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Abstract: In the Kiggavik area (Nunavut, Canada), major fault zones along, or close to, where uranium deposits are found are often associated with occurrence of thick quartz breccia (QB) bodies. These bodies formed in an early stage (~1750 Ma) of the long-lasting tectonic history of the Archean basement, and of the Proterozoic Thelon basin. The main characteristics of the QB are addressed in this study; through field work, macro and microscopic observations, cathodoluminescence microscopy, trace elements, and oxygen isotopic signatures of the quartz forming the QB. Faults formed earlier during syn- to post-orogenic rifting (1850–1750 Ma) were subsequently reactivated, and underwent cycles of cataclasis, pervasive silicification, hydraulic brecciation, and quartz recrystallization. This was synchronous with the circulation of meteoric fluids mixing with Si-rich magmatic-derived fluids at depth, and were coeval with the emplacement of the Kivalliq igneous suite at 1750 Ma. These processes led to the emplacement of up to 30 m thick QB, which behaved as a mechanically strong, transverse hydraulic barrier that localized later fracturing, and compartmentalized/channelized vertical flow of uranium-bearing fluids after the deposition of the Thelon Basin (post 1750 Ma). The development and locations of QB control the location of uranium mineralization in the Kiggavik area. Keywords: hydrothermal breccia; hydraulic breccia; uranium deposits; structural control; silicification; Kiggavik



1. Introduction Fault zones are often associated with enhanced, focused, repeated fluid circulations in the earth’s crust [1–7]. These fluids may have different origins: Meteoric, magmatic, metamorphic or basinal, and possibly transport metals to a favorable area of deposition [8,9]; that will ultimately allow for the formation of potential economic ore deposits. In many conceptual models of the formation of ore deposits, fault zones are important structural features acting as pathways [2,10] and/or as traps for fluids, and related metals [11]. In the uppermost crust, deformation is dominantly Minerals 2018, 8, 319; doi:10.3390/min8080319
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brittle and breccias are commonly observed in fault zones [12–15]. Among the different families of breccias, hydrothermal breccias are one sub-class that would develop early, in response to fracture propagation processes [13], through interaction between brecciated rocks and hydrothermal solutions. Hydrothermal breccias can be of various types depending on several parameters, such as pressure, temperature, depth of emplacement, and elements in the fluids [14]. Among them, quartz-cemented breccias can have an economic interest, being possibly associated with ore deposits such as epithermal (Au-Ag-Cu-Pb-Zn-Sb, [16,17]), orogenic gold (Au, [18]), and porphyric (Cu-Mo-Au-Ag, [19,20]). They display thickness from meter to several meters, thicker hydrothermal breccias being relatively rarely described. Quartz breccias in fault zones form progressively during several cycles of fluid pressure growth, seismogenic fault slip and quartz precipitation [21,22]. Unaltered, quartz-rich bodies have a lowered porosity and thus have an impact on later fluid circulation within the fault zone. Such silicification would be comparable to fluid-flow being constrained by horizontal barriers, such as sedimentary layers indurated through diagenesis (aquitards, [23,24]), or impermeable (clay-rich) layers in roll-front uranium deposits [25]. In addition, the likely hardening of the fault rocks in response to multiple cycles of quartz brecciation and healing may cause a significant rheological contrast between the “strong” fault zone and the expectedly “weaker” hosting terranes, possibly controlling localization of subsequent deformation. In this contribution, we focus on one structural feature encountered in many fault zones within the Uranium (U)-rich district of the Kiggavik area (Nunavut, Canada): The so-called hydrothermal Quartz Breccia (QB). The importance of this breccia, only briefly described by previous authors [26–30] was recently highlighted by Grare et al. [31] who documented the control exerted by this breccia on later fracturing events, hydrothermal alterations and uranium mineralization at the Contact uranium prospect. However, despite observations in several locations of the Kiggavik area and its seemingly strong control on the current distribution of the uranium mineralization, the genetic model of the QB remains poorly characterized and explained to date. Grare et al. [31] showed that the QB emplaced along faults of inferred Archean age, and that this emplacement was a key event within a long-lasting (~1000 Ma) complex brittle tectonic history that led to uranium mineralization within or in the vicinity of the quartz breccia (Figure 1C). In order to better constrain the nature, emplacement, significance and role of the QB, we carried out a structural analysis combined with vein cement petrography using optical and cathodoluminescence observations, trace elements, and oxygen stable isotope analysis of quartz. Our study addresses the structural, mineralogical and geochemical characteristics of the QB. Combined with the reconstructed geochemical signature of the fluids, a model of formation of the QB is proposed and its role in controlling uranium mineralization in the Kiggavik area is highlighted. 2. Geological Setting 2.1. Regional Geological Setting The Kiggavik area is located on the eastern border of the Proterozoic intracratonic Thelon Basin (ca. 1670–1540 Ma, [32,33]) in Nunavut, Canada, within the Churchill province. The Churchill province is known to host the Athabasca Basin (1740–1540 Ma, [34]); another Proterozoic basin, which itself hold the world-class Cigar Lake and McArthur River uranium deposits. The Thelon Basin is one analogue of the Athabasca Basin and the Kiggavik area displays several economically significant uranium orebodies: Four of the deposits yield calculated resources of 48,953 t of uranium at a grade of 0.47% U [35]. Exploration began in the 1980s by Urangesellschaft, and the property is now held by Orano Canada (formerly known as AREVA Resources Canada) in joint venture with JCU (Canada) Exploration Company Ltd. (Vancouver, BC, Canada).
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Figure 1. (A) Outline of Canada and location of the Thelon basin in yellow; (B) geological map of the



