz-bearing diorite) are observed as enclaves in tonalite (Figure 4b) and correspond to the earliest intrusive event. Massive diorite is preserved mostly in the western, eastern, and northern portions of the pluton and extends in the hosting material as injections having irregular shapes (Figure 4b). Subsequent injections of biotite-tonalite units form most of the exposed surface of the pluton. The main magma bodies lie in the central and eastern parts of the pluton and are rimmed by biotite-tonalite dykes (Figure 4c). The leucotonalite has a more limited extent. It is a late phase that occurs mostly as small-volume, irregular-shaped injections.



These cross-cutting relationships agree with the available geochronological data. The diorite phases are dated at 2718–2716 Ma (see Figure 4b for details and references). Tonalite dykes that cut across the mineralization of the Central Camp have similar ages. Another quartz-feldspar-porphyry (QFP) tonalite dyke and a leucotonalite unit both yield an age of ca. 2705–2702 Ma (Figure 4c). The Chibougamau pluton consists of two main injection phases that occurred about 10 Ma apart. As the tonalite units of the first and second injection phases are undistinguishable in outcrops, the aerial extent of each injection phase is unconstrained.



The abundant dykes observed in and around the Chibougamau pluton have been classified into seven categories [61], a number then reduced to four by the MERN [19,80]. Most of these dykes have chemical affinities with phases of the Chibougamau pluton, but some dykes are gabbro (dolerite) that may correspond to feeders of the cycle 2 volcanic rocks and later magmatic events.




4.2. Relationship between Mineralization and Intrusive Rocks


The Cu–Au mineralization spatially associated with the Chibougamau pluton are porphyry deposits according to field relationships (e.g., hydrothermal breccia). The main evidences relating the hydrothermal system to the pluton are the ~2715 Ma dykes [6,36] that cut and are cut by the mineralization. Fluid chemistry provides additional evidences [62]. In this section, pyrite chemistry is used to further assess the nature of the mineralizing fluids.



Pyrite has been abundantly used to document mineralizing processes and fluid chemistry [78,82,83]. The pyrites considered in this section come from two distinct areas with alteration styles typical of the Central Camp (Kokko sample) and pluton-hosted (Queylus sample) hydrothermal systems (Figure 2). These outcrops were selected because they lack remobilization features (e.g., gold-enriched quartz-veins). The Kokko sample is located 600 m west of the old Kokko Creek open pit (Central Camp) and contains 10% pyrite disseminated in sericitized anorthosite. The pyrites are euhedral minerals with: (1) porous cores enriched in sulfide and silicate inclusions; and (2) inclusion-poor rims (Figure 5). The Queylus sample comes from the main stripping of the Queylus project (Figure 2) and contains 30% pyrite disseminated in a sericitized and brecciated tonalite. In this sample, the pyrites are sub-euhedral minerals with sulfide and silicate inclusions-bearing core or rim area, depending on the grains.



The inclusion-bearing pyrites of the Kokko and Queylus samples are enriched in most trace elements (including Cu, Te, Pb and Bi), while the inclusion-poor pyrites contain more Ni and Se (Table 3). The inclusion-bearing pyrites are enriched in Cu (chalcopyrite inclusions) and Au values are generally close to 0.01 ppm (i.e., detection limit). These 37 analyses fail to reveal the chemical complexity of the studied pyrites.



The chemical map reveals that the porous core of the Kokko sample pyrite is enriched in silicates that control the distribution of most elements (Ba, Al, Sn, Ca, Cr, Mn, Si, Ti, V, W). The porous core also contains Ag and Cu (chalcopyrite inclusions), Bi, Pb and Cd (chalcopyrite and other inclusions) and Te (in pyrite). The inclusion-poor rim of the pyrite displays oscillatory zoning. The rim consists of an intermediate area with Co-rich and Co-poor zones and of an outer area that concentrates Ni, Te, Se and ±As. These elements mimic the growth zoning and have a primary origin, which indicates that the Kokko pyrite has not been fully recrystallized by late processes such as metamorphism.



The chemical map shows that some elements concentrate in the core and in the outer rim of the pyrite (Te, As, Ni, ±Pb), while the metals exploited in the Chibougamau area (e.g., Cu) concentrate in the porous core of the pyrite (Au is undetected, and its distribution is presented below using spot and line analyses). The analyzed pyrite thus records an early mineralizing event (porous core) followed by additional pyrite growth within Cu-barren hydrothermal fluids (overgrowth with oscillatory zoning).



The PCA performed on the spot and line analyses (2 s integrations) provides additional insights into elements associations (Figure 6). On both PCAs, most elements are controlled by the silicate (e.g., Al, Ca and Ba in feldspar) and oxide (e.g., Ti, Cr) inclusions that are abundant in the core of the pyrite (Figure 5). Other elements are uncorrelated (Ni, Co, Se) because they mimic the growth zoning and concentrate in different zones (Figure 5). These elements substitute for Fe (Co, Ni) and for S (Se) in pyrite [82]. The elements that are associated with Cu and Au are Ag, As, Cd and Pb (Kokko sample) and Ag, As, Pb, Bi and possibly Te (Queylus sample). Additional elements association (Hg, Te, Sb, Bi) occur in the porous core of the pyrites of the Kokko sample. These elements likely concentrate in chalcopyrite (Cu, Ag) and in other inclusions such as galena or a Bi-Pb-bearing sulfosalt (Bi, Pb, Sb, possibly Cd) [82]. Other elements occur as nonstochiometric substitutions in the lattice of pyrite (As, Au) [82]. Tellurium usually occurs as stoichiometric substitutions for S (Figure 5). In the Kokko sample however, Te is associated with Hg, Sb and Bi and these elements may occur in telluride inclusions (Figure 6).




