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Abstract: Lalor is a recently discovered auriferous Zn-Cu volcanogenic massive-sulphide deposit.



It is located in the Paleoproterozoic Snow Lake arc assemblage, host to numerous past producing Cu-Zn and Zn-Cu volcanogenic massive-sulphide deposits. With an estimated tonnage of 25 Mt of ore (reserves+resources) including 73 t Au, Lalor is the largest volcanogenic massive-sulphide deposit in the Snow Lake area and its Au-rich nature provides a unique opportunity to document processes responsible for precious-metal enrichment in volcanogenic massive-sulphide systems. The Lalor deposit host rocks are predominantly volcanic (± intrusive) rocks that have been variably altered, deformed, and metamorphosed to amphibolite grade. A combination of immobile element geochemistry and petrographic observations is necessary to properly characterize the volcanic rocks due to major postemplacement modifications. Seven distinct chemostratigraphic units and two postvolcanogenic massive-sulphide intrusive (dyke) units are present in the Lalor host succession. Mafic to felsic volcanic units have calc-alkaline to transitional magmatic affinities. Some of these units are compositionally similar to the Moore basalt (units M1a and M1b) and Powderhouse dacite (unit F2) which represent the footwall of the Chisel, Chisel North, Ghost, and Lost volcanogenic massive-sulphide deposits; this suggests that the Lalor deposit is located within the volcanogenic massive-sulphide–fertile uppermost portion of the lower Chisel subsequence. The presence of massive-sulphide ore lenses in calc-alkaline mafic rocks lying above the Powderhouse dacite–like unit indicates the continuation of volcanogenic massive-sulphide–forming hydrothermal activity after the cessation of felsic volcanism in the lower Chisel subsequence. The presence of dykes with a trace-element signature similar to that of the Threehouse basalt, which is present immediately above the other volcanogenic massive-sulphide deposits of the lower Chisel subsequence, suggests the presence of this unit at a higher stratigraphic position in the now structurally truncated sequence.
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Résumé : Le gisement de Lalor, récemment découvert, est un gisement de sulfures massifs volca-



nogènes aurifères à Zn-Cu. Il est situé dans l’assemblage d’arc de Snow Lake du Paléoprotérozoïque, qui renferme de nombreux gisements de sulfures massifs volcanogènes à Cu-Zn et Zn-Cu autrefois exploités. Avec un tonnage estimé à 25 Mt de minerai (réserves + ressources), y compris 73 t de Au, Lalor est le plus important gisement de sulfures massifs volcanogènes dans la région de Snow Lake, et sa richesse en or offre une occasion unique de documenter les processus d’enrichissement en métaux précieux dans les systèmes de sulfures massifs volcanogènes. Les roches encaissantes du gisement de Lalor sont surtout des roches volcaniques (±intrusives) qui, de façon variable, ont été altérées, déformées et métamorphisées au faciès des amphibolites. Une combinaison de la géochimie des éléments immobiles et d’observations pétrographiques est nécessaire afin de caractériser convenablement les roches volcaniques en raison de modifications majeures survenues après leur mise en place. Sept unités chimiostratigraphiques distinctes et deux unités intrusives (dykes) postérieures à la minéralisation de sulfures massifs volcanogènes sont présentes dans la succession encaissante du gisement de Lalor. Les unités volcaniques mafiques à felsiques présentent des affinités magmatiques calco-alcalines à transitionnelles. Certaines de ces unités ont une composition semblable à celle du basalte de Moore (unités M1a et M1b) et de la dacite de Powderhouse (unité F2) qui représentent l’éponte inférieure des gisements de sulfures massifs de Chisel, de Chisel North, de Ghost et de Lost, ce qui donne à penser que le gisement de Lalor est situé dans la partie sommitale fertile en sulfures massifs volcanogènes de la sous-séquence inférieure de Chisel. La présence de lentilles minéralisées de sulfures massifs dans des roches mafiques calco-alcalines qui surmontent l’unité s’apparentant à la dacite de Powderhouse indique la continuation de l’activité hydrothermale responsable de la formation de sulfures massifs volcanogènes après la fin du volcanisme felsique dans la sous-séquence inférieure de Chisel. La présence de dykes affichant une signature en éléments en traces semblable à celle du basalte de Threehouse, qui se trouve directement au-dessus des autres gisements de sulfures massifs volcanogènes de la sous-séquence inférieure de Chisel, laisse croire que cette unité se situe à une position stratigraphique plus élevée dans la séquence qui est maintenant structuralement tronquée.
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INTRODUCTION