Figure 1. (A) Outline ofcraton Canada and location of the Thelon inand yellow; (B) geological Churchill-Wyoming showing the location of the Thelonbasin basins the Kiggavik area on map its of the Churchill-Wyoming craton showing the map location of Kiggavik the Thelon basins andinternal the Kiggavik area on Eastern border; (C) simplified geological of the area (Orano document) its Eastern border; simplified ofthe themajor Kiggavik (Orano internal document) highlighting the (C) occurrence of thegeological QB (yellow)map along faults; area and (D) cross-section from the Thelon fault the Judge Sisson Depositsalong and prospects arefaults; indicated circles. highlighting the to occurrence of the fault. QB (yellow) the major andwith (D)red cross-section from the Thelon fault to the Judge Sisson fault. Deposits and prospects are indicated with red circles. The Churchill province (Figure 1B) is bordered to the NW by the Thelon-Taltson (ca. 2020–1900 Ma), and to the SE by the Trans-Hudson orogenic belts (ca. 2070–1800 Ma). At the end of the The Churchill orogeny, provincethe(Figure 1B)Basin is bordered toa result the NW by theextensional Thelon-Taltson Trans-Hudsonian Baker Lake developed as of (retro-arc) to (ca. 2020–1900 Ma), and to the SE by the Trans-Hudson orogenic belts (ca. 2070–1800 Ma). At the transtensional rifting tectonics [36], and was filled with sedimentary and bi-modal