4.3. Petrology


Magmatic textures are recognizable in thin sections. However, metamorphic and hydrothermal alterations have destabilized feldspar (now albite, epidote, and white mica with a sericitic texture; Figure 7b) as well as amphibole and biotite (now actinolite and chlorite). Amphibole is generally well preserved, whereas fresh feldspar (Figure 7a) is only observed in 15 of 113 available thin sections.



Alteration minerals (white mica, carbonate, pyrite) are restricted to the known mineralized area. Altered biotite is found locally at the expense of amphibole (Figure 7c). Hornblende pseudomorphed by biotite is a common expression of K-metasomatism in porphyry mineralization [84,85].



In the Chibougamau pluton, however, most of the observed mica are recrystallized magmatic biotite. Biotite re-equilibrates much faster than amphibole [71], which is probably why destabilized amphiboles are rare in the pluton. However, amphiboles are partially recrystallized and have irregular outlines (Figure 8a,c,e). Deuteric actinolite replaces pyroxene in the gabbroic units of the LDC and some magmatic hornblende in the most hydrated units of the pluton. Most of the analyzed amphiboles are magnesiohornblende (Figure 9a) and there is no evidence that these amphiboles correspond to a destabilized pyroxene.



Grain size is variable in most rocks. The largest grain-size differences between the phenocrysts and groundmass are observed in dykes (Figure 8e,f), but phenocrysts are distinguishable in most parts of the pluton (Figure 8a,c,e). Amphibole and biotite are both phenocrysts and groundmass minerals. The main phenocrystic phase is, however, a zoned and euhedral plagioclase (Figure 8b,d).



The feldspar is mostly labradorite to andesine in the diorite units and andesine to oligoclase in the tonalite units (Figure 9b). Albite may correspond to a metamorphic mineral, given the abundance of epidote observed in thin sections. Some anorthoclase is reported in diorite and alkali feldspar (microcline), which are coarse to fine-grained, are restricted to the tonalite units (Figure 9b). Feldspar also occurs in groundmass. Quartz is abundant and is generally restricted to the groundmass, except in some QFP dykes. The main accessory phases are apatite and titanite.



The rocks of the Chibougamau pluton are dominated by feldspar, as well as ferromagnesian minerals and quartz for diorite and tonalite, respectively (Figure 10b,d). Some scatter is observed on the feldspar diagrams (Figure 10a,c), likely due to alteration such as sericitization. Nonetheless, the tonalite are sodic rocks that define a trondhjemite trend (Figure 10a,c). Tonalite are feldspar-dominated rocks (50%–70%) with 20%–40% quartz and <10% biotite and, rarely, amphibole (Figure 10b,d). Diorite display more variable compositions: the quartz-poor variety is a mixture of feldspar and amphibole ± biotite (ca. 55:45), while the quartz-rich variety contains less mafic minerals (ca. 20:50:30 for quartz, feldspar, and amphibole ± biotite). The studied rocks contain equivalent amounts of feldspar (ca. 50%–60%). Diorites are dominated by plagioclase (ca. 35:65 for normative anorthite and albite) (Figure 10a). Tonalite contains orthoclase, as well as an equivalent amount of albite and less anorthite than the diorite (ca. 20:70:10 for normative anorthite, albite, and orthoclase) (Figure 10a).




4.4. Chemistry of the Major Elements


The samples from the Chibougamau pluton have a wide range of SiO2 compositions; mafic to felsic members are represented in the dataset (Table 4). Their alkali content is variable, likely a consequence of post-magmatic processes (Figure 11a). Despite this alteration, the samples have a discernible subalkaline affinity (Figure 11a) and most define a calc-alkaline trend on the AFM diagram (Figure 11c). The Fe and Mg contents of samples identified as diorite in the field are, however, variable (Figure 11c), and some samples may correspond to gabbro from the LDC (this layered complex has a tholeiitic affinity) as gabbro can be hard to distinguish from meladiorite in an outcrop. The Fe-Mg-enriched rocks may also correspond to accumulations of mafic phases or to samples in which feldspars were destabilized by alteration.



The sampled rocks are K-poor and their alkali and Ca contents are comparable to those of experimental liquids obtained from quartz-barren basaltic sources (Figure 11d). The Na-enriched tonalites define a typical TTG trend. Most diorite are too Si-poor to belong to a TTG suite (Figure 11b), as will be discussed below.



The field-based distinctions made between quartz-diorite and meladiorite as well as between biotite-tonalite and leucotonalite, is not reflected by the silica, Ca, and alkali contents of the rocks (Figure 11a,d). The four rock varieties identified in the field have, however, distinct Fe and Mg-content (Figure 11c)—they were distinguished on the basis of their ferromagnesian mineral content: meladiorite is the variety richest in hornblende, leucotonalite contains the least amount of mafic minerals (mostly biotite), and the other rock varieties are of intermediate compositions. Each variety contains plagioclase ± alkali feldspar of variable composition.



On all diagrams, there is a clear chemical difference between the diorite phases (meladiorite and quartz-diorite varieties) and tonalites (biotite-tonalite and leucotonalite varieties) (Table 2). There is also a slight gap between the main rock types, with rocks having a SiO2 content of ~63 wt % being least abundant (Figure 11a,c). The dykes have major element contents similar to those of the massive diorite or tonalite units (Figure 11 and Figure 12).