REGIONAL GEOLOGICAL SETTING



An understanding of the volcanic successions that host volcanogenic massive-sulphide deposits is critical in understanding their genesis and developing exploration models (e.g. Gibson et al., 1999). The physical and compositional nature of host rocks influences the style and composition of volcanogenic massive-sulphide deposits, which tend to occur along certain key stratigraphic horizons. Therefore, understanding the volcanic stratigraphy is critical for effective exploration at camp scale; however, volcanogenic massive-sulphide–associated hydrothermal alteration, and subsequent metamorphism and deformation commonly obliterate primary textural and mineralogical characteristics of the volcanic rocks (e.g. Bernier et al., 1987; Gifkins et al., 2005; Mercier-Langevin et al., 2007a; Zheng et al., 2011). Whole-rock lithogeochemistry, and more particularly, relatively immobile element geochemistry are critical to deciphering the primary volcanic stratigraphy of volcanogenic massive-sulphide–bearing successions (e.g. Galley et al., 1993; MacLean and Barrett, 1993; Barrett and MacLean, 1999; Mercier-Langevin et al., 2007a, b; Zheng et al., 2011).



The Lalor and Snow Lake camp volcanogenic massive-sulphide deposits are located in the eastern part of the Paleoproterozoic Flin Flon greenstone belt, Manitoba (Fig. 1). The Flin Flon belt is known for its base-metal and gold endowment within numerous volcanogenic massivesulphide (e.g. the giant Flin Flon deposit, Koo and Mossman (1975)) and orogenic gold deposits and prospects (Galley et al., 2007). The Flin Flon belt is part of the juvenile portion of the Trans-Hudson Orogen (Corrigan et al., 2009), and is divided in three distinct areas: the western Hanson Lake block, the central Amisk collage, and the eastern Snow Lake allochton (Fig. 1; Galley et al., 2007). The belt consists of 1.92–1.87  Ga pre-accretion-arc and ocean-floor assemblages, 1.89–1.83  Ga successor arc and related plutons, 1.88–1.83  Ga sedimentary rocks, and 1.82–1.76 Ga postcollision granite (David et al., 1996; Lucas et al., 1996; Zwanzig, 1999). The Snow Lake arc assemblage (Snow Lake allochton) can be subdivided into three volcanic sequences that were formed at discrete evolutionary stages of arc development from: a primitive arc (Anderson sequence); a mature arc (Chisel sequence); and arc rifting (Snow Creek sequence) (Fig. 2; Bailes and Galley, 1999).



The Lalor deposit, located in the Snow Lake district in northern Manitoba, is hosted in volcanic and subvolcanic rocks that have undergone a complex and intense hydrothermal alteration history (Caté et al., 2013b), amphibolite-grade metamorphism (Froese and Gasparrini, 1975; Lam et al., 2013, 2014; Tinkham, 2013), and major deformation events (David et al., 1996; Kraus and Williams, 1999); however, in order to simplify the reading, volcanic names of rocks will be used in this report, instead of metamorphic names (e.g. rhyolite instead of metarhyolite). The Lalor deposit has combined reserves and resources of 25.3 Mt at 0.79% Cu, 5%  Zn, 2.90  g/t Au, and 27.1  g/t Ag (as of January 2014; Hudbay Minerals Inc., 2014). This includes 8.8 Mt at 4.6 g/t Au. Due to its large size and major gold endowment (~80.1 t Au (2.6 Moz Au)), the Lalor deposit represents an important opportunity to study the processes responsible for precious-metal enrichment in this deposit, and, by inference, other volcanogenic massive-sulphide deposits.