end of the Trans-Hudsonian orogeny, the Baker Lake Basin developed as a result of (retro-arc) extensional to transtensional rifting tectonics [36], and was filled with sedimentary and bi-modal volcanic-sedimentary rocks (Baker Lake and Wharton Grps, ca. 1850–1750 Ma, [37,38]). It was
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followed by uplift, extensive erosional peneplanation and regolith formation, over which deposited the eolian sandstones and conglomeratic red-beds of the Thelon formation (ca. 1670–1540 Ma [32,33]), linked to thermal subsidence in the sag, fault-controlled intracratonic Thelon basin [36,38,39]. This volcano-sedimentary pile unconformably overlies a metamorphosed basement consisting of Archean rocks that include Mesoarchean (ca. 2870 Ma) granitic gneisses, 2730–2680 Ma, supracrustal rocks of the Woodburn Lake Group [40], and a distinctive package of 2620–2580 Ma felsic volcanic and related hypabyssal rocks known as the Snow Island Suite [41–47]. Before emplacement of the Thelon formation, the Archean to Paleoproterozoic rocks of the Churchill province where intruded by three magmatic suites: (i) The late syn-orogenic (ca. 1830 Ma) Hudson Suite [48], (ii) the Dubawnt Minette Suite (contemporaneous of the Hudson Suite), with ultrapotassic intrusions, minette dikes and lamprophyres, and (iii) the anorogenic (ca. 1750 Ma) Kivalliq Igneous Suite (KIS) [46,49–51]. 2.2. Local Geological Setting A simplified geological map of the Kiggavik area is presented in Figure 1C. The local litho-structural pile consists of Mesoarchean granitic, granodioritic, and augen gneisses (2866 ± 6 Ma; [52]) tectonically overlain by a Neoarchean metavolcano- sedimentary package retromorphosed to greenschist facies: The Woodburn Lake Group. This package consists of quartzo-feldspathic wackes and minor quartzite with thin, interbedded banded iron formation layers, rare black shales, and locally komatiite and rhyolite (2710 ± 2.1 Ma). These rocks, together with overlying Paleoproterozoic (2300–2150 Ma) rocks of the Ketyet River Group [53], include a prominent unit of orthoquartzite [52]. These rocks are intruded by the Schultz Lake Intrusive Complex (SLIC, [51]). The SLIC comprises rocks from the two intrusive suites previously described [51]: (i) The “Hudson granite” consists of non-foliated granitoid sills, syenites and lamprophyre dikes of the late syn-orogenic Hudson Suite; and (ii) the “Nueltin granite” comprises anorogenic granite to rhyolite of the KIS [46]. The diabase dikes of the Mackenzie diabase swarm form prominent linear aeromagnetic features trending NNW-SSE [44,45] and cut across all previous lithologies. This intrusive event is dated at 1267 ± 2 Ma [54,55], and represents the last magmatic-tectonic event in the region. The main structural features in the Kiggavik area are the ENE-trending Thelon fault (TF) and the Main Zone fault (MZF) in the northern part of the property, the ENE-trending Judge Sisson fault (JSF) in the central part, and the NE-trending Andrew Lake Fault (ALF) in the southwestern part of the study area (Figure 2). These faults date back to at least ~1920 Ma [56] and had a subsequent complex structural and kinematic evolution with several episodes of reactivation and fluid circulation during Proterozoic time [31,56]. These faults host several uranium orebodies; prospects and deposits, the main uranium mineralizing events being bracketed between 1540 and 1270 Ma [28,29,31]. The MZF hosts various deposits and prospects: 85 W, Granite Grid and Kiggavik (Main, Central and East Zones, Figure 1C). End is hosted by the JSF, while Andrew Lake, Jane and Contact occur along the ALF (Figure 1C).
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Figure 2. (A) Outcrop view looking east on the N80-trending steeply dipping to the north Judge



Figure 2. (A) Outcrop view looking east on the N80-trending steeply dipping to the north Judge Sisson fault (JSF) underlain by at least 10 m of white quartz veins; (B) heterogeneous size, Sisson fault (JSF)hematized underlainclasts by atcemented least 10 mbyofa white veins; (B) size, pervasively pervasively white quartz quartz matrix; (C)heterogeneous right lateral relay step, N80 hematized clasts cemented by a white quartz matrix; (C) right lateral relay step, N80 trending trending main veins (outcrop on the JSF); (D) optical microphotograph picture (OM): Clasts bearingmain veinsquartz (outcrop on the JSF); (D) optical microphotograph Clasts veins bearing veins veins in the Thelon sandstones; (E) oriented picture data of (OM): thick quartz forquartz deposits andin the Thelon sandstones; (E)histogram oriented data thick quartz and prospects; and (F) histogram prospects; and (F) of all of measured quartzveins vein for dipsdeposits in the Kiggavik area. of all measured quartz vein dips in the Kiggavik area. 3. Sampling and Methods



3. Sampling and Methods



3.1. Drillhole Observations, Sampling Strategy and Collection of Oriented Data



3.1. Drillhole SamplinginStrategy TheObservations, QB has been observed the fieldand but Collection the scarcityofofOriented outcropsData in the area is the reason why most observations and oriented measurements were taken from drill holes within the deposits and