On the Harker diagrams, the samples of the Chibougamau pluton define relatively coherent trends (Figure 12). These trends should not be mistaken with LLD (liquid line of descent), as will be discussed later. Alteration-induced chemical variation affects mostly the alkali and modifies very little the concentration of immobile elements, such as Al. The rocks are enriched in Al, and tonalite with 70 wt % SiO2 contains >15 wt % Al2O3 (Table 5). The pluton is peraluminous, with an ASI index, defined as Al/[Ca-1.67P + K + Na] molar [89], of 1.25–1.30 and 1.34 for tonalite and diorite, respectively (Table 4). The Ti-content of diorite (median = 0.65 wt %) and tonalite (median = 0.21 wt %) decreases with increasing SiO2 content. Ti is mostly controlled by titanite and amphibole, while the Ti-richest rocks may contain enclaves of the titanomagnetite-enriched units of the LDC (Figure 12).



K-content has been modified by alteration but appears higher in tonalite than in diorite. The diorite and tonalite have distinct Na-contents of 3.56 and 4.80 wt % Na2O (median), respectively. The CaO-, FeO- and MgO-content, on the other hand, decreases with increasing SiO2 (Figure 12). Looking at the Mg-content of the rocks in more detail, we observed that the diorite and tonalite align along distinct regression lines (lines A and B; Figure 11b) and may define distinct differentiation trends.



The iron content is variable, and the Fe2O3/FeO ratio is distinctly higher in tonalite than in diorite. Diorite and tonalite have median Fe2O3/FeO ratios of 0.41–0.47 and 1.19–1.71, respectively (Figure 12, Table 4). For SiO2 ranges similar to these of diorite and tonalite, subalkaline rocks have average Fe2O3/FeO ratios of 0.2–0.35 and 0.4–0.5, respectively [90]. The Chibougamau pluton thus displays an elevated Fe2O3/FeO ratio.




4.5. Trace Elements


The samples fall within the calc-alkaline to transitional fields of the Th/Yb vs. Zr/Y diagram (Figure 13a). These ratios of immobile elements agree with the trends observed in the TAS and AFM diagrams (Figure 11). On the Zr/Ti vs. Nb/Y diagram (Figure 13b), diorite and tonalite have distinct Zr/Ti ratios that correlate with their SiO2 content. Most rocks are subalkaline based on their Nb/Y ratio. A part of the tonalites, however, have Nb/Y ratios >0.65 and fall within the alkaline field because the Winchester and Floyd diagram has not been designed for magmas depleted in elements that strongly partition into garnet (e.g., Y, Yb). The Chibougamau pluton has a calc-alkaline affinity based on its major (Figure 11a,c) and trace (Figure 13) element content.



The compatible element content (Ni, Cr, V) decreases with increasing amounts of SiO2, and these elements are more abundant in diorite than in tonalite (Table 4). The chalcophile elements (Cu, Zn) show a similar distribution (Table 4). Other elements (Sr, Y, Nb, and Zr) are uncorrelated with SiO2 and display similar concentrations in diorite and tonalite. Ba and Rb are most abundant in tonalite, which contains some K-feldspar and in which biotite is the dominant ferromagnesian mineral (Table 4).



In multi-element and REE diagrams, diorite and tonalite have distinct profiles (1980s and 2018 analyses; Figure 14). The dykes follow the same tendencies. On these diagrams, only one leucotonalite sample has a different profile, with positive Nb and Ta anomalies, negative Eu anomalies, and a relatively flat REE profile (Figure 14c,d). Examining the other profiles, we observe that tonalite is more fractionated than diorite and has (La/Yb)N of 23.0 (σ = 22.9, n = 6) and 7.3 (σ = 3.1, n = 15), respectively. Tonalite and diorite contain a comparable amount of light REE (LREE), and tonalite is depleted in heavy REE (HREE) compared to diorite (Figure 14b,d).



Positive Eu anomalies are observed in only three diorite and one tonalite samples and could be due to local plagioclase accumulations. The lack of Eu anomalies observed in most samples is frequent in TTGs, as the negative Eu anomalies induced by feldspar fractionation are cancelled by the positive Eu anomalies induced by amphibole fractionation [91,96,97]. The trace elements (Zr, Hf), controlled by late crystallized accessory minerals (e.g., zircon), display positive and negative anomalies in tonalite and diorite, respectively (Figure 14a). Most of the diorite analyzed in 2018, however, also display positive Zr and Hf anomalies (Figure 14c). Ta, Nb, and Ti negative anomalies, on the other hand, are observed in the bulk of samples, with the Ti anomaly being least developed in diorite (Figure 14a,c).



The global trace-element content of the diorite decreases with increasing SiO2 content (Figure 15c,d). Trace-element abundance in tonalite, on the other hand, is not correlated with SiO2 content (Figure 15a,b).




4.6. Comparison with TTG Suites


Apart from late K-rich syntectonic intrusions, felsic Archean intrusions are generally included in the broad TTG category. By definition, TTGs must contain 64 wt % SiO2 and must be poor in Fe, Mg, and Ti [91] and, based on these criteria, 52 chemical analyses were performed on TTG samples; i.e., mostly rocks identified as tonalite in the field (Table 5).



Given their alkali content, the tonalites are too K-rich to belong to a TTG suite, but K may have been added by alteration, and this criterion is thus not applicable in the Chibougamau area (Table 5). For the same reason, the K2O/Na2O ratio of most samples is not typical of TTGs. The studied rocks are, however, sufficiently enriched in Na2O and Al2O3 to be TTGs, and their trace-element content also matches the TTG definition (Table 5). Most tonalites of the Chibougamau pluton are similar to “medium and high REE” TTGs (i.e., “medium to low pressure” groups) according to the criteria reviewed by Moyen and Martin [91] (see Table 5).