The Anderson primitive arc sequence hosts Cu-rich, bimodal mafic–type volcanogenic massive-sulphide deposits, including the Anderson Lake and Stall Lake deposits, which are associated with rhyolite complexes (Bailes and Galley, 1999; Galley et al., 2007). The Chisel mature arc sequence hosts Zn-rich, bimodal felsic–type volcanogenic massive-sulphide deposits located at the contact between the lower and upper part of the sequence (Bailes and Galley, 1999; Galley et al., 2007). The Chisel, Chisel North, Ghost, and Lost deposits are spatially and temporally associated with rhyolite domes and are located at the contact between the footwall Powderhouse dacite and the hanging-wall Threehouse basalt and volcaniclastic rocks (Fig. 2; Galley et al., 2007). The contact between the footwall and hanging wall at Chisel, Chisel North, Ghost, and Lost deposits demarcates the transition between the lower Chisel and upper Chisel subsequences; however, this contact may in part be structural (i.e. ChiselLalor thrust, A.H. Bailes (Hudbay Minerals Inc. unpub. internal report, 2011)) as well as stratigraphic (Engelbert et al., 2014). The Lalor deposit is also thought to be situated along this contact (Bailes et al., 2013) based on geochemical similarities between the Lalor footwall rocks and the footwall rocks at Chisel and Chisel North deposits (A.H. Bailes, Hudbay Minerals Inc. unpub. internal report, 2009); however, detailed works suggest some differences between the footwall successions at Lalor and the other volcanogenic massive-sulphide deposits of the lower Chisel subsequence (Bailes et al., 2013; Caté et al., 2013b).



This research at Lalor is part of a doctoral study conducted at the Institut national de la recherche scientifique, Centre Eau, Terre et Environnement, co-funded by the Geological Survey of Canada Targeted Geoscience Initiative 4, and Hudbay Minerals Inc. The objective of the Lalor study is to characterize the volcanic stratigraphy, hydrothermal alteration, ore-forming processes, and tectonic history of the deposit. This will contribute to the genetic and exploration model for Au-rich volcanogenic massive-sulphide deposits in Canada and elsewhere. Herein the authors present the volcanic stratigraphy of the Lalor host succession, as determined by drill-core logging and sampling, whole-rock lithogeochemistry, and underground mapping. Other aspects of the Lalor deposit geology and genesis will be presented in separate contributions.
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The Chisel sequence is overlain by the Snow Creek sequence that marks the end of arc volcanism and the beginning of arc rifting (Bailes and Galley, 1999). The Snow Creek sequence contains no volcanogenic massive-sulphide deposits or occurrences.



In the Lalor deposit area, D1–2 and D3 features are strongly developed. North-south–oriented shear zones crosscutting the mineralization underground have also been mapped, but their association with regional deformation events is still unclear. Ongoing work, including the present study, aims at unravelling the complex structural history of the deposit and the effects of deformation on the geometry of the ore zones and distribution of metals.



The Snow Lake arc assemblage is affected by at least four episodes of deformation related to the Trans-Hudson Orogeny that are responsible for fold-and-thrust–style stacking and interleaving of the volcanic sequences with younger sedimentary rocks of the Kisseynew Domain (Kraus and Williams, 1999). The recognized D1 and D2 events formed tight, isoclinal, southerly verging folds and shallowly dipping thrusts responsible for the development of the main foliation (Kraus and Williams, 1999; Bailes et al., 2013). These structures are refolded by F3 folds with north-northeast–south-southwest axes with the local presence of an S3 crenulation cleavage (Kraus and Williams, 1999). F4 folds are locally observed with east-west axes that affect F3 folds (Kraus and Williams, 1999).