5. Discussion


Intrusive activity plays a prominent role in the mineralizing processes of the Chibougamau area. While most deposits of the Abitibi sub-province formed on the sea floor (VMS) or along fault zones (orogenic gold), the Central Camp mineralization resembles porphyry deposits. It was this particularity that motivated our study on the Chibougamau pluton, and it is likely the core element of most of the mineralizing processes of the Chibougamau area that formed ore bodies (the Lemoine mine, a VMS deposit, excluded).



5.1. Field Relationships


Evidence of the shallow depth of emplacement of the pluton is ubiquitous in the field. In most outcrops, dykes and irregular-shaped injections infiltrate fractures. Where the hosting material (LDC rocks mostly) is more abundant than injections from the Chibougamau pluton, the area is described as a magmatic breccia. This prominent characteristic of the Chibougamau pluton denotes a magma emplacement style that includes: (1) fracturing of the hosting material (i.e., LDC, volcanic rocks, or previous phases of the pluton); (2) infiltration of the fractures by magma; and (3) inflation of the core of the intrusion as it is invaded by additional magma.



The abundant variations in grain size observed in the field result from the multiphase emplacement of injections and plugs of variable thickness and cooling rates. A part of the early phases may also have been unconsolidated when subsequent magma pulses were emplaced [15,16]. These features, the sharp contact between the pluton and its hosting material, as well as the absence of documented ductile deformation induced by the intrusive event all point to a stopping style of emplacement. The inflation of the pluton pushed away the roof rocks and shaped the area into the Chibougamau antiform. The anticline was further shaped by subsequent N–S compression, although the amount of deformation related to magmatic activity is hard to estimate.



In its eastern portion, the Chibougamau pluton was emplaced within the anorthosite units, named the Lower Zone [25], of the LDC. There, the pluton resembles a sill or an inflated sill (laccolith) that may have infiltrated a discontinuity within the layered LDC intrusion (Figure 2). In the central and western portions of the Chibougamau pluton, however, the magma cuts across the LDC from the Lower Zone up to the uppermost unit (i.e., the sodagranophyre) and its roof rocks (i.e., the Waconichi Formation) (Figure 2). There, the Chibougamau pluton is a thick intrusion that cuts through about >4 km of stratigraphy (i.e., the estimated vertical thickness of the exposed portion of the LDC) [25], assuming that the LDC was an undeformed flat sill-shaped intrusion before the emplacement of the pluton.



The emplacement of the oldest phases of the Chibougamau pluton may be coeval with the eruption that formed the Blondeau Formation (ca. 1-km-thick and preserved in a synclinal) [31,101]. The pluton emplaced below the Waconichi and Bruneau Formations (ca. 2–3-km-thick) [31,102]. These thickness data are rough estimates since the formations are discontinuous, and little is known of the initial morphology of the cycle 2 volcano. It can only be speculated that the ca. 2718–2716 Ma portion of the pluton and the associated mineralized system (Central Camp) formed at ca. 3–4 km depth.



The ca. 2705–2701 Ma phase may have been emplaced at a shallower depth as it formed while the southern part of the pluton was exhumed and eroded into a sedimentary basin (Opémisca Group; Figure 2). The hydrothermal breccia observed in the southern part of the intrusion (Devlin, Queylus) may be related to this shallower intrusive event. The aerial extent of the two injection phases is unconstrained. However, in greenstone belts, the volume of magmatism tends to decrease during the syntectonic period, and the volume of the second intrusive phase may have been limited compared to that of the first phase.



Establishing the relationship between the Chibougamau pluton and magmato-hydrothermal systems should be pursued. Preliminary pyrite analysis shows an association between Cu–Au and Bi–Pb–Te. Similar element associations are reported in several porphyry systems (e.g., [103,104,105]) and confirm the prominence of magmatic fluids in the mineralizing systems of the Chibougamau pluton. In addition, the intrusion contained water, which is necessary for the magmatic crystallization of amphibole and biotite, but the nature of the other magmatic fluids (S, Cl, others?) remains poorly documented. The diorite is the Cu-enriched phase (Table 4) and the gold content of the magmas is un-documented. It is thus unclear whether diorite, tonalite, or both magmas were essential to the development of Central Camp mineralization, as the mineralizing processes that formed these deposits remain to be elucidated. It should, however, be noted that other Neoarchean magmato-hydrothermal systems, such as the Côté-Gold Au-(Cu) deposit (Ontario), are associated with multiphase plutons composed of diorite and low-Al tonalite [106].




5.2. Two Distinct Magmas


In greenstone belts, the large-volume intrusions tend to be composite and include early quartz diorite, tonalite, and granodiorite phases, as well as later tonalite, granodiorite, and granite phases [1]. The Chibougamau pluton is no exception as it is composed of early diorite followed later by tonalite. It corresponds to a tonalite-trondhjemite-diorite (TTD) suite. In cratons, low-Al TTD are subordinate compared to high-Al TTG [107], and their role in the development of Cu-Au mineralization remains to be investigated.



The diorite and tonalite phases contain different amounts of HREE and align along different regression lines on a MgO vs. SiO2 diagram (Figure 11b). These phases correspond to magmas produced under different conditions and the alignment of points on various diagrams (Figure 11 and Figure 12) should not be mistaken for LLD. The extent of fractional crystallization that occurred in each magma will be discussed in the following sections. The chemical gap between diorite and tonalite is limited, and local mixing between these phases is possible.



To test this hypothesis, the mixing test of Fourcade and Allegre [96] was performed on the samples reanalyzed in 2018 (Figure 16). This test stipulates that, if mixing occurred, the following relationship should be true for each element:


Cm − CB = x (CA − CB),



(1)




where C corresponds to the concentration of each element in the mixture (m) and in the components A and B that have mixed, and x is the weight proportion of component A.



If mixing occurred, then a straight line, having a slope corresponding to x, should pass through the points displayed on the Cm–CB vs. CA–CB diagram. Displaying such a diagram for two sets of points (Figure 16) shows that the points do not align along a single line and that some points fall within the “forbidden zone” that is delineated by lines having slopes between 0 and 1 (i.e., grey area on Figure 16). In our study, the mixing test does not hold and therefore mixing likely played a negligible role in producing the chemical variations observed in the Chibougamau pluton.




5.3. Magma Source and Production Conditions


The tonalite phase is enriched in Na and defines a trondhjemitic trend (Figure 10c). This magma will thus be compared to the tonalite phases of the TTG suites.



The main minerals observed in TTGs are quartz, oligoclase, and biotite. Hornblende is observed in the least differentiated phases and K-feldspar is rare [91]. The tonalites within the Chibougamau pluton fit this definition as they are mostly composed of quartz, oligoclase, and biotite. The presence of andesine and hornblende indicates that some phases may be less differentiated than others. The relative abundance (~10%) of K-feldspar is likely a consequence of late hydrothermal alteration. The presence of magmatic epidote [108] is unconfirmed given the extent of greenschist facies metamorphism.



TTGs consist of three sub-groups: (1) low HREE (with garnet as a residue of partial melting); (2) medium HREE (intermediate situation); and (3) high HREE (with feldspar, ± garnet, and no rutile in the residue) [109]. The medium HREE TTG, or medium-pressure group, are most frequent [91], and the tonalites of the Chibougamau pluton fall mostly in this category (Table 5).



As most TTGs, the tonalite of the Chibougamau pluton were likely produced by the partial melting of a hydrated basalt, as their Na, K, and Ca contents are comparable to these of experimental liquids produced from such a source (Figure 11d). As the tonalites have the chemical characteristics of medium HREE TTGs, their source rock was likely an amphibolite instead of an eclogite. The residue of partial melting likely included garnet that retained HREE (Figure 14b,d) and a titanate that retained Tb, Nb and Ti (Figure 14a,c). Given the elevated Al content of the studied rocks, partial melting occurred outside of the stability field of plagioclase. This gives a garnet-bearing amphibolite source and a depth of partial melting of ~20 kbar [110]. Most mid- to late-Archean TTGs interacted with peridotite as they raised through the mantle [107], and the tonalite of the Chibougamau pluton is probably no exception.



A higher degree of partial melting of a garnet-bearing amphibolite at a similar depth may have produced the diorite, as the extent of partial melting is the main factor that controls the compositions of these magmas [91]. A higher degree of partial melting may have diluted the effect of residual phases and higher temperatures would limit the stability field of garnet [91,110], thus explaining why the diorites are less depleted in HREE than the tonalites (Figure 14). Amphibole becomes more abundant in the residue as the degree of partial melting increases [111] and residual amphibole may produce magmas with pronounced Nb-Ta anomalies and less pronounced Ti-anomalies [112]. However, variable degrees of partial melting of a same basaltic source would not produce magmas having similar incompatible element contents (Figure 14) and may not be sufficient to enrich the diorite with compatible elements such as Ni (Table 4). The diorites may thus have a source that differs from the garnet-amphibolite postulated for the tonalite. The sources considered are:

	
An S-enriched hydrated basalt: S-bearing melts are enriched in mafic components (Ca, Fe, Mg, Ti) compared to melts produced experimentally from S-free material [113]. S-bearing systems also produce more melt than S-free systems [113]. The stability field of garnet, however, may not be sufficiently reduced to produce high HREE melts. Additional experiments are needed to examine the REE-content of melts produced from S-rich crustal rocks;



	
A source with a significant mantle component: The diorites have fractionated REE profiles and lack units enriched in compatible elements (Ni < 100 ppm, Mg# ~0.4; Table 4), which rules out a peridotite-only source. The diorites do not define a calc-alkaline trend (i.e., lack of fractionation-related K-enrichment), and their source thus differs from the mantle metasomatized by fluids observed in modern subduction zones. The source of the diorite likely corresponds to mantle rocks metasomatized by TTG magmas [107]. This mantle component may be paramount in producing magmas enriched sufficiently in metals to contribute to mineralizing events.








The water content of the produced magmas is another important parameter for mineralizing systems. Diorite and tonalite contain hornblende and biotite, two minerals that crystallize from water-bearing magmas [114]. However, a large amount of volatiles would have prevented the rise of the magma to the upper levels of the crust [115]. Therefore, the water content of these magmas was likely moderate.



There is a difference between the Na, K, and Ca content of the experimental liquids and that of the studied tonalite (Figure 11d), the latter being more enriched in K. This could be due to alteration, given the scatter of K2O values on a Harker diagram (Figure 12). Abnormally elevated K-values may thus be a proxy of the alteration halo of magmato-hydrothermal systems useful in an exploration context [116]. However, this parameter may not be applicable to other contexts as, among the 10 compiled synvolcanic systems with porphyry affinities [1], the Chibougamau system is the sole system that displays K-metasomatism.