GEOLOGY OF THE LALOR DEPOSIT The Lalor deposit is hosted within a strongly altered volcanic succession (Lalor volcanic succession), which was metamorphosed to amphibolite grade (Fig. 3). The host succession units are generally oriented parallel to the main foliation and dip to the northeast. Another discrete volcanic succession is located above the Lalor succession herein referred to as the Balloch volcanic succession (Fig. 3). The contact between the two successions succession is structural and dips shallowly (5%) with variable biotite, kyanite, sillimanite, and quartz are diagnostic of the K association. Pyrite is generally abundant (up to 40%) near the massive-sulphide lenses. The K-Mg-Fe chemical association is present in both the upper part of the deposit and the extensive footwall alteration zone. It is characterized by variable amounts of biotite, kyanite, sillimanite, and staurolite±garnet. Pyrite can also be abundant near the massive-sulphide lenses. The Mg-Fe chemical association is mainly present in the extensive footwall alteration zone. It is defined by the presence of Mg-Fe amphibole minerals (anthophyllite-cumingtonite series), chlorite, and/ or cordierite. Garnet, staurolite, and quartz are common and
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through interaction with quartz and Mg-carbonate minerals (Tinkham, 2013), further texturally, chemically, and mineralogically modifying the altered volcanic and subvolcanic rocks. Thus, chemical association refers to the end product of a polyphased evolution of these rocks.
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Figure 5. Simplified geological cross-section 5600N (looking northwest). The Balloch and western volcanic successions are in washed out colours and the Lalor host volcanic succession in brighter colours. Drillholes and samples (filled circles along drillholes traces) reported herein are shown, together with the distribution of the interpreted unit. Ore zone shapes determined by Hudbay Minerals Inc.; 10 lens is projected from section 5500N. Units F3, M2, and M3 are not depicted here, as they are only present in narrow intervals and in minor amounts. Unit names in the Balloch volcanic succession are from A.H. Bailes (Hudbay Minerals Inc. unpub. internal report, 2008).



can be a major (>20%) constituent of the rock, and talc is abundant locally. The Mg-Ca chemical association is associated with the lower Zn-rich massive-sulphide lenses (e.g. 20 lens; Fig. 5). It is characterized by variable amounts of Mg-chlorite, Ca-amphibole minerals (mainly actinolite series), and carbonate minerals (calcite and/or dolomite). Calcium-plagioclase, biotite, quartz, and talc are common constituents, and diopside is a major component locally.



Samples were collected at variable intervals to obtain complete and representative geochemical and mineralogical data (268  samples over 4400  m of drill core) on the main lithology types (volcanic rocks, hydrothermal alteration, and metamorphic overprint). Mineralized samples are not reported on herein and will be the subject of separate contributions. A total of 268 samples of the 5600N section were analyzed for their bulk geochemical composition. Sixtynine elements were analyzed by Activation Laboratories Inc., Ancaster, Ontario using a combination of methods that provide precise and accurate results for each element (see Mercier-Langevin et al. (2014, p. 269) for whole-rock lithogeochemistry analytical procedures). Precision, accuracy, and blanks were also monitored.



Western volcanic succession A succession of relatively unaltered to moderately altered volcanic rocks is present west of the Lalor deposit. These rocks dip gently (20°) toward the north-northeast (Fig. 3, 5), and are in structural contact with the Lalor volcanic succession. This contact is interpreted to be a folded early fault zone (west fault; Fig. 5). This contact, which has been mapped on all studied sections, will be the subject of a separate contribution. The lowermost observed unit in the western volcanic succession is a moderately altered rhyodacite (Fig. 5). The unit is mainly massive, with a coarse lapilli-bearing interval in its upper 40  m. Mafic dykes cut the rhyodacite, which is truncated by the west fault under the Lalor deposit. The rhyodacite is overlain by a mafic unit that consists of a series of intercalated mafic flows and volcaniclastic intervals (western volcanic succession mafic formation) (Fig. 5). The contact between the rhyodacite and the mafic rocks is demarcated by an intensely deformed, sulphide-rich horizon with well developed durchbewegung textures. The mafic volcaniclastic rocks consist of tuff to coarse monomictic lapilli-tuff units, and basalt flows contain variable amounts of plagioclase and pyroxene phenocrysts. The mafic unit is overlain by an andesitic volcaniclastic unit (western volcanic succession andesite). Since the precise location of the Lalor-Chisel contact at the top of the western volcanic succession has not been clearly established yet, it is possible that the andesitic unit is part of the Balloch volcanic succession.