This parameter should also be used with care as elevated K-values may also characterize differentiated magmas. An example of such evolved magmas is the reanalyzed leucotonalite (sample 5A-16R-1B; see Supplementary Material S6). This sample has an elevated K-content (4.21 wt % K2O), is enriched in Si, and is more enriched in HREE than the other samples (Figure 15a). This rock may correspond to a differentiated melt that expulsed a large amount of LREE-bearing fluids.



To complete this discussion of the conditions surrounding magma production, we rely on the example of the late-Carboniferous Querigut complex, a multiphase intrusion located in the Pyrénées, France [96]. The Querigut complex contains felsic units (granite, monzogranite, granodiorite, tonalite) that were produced by crustal anatexis induced by the rise of mafic magmas (gabbro, diorite) produced by partial melting of the mantle [96]. The felsic units were produced at low pressure and, as a result, are more enriched in HREE than the tonalites of the Chibougamau pluton, that were produced in the stability field of garnet. A model that implicates a mantle-derived magma inducing anatexis during its ascent through the crust is thus not favored to explain the formation of the Chibougamau magmas.



The production of tonalite through the differentiation of diorite by the fractional crystallization of hornblende, as proposed in other contexts [97], is not favored either. Indeed, amphibole fractionation is unlikely to induce the HREE depletion observed in tonalite [115], and it would induce a positive Eu anomaly in the differentiated melt [97], a situation not observed in the studied tonalite.



The favored model includes the partial melting of hydrated basalt at ~20 kbar (to form tonalite) and of mantle rocks metasomatized by TTG melts (to form diorite). The main difference between the TTD suite of the Chibougamau pluton and more conventional TTG suites observed elsewhere in the Abitibi sub-province is a source with a significant mantle component. In the Chibougamau area, the mantle mostly produced tholeiitic magmas (i.e., Obatogamau Formation and LDC) during cycle 1 of magmatism. The onset of the volcanic cycle 2 is likely preceded by partial melting of a basaltic source that produced limited volumes of magma. This magma metasomatized the mantle while being unable to reach the crust, and partial melting of the metasomatized mantle produced diorite. Further melting of the basaltic source then produced a larger volume of TTG magma that raised through the mantle and the crust to emplace as tonalite.



As for the porphyry deposits observed in post-Archean subduction settings, metasomatized mantle is an important parameter that produces magmas capable of contributing to mineralizing systems. However, metasomatism is mostly due to crustal melts in the Archean while in more recent subduction settings, it is due to fluids from the dehydrating oceanic crust. These differences may explain the differences between the Cu–Au deposits of Central Camp and more recent (and more conventional) porphyry mineralization. The composition of the source of the Chibougamau pluton (i.e., metal content, nature of volatiles) remains to be investigated.




5.4. Magma Differentiation


Most of the studied samples contain a large amount of euhedral, zoned, and >1-mm-long feldspars, as well as large amphiboles, located in thinner-grained matrices (Figure 7 and Figure 8), and this porphyritic texture is not restricted to dykes. The coarse-grained size of a portion of the phases suggest a crystallization at depth, and the porphyritic texture indicates that the magma rose to its final emplacement depth as a crystal mush. Mushes are frequent for such magmas, as clearly stated by Tindle and Pearce, “viscous melt rarely produces clear subdivision between cumulate and liquid” [117]. Magma differentiation, after the formation of the pluton, was likely restricted to the production of aplite and pegmatite, as fractional crystallization tends to be limited in viscous magmas once they emplace as a shallow depth intrusion [96]. However, fractional crystallization may have occurred during the rise of the magma through the crust.



Fractional crystallization of tonalite and diorite is suggested by the range of SiO2 content of these phases and by the alignment of points on the Harker diagrams. For the tonalite, further evidence of differentiation is the presence of andesine and hornblende in some samples, while other samples contain biotite and oligoclase exclusively, and some samples are K-enriched (see previous sections). Fractional crystallization tends to be limited to <25% in TTGs [91]. Additionally, the absence of correlation between SiO2 and REE content (Figure 15) suggests that most chemical variations within the tonalite are due to variable amounts of quartz, feldspar, and biotite. The tonalite magma pulses may have been expulsed from a deep magma chamber as mushes containing variable proportions of interstitial melt, feldspar and amphibole. The tonalite magmas then likely endured limited fractional crystallization once emplaced at shallow depth, where they exsolved fluids to produce the aplites and pegmatites observed in the field.



The diorites display a systematic decrease in their total REE content with increasing SiO2 (Figure 15). This magma may have been differentiated by hornblende fractionation, which would lower the REE content of the residual magma [97,111]. The Eu anomaly is harder to interpret because it is influenced by the fractionation and accumulation of feldspar and amphibole, which preferentially incorporate Eu2+ and Eu3+, respectively [118,119]. In addition, the positive Eu anomalies observed in some of the samples might reflect local plagioclase accumulation. The evolution of the global REE content of diorite, however, points to differentiation. Evidence of fluid exsolution from the diorite (e.g., pegmatite) is currently lacking.



Oxygen fugacity (fO2) is an important factor that controls the distribution of Cu and Au within an evolving magma [120,121]. The elevated Fe2O3/FeO of the analyzed rocks suggests an elevated fO2 (Table 4). The presence of hydrothermal magnetite in the Central Camp indicates that this ratio may, however, have been increased in the pluton by subsolidus reactions and hydrothermal alteration. Plagioclase is the most abundant phase in the bulk of the studied rocks, and fractionation of this mineral in reduced conditions should induce a negative Eu anomaly in the most differentiated diorite. The lack of Eu anomalies in most samples argues in favor of elevated fO2 conditions. Elevated fO2 values favor the retention of Cu and Au by a differentiating magma [122], making these metals available to the magmatic fluids. To reinforce this point, however, the fO2 of the Chibougamau magma should be quantified precisely using the chemistry of apatite and zircon.



Many questions remain regarding the volume of individual magma pulses, the time interval between magma pulses, and the amount of fluids that each pulse produced. These questions are important because the production of a large amount of fluids within a restricted period may be an important favorable parameter for the production of porphyry-style deposits. The emplacement of the Chibougamau pluton as a succession of crystal mushes having a potentially limited fluid production capacity may explain the limited volume of individual deposits. The repetition of this process may have formed the observed cluster of deposits. Whether these deposits are the result of a single major mineralizing event or represent a succession of small-volume events remains to be investigated by dedicated studies.





6. Conclusions


Magma intrusions are essential components of porphyry systems. In Archean greenstone belts, however, magma intrusions remain poorly documented and underexplored entities, as already noted in the 1980s [1]. The occurrence of porphyry-style mineralization during the Archean has now been recognized by many authors [14,123,124], but much remains to be done to refine the metallogenic model of these ancient deposits. To achieve this goal, ore-body descriptions must be completed, but attention must also be paid to the associated magma intrusions.



This study describes the magmatic evolution of such an intrusion and shows that the petrogenetic model can reveal some key elements of the mineralizing processes. Much remains to be done to comprehend the Chibougamau system. However, this study shows that:

	
The shallow emplacement depth and multiphase nature of the pluton are suggested. Additional timing constraints are required to evaluate, for example, whether the pluton produced a large amount of fluid at a point during its evolution, or whether magma pulses with limited volumes emplaced over a period of 2–4 Ma to build the Central Camp Cu–Au system incrementally;



	
The source of the magmas was likely a mixture of garnet-bearing amphibolite and metasomatized peridotite located at ~20 kbar. Mantle rocks are not usually present in the source of large-volume Archean granitoid intrusions, and whether their presence in the source of the Chibougamau pluton was essential to the mineralizing process remains to be elucidated;



	
The Chibougamau pluton is a TTD suite. Prior to alteration, it may have been more K-enriched than most of the synvolcanic intrusions of the Abitibi sub-province. These chemical features can be easily integrated to prospection models;