Results Elements considered to be relatively immobile during volcanogenic massive-sulphide–related hydrothermal activity (i.e. Ti, Al, Ta, Nb, Hf, Zr, Y, Th, Lu, and rare-earth elements (REE) except for Eu, Winchester and Floyd (1977); Barrett and MacLean, (1994, 1999); Gifkins et al. (2005)) are used in this study to determine the distribution of, and to discriminate between the host units of the Lalor volcanic succession. All of these elements have been demonstrated to be immobile or display only minor mobility (Nb, Ta, Y, and Lu) or primary variability in volcanic rock composition. Despite their relative mobility, Si and Eu are being used in this study for comparison purposes. Various diagrams using the aforementioned elements and element ratios are reported here to determine the nature of the volcanic rocks prior to hydrothermal alteration and metamorphism (Fig. 6, 7). As mentioned above, mapping units at Lalor is a major challenge as primary textures and features were destroyed by alteration and superimposed deformation and metamorphism. Thus, lithogeochemistry has been used to define chemostratigraphic units, which can be defined as a volcanic unit or a group of volcanic units with a similar geochemical signature and spatial distribution. The distribution of these nine chemostratigraphic units (F1, F2, F3, I1, I2, M1a, M1b, M2, and M3), the authors interpret to be volcanic or subvolcanic in origin based on distinct geochemical signatures, are shown on section 5600N (Fig. 5). To simplify the reading, these chemostratigraphic units will be referred to as units in the text.



LALOR HOST ROCK LEAST MOBILE ELEMENT GEOCHEMISTRY Methods The observations and data presented here are from a single southwest-northeast section (5600N) that crosscuts the main ore horizons (Fig. 5); however, observations and sampling along several other sections will be completed as part of the broader study and presented elsewhere. Eleven drillholes were selected over 1.2 km long distance covered by section 5600N. Drillholes have been described in detail and the NQ-size cores (diameter of 4.8 cm) were sampled from 50 m above the top of the intense alteration zone down to the end of the hole. Mineralogy, textures, structures, and contacts have systematically been documented, and volcanic facies and textures were described when preserved.
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Figure 6a shows several discrete compositional groupings that the authors interpret to be distinct units. Since SiO2 is shown to have been mobile in most of the studied rocks (Fig. 6b), the Zr/Ti ratio is used as a proxy for determining magmatic fractionation and to discriminate units (Winchester and Floyd, 1977). The Zr/Ti ratio indicates a wide compositional range, from mafic to felsic; however, this ratio is also partly controlled by the magmatic affinity (Winchester and Floyd, 1977; Pearce, 1996), and does not always correlate with SiO2 even in unaltered rocks (Verma et
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al., 2010). Therefore, caution should be taken in inferring the magmatic differentiation of the units using Figure 6a, and more than one trace-element discrimination diagram (e.g. Fig. 6a, b) should be used to make a determination. Units F1 and F2 are felsic (rhyolitic to dacitic composition of leastaltered samples on Figure 6b), but unit F2 is classified as an andesite-basalt on Figure 6a. Samples of unit F3 are all too altered to determine its primary SiO2 compositional range, but it is most probably less fractionated than units F1 and F2 based on Zr/Ti ratio (Fig. 6a). Units I1 and I2 are, on average, andesitic based on the SiO2 content of least altered samples (Fig. 6b). Units  M1a, M1b, M2, and M3 are classified as



basaltic in Figures 6a and 6b, except for a few samples of units M1a and M1b that are andesitic. Most samples on section 5600N are subalkaline in composition (Fig. 6a). Figure 6c illustrates the magmatic affinity of volcanic rocks using a combination of immobile element ratios (Ross and Bédard, 2009); two main groups can be distinguished. Units F3, I1, M1a, and M1b have high Th/Yb values yielding a dominantly calc-alkaline affinity (magmatic trend 1). Samples of units F1, F2, and I2 have lower Th/Yb ratios and a calc-alkaline to transitional affinity (magmatic trend  2). Samples of unit M2 are tholeiitic, whereas unit M3 has a tholeiitic to transitional affinity. These two units do show clear association with the two previous groups.



Figure 6. Trace-element discriminant diagrams of the volcanic (± intrusive) units of the Lalor succession sampled from selected drillholes along section 5600N (Fig. 5). a) Pearce (1996) classification diagram modified from Winchester and Floyd (1977). b) Winchester and Floyd (1977) classification diagram. Thirty-six samples with less than 40 weight per cent SiO2 and nine samples with more than 80 weight per cent SiO2 have been excluded as they fall out of the diagram range. As SiO2 has been strongly affected by volcanogenic massive-sulphide alteration and vertically spreads the samples, only the SiO2 content of the less-altered samples (wider symbols, with 20 
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