	
Diorites differentiated more than tonalites, but fractional crystallization remains limited in the Chibougamau pluton. Whether this factor has limited the concentration of metals and fluids in evolved magmas remains to be investigated.
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Figure 1. Geological map of the Chibougamau area, showing the main volcanic, sedimentary, and intrusive phases. The geological map is modified from the Ministère de l’Énergie et des Ressources Naturelles (MERN), Québec [28]. The projection is UTM NAD83 Zone 18N. This map presents the remaining units of the Gilman Formation in light green (i.e., color of the Bruneau and Blondeau Formations), following the most recent stratigraphic interpretation [19]. The Caopatina Formation is undated and its relationship with the volcanic cycle 2 and the Opémisca Formation is unresolved. 
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Figure 2. Geological map of the Chibougamau pluton [15,16] as compiled by the Ministère de l’Énergie et des Ressources Naturelles, Québec [28]. The projection is UTM NAD83 Zone 18N. The diorite- and tonalite-dominated areas are in blue and orange, respectively, and the magmatic breccia areas are in yellow. 
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Figure 3. Example of outcrops of the Chibougamau pluton, displaying tonalite phases injected into diorite. For scale, the pen is 165-mm-long. The outcrops are situated at UTM coordinates (U18 NAD83) (a,b) 522654E and 5518642N; and (c) 522100E and 5518111N. 
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Figure 4. Outcrops described by D. Racicot in the 1980s and compiled using ArcGIS for the purposes of this study. Each outcrop displays one to three of the following units: (a) hosting material (anorthosite and gabbro from the Lac Doré Complex (LDC), volcanic rocks), (b) quartz-diorite and/or meladiorite, and (c) biotite-tonalite and/or leucotonalite. The geochronological data are from [6,20,34,35,36] for the ages numbered (1), (2), (3), (4) and (5), respectively. 
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Figure 5. Reflected light image and chemical maps (LA-ICP-MS) of a pyrite of the Kokko sample. The analysed pyrite has a porous core enriched in silicate and chalcopyrite (Cpy) inclusions, and an inclusion-poor rim. The 29Si (red) + element of interest (green) + 33S (blue) maps display three elements. The elements of interest are: 107Ag, 65Cu, 209Bi, 208Pb, 75As, 126Te, 59Co and 60Ni. 
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Figure 6. Principal component analysis (PCA) diagrams for pyrite grains from in-situ lines and spot analyses performed on the Kokko (a,b) and Queylus (c,d) samples as a function of PC1 and PC2 (a,c) and PC1 and PC3 (b,d). The field colors correspond to element associations defined from microscopic observations and element maps. These fields correspond to: (1) porous core of pyrite (grey field); (2) inclusion-poor rim with oscillatory zoning (purple field); (3) silicate inclusions (green field); and (4) elements associated with Cu and Au (yellow field). An additional field (pink) is observed in the Kokko sample (a) and includes elements associated with Te and Bi in the porous core of pyrite. 
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Figure 7. Cross polarized (a,b,d) and plane transmitted (c) light microphotographs, displaying typical examples of fresh feldspar with oscillatory zoning ((a) (quartz-diorite, sample PLD-30-5A) and strongly altered feldspar ((b) (biotite-tonalite, sample PMD-20-2). Sample 5A-32R-2C (c,d) is a quartz-diorite with porphyritic feldspar and hornblende, a quartz- and feldspar-dominated groundmass and hornblende partially replaced by biotite. Mineral abbreviations are as reported in the literature [81]. 
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Figure 8. Cross polarized (b,d,f) and plane transmitted (a,c,e) light microphotographs. Sample 6E-22D-6A (a,b) is a meladiorite with coarse-grained hornblende, feldspar and quartz, and thinner biotite. Sample PLD-30-5A (c,d) is a quartz-diorite with large hornblende and biotite, euhedral and slightly sericitized feldspar, and interstitial quartz and feldspar. Sample 5A-21D-4I (e,f) is a meladiorite dyke with zoned feldspar phenocrysts. Supplementary Material S8 contains additional microphotographs. 
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Figure 9. Composition of amphiboles (a) and feldspar (b) analyzed by microprobe in the 1980s. The diagram for calcic amphiboles (a) is from Hawthorne and collaborators [86] and contains 22 analyses performed on nine samples. The feldspar triangle (b) displays 113 analyses performed on 22 samples. 
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Figure 10. Normative compositions (wt %) of the 121 samples analyzed in the 1980s and modal proportions determined with the point counting method (n = 2; vol. %), displayed on triangle diagrams for feldspar (a), feldspar and quartz (c), and for the main minerals observed in thin sections (b,d). The color codes correspond to the main lithology identified in the field (a,b,c) and to the main ferromagnesian phase observed in thin sections (d). The area occupied by sodic and potassic rocks (a) is from Irvine and Baragar [87], and the trend lines (c) are from Barker and Arth [88]. 
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Figure 11. Samples of the Chibougamau pluton displayed using the total alkali silicate (TAS) diagram [92] (a), a MgO vs. SiO2 diagram (b), the alkali-iron-magnesium (AFM) diagram [93] (c), and the Na–K–Ca (%) triangle (d). These diagrams display 121 samples analyzed in the 1980s and an additional eight reanalyzed samples. These diagrams are intended for unaltered rocks. The weakly to moderately altered rocks of the Chibougamau pluton are nonetheless displayed in these diagrams and alteration-related chemical variations are described in the text. On the MgO vs. SiO2 diagram, the grey field displays the average composition of high- to low-pressure TTGs (“Natural TTG”) compiled by Moyen and Martin [91]. The dashed lines are regression lines going through the diorite (A) and tonalite (B) samples. The Na–K–Ca diagram displays experimental liquids compiled by Moyen and Martin [91]. 
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Figure 12. Harker diagrams (major or minor elements vs. SiO2) displaying the 121 samples analyzed in the 1980s and eight additional samples reanalyzed in 2018. 
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Figure 13. Samples of the Chibougamau pluton displayed on the (a) Th/Yb vs. Zr/Y diagram (n = 35) [94] and (b) Winchester and Floyd diagram (n = 121 + 8 re-analyses) [95]. 
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Figure 14. Multi-element diagrams (a,c) for immobile elements [98] and rare earth elements (REE) diagrams (b,d) normalized to the primitive mantle [99], displaying 27 samples (eight tonalites, 10 diorites, nine dykes; see Supplementary Material S1 for sample location) analyzed in the 1980s (a,b) and eight samples analyzed in 2018 (c,d). The Chibougamau samples are compared to the TTGs studied by Beakhouse [100] (median, n = 95 samples). 
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Figure 15. REE diagrams normalized to the primitive mantle [101], displaying samples of tonalite (a,b) and diorite (c,d) analyzed in the 1980s (b,d) and 2018 (a,c). The numbers correspond to the SiO2 (wt %) content of each sample, and these values are enhanced by the color code. 
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Figure 16. Mixing test between diorite and tonalite samples. The test verifies the possibility of producing the mixture (m), which correspond to diorite enriched in SiO2, by mixing component A (meladiorite in (a) and SiO2-poor quartz-diorite in (b)) and component B (biotite-tonalite). The elements falling in the grey area do not support the mixing model. 
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Table 1. Field and petrological characteristics of the main lithologies observed within Chibougamau pluton, from Racicot [15,16].
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	Lithology
	Aerial Surface (%) and Contact
	Petrology





	Hbl 1-bearing meladiorite 2
	7% 3—gradual contact with Qz-diorite, often seen as enclaves in other phases
	40%–90% Hbl and ±Bt, 10%–50% interstitial and locally porphyric Pl, <5% interstitial Qz, ±Ep, Ap, Spn, Opq



	Hbl-bearing Qz-diorite
	13%—gradual or sharp contacts with Bt-tonalite
	20%–25% Hbl (up to 50%), 5%–10% Bt, 10%–20% Qz, 50% Pl, ±Ep, Ap, Spn, Opq. Typical facies: >5% Qz and >25% Hbl



	Bt-bearing tonalite
	75%—a main unit of many outcrops, may also occur as dykes. Coarse-grained porphyritic (Fsp or Qz) and medium-grained varieties
	10%–20% Bt (or Chl) and ±Hbl, 60% Pl (porphyric and groundmass, oscillatory zoning), 25% Qz (elongated grains around Pl), ±Ep, Ap, Spn, Opq



	Leucotonalite
	5%—Lenses and dykes that cut all the other units
	<5% Bt, >25% Qz, <10% Mc, 60% Pl, ±Ep, Ms, Ap, Spn







1 Mineral abbreviations are as reported in the literature [81]; 2 In the field, all the phases with Hbl as the main mafic phase (i.e., Hbl > Bt) are designated “quartz-diorite” or “meladiorite,” depending on their Qz and Hbl proportions; 3 The aerial proportion of the main lithologies has been modified to add up to 100%.
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