The QB has been observed in the field but the scarcity of outcrops in the area is the reason why prospects in the Kiggavik area (location in Figure 1C). Porosity was measured systematically in the most field observations andfluid oriented measurements from drill holes withinsaturated the deposits following the resaturation method. Awere cleantaken and dried sample is weighted, with and prospects in the Kiggavik areaand (location in Figure The 1C).weight Porosity was divided measured systematically a liquid of known density, then reweighed. change by the density of thein the field following resaturation method. A clean and dried weighted, saturated fluid resultsthe in fluid the pore volume. Many of the observations and sample samplesiscome from the recently with drilled Contactdensity, prospect (2014 and 2015 OranoThe exploration campaigns). More 5000 m of a liquid of known and then reweighed. weight change divided bythan the density of drill the fluid core were reviewed, with several hundreds of meters dedicated to the characterization and study of results in the pore volume. Many of the observations and samples come from the recently drilled TM coring providing a the QB. Recent drilling (2014–2015) in the Kiggavik area was done with NQ Contact prospect (2014 and 2015 Orano exploration campaigns). More than 5000 m of drill core were 47.6 mm diameter Oriented data measured core were restoredand in their original reviewed, with severalsample. hundreds of meters dedicatedontodrill the characterization study of the QB. position and plotted with Dips 6.0 software (Rocscience, Toronto, ON, Canada). Uncertainty on Recent drilling (2014–2015) in the Kiggavik area was done with NQTM coring providing a 47.6 mm fault/fracture orientation measurements is estimated to be ±10°. diameter sample. Oriented data measured on drill core were restored in their original position and plotted Dips 6.0 software (Rocscience, Toronto, ON, Canada). Uncertainty 3.2.with Quartz Microscopic Characterisation by Optical and Cathodoluminescence Microscopy on fault/fracture orientation measurements is estimated to be ±10◦ . Quartz Fifty-five drill core samples (10 to 20 cm in length) displaying veins or breccias linked to the QB were collected, mainly from the Contact prospect, but also from End, Andrew Lake and Bong



3.2. Quartz Microscopic Characterisation by Optical and Cathodoluminescence Microscopy



Quartz Fifty-five drill core samples (10 to 20 cm in length) displaying veins or breccias linked to the QB were collected, mainly from the Contact prospect, but also from End, Andrew Lake and Bong
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deposits. All samples were studied from the macro- to the micro-scale in order to characterize the macroscopic texture of the quartz breccia and its relationships with predating and postdating fracturing and faulting events. Thirty-five thin sections were prepared for petrographic and microstructural studies. Thin sections were observed through optical microscopy (plane polarized transmitted and reflected light microscope Motic BA310 POL Trinocular, equipped with a 5 M pixel Moticam camera) (Motic Instruments Inc., Richmond, BC, Canada), and cathodoluminescence microscopy (CITL Cold Cathodoluminescence device Model MK5-1, made at University of Barcelona (Barcelona, Spain), for deciphering quartz generations. 3.3. Fluid Characterization by Trace Elements and Oxygen Isotopes Analyses Laser ablation ICP-MS analyses of quartz were conducted at GeoRessources, Université de Lorraine (Vandoeuvre-lès-Nancy, France), using a 7500e quadrupole ICP-MS (Agilent, Santa Clara, CA, USA) coupled with a nanosecond excimer laser (GEOLAS Pro; 193 nm wavelength). Zones free of fluid inclusions (FIs) were selected for analyses. Analyses were performed using a laser beam diameter of 60 (first session of analyses) and 90 (second session) µm, with a fluence of ~10 J/cm2 and a repetition rate of 5 Hz. The laser beam was focused onto the sample with a Schwarztschild reflective objective (magnification ×25; numerical aperture = 0.4). Each analysis consisted of 20 s of background measurement during laser warm-up, 20 to 40 s of ablation (depending on the thickness of the quartz) and 15 s of washout before repeating the process on a nearby location. The external standards were NIST SRM610 and NIST SRM 612 [57], the external standards being analyses twice at the beginning and at the end of each set of samples, following a bracketing standardization procedure. LA-ICP-MS calibration was optimized for highest sensibility for the whole mass/charge range, while maintaining Th/U ~1 and ThO/Th < 0.5% as determined on NIST SRM 610 or 612. The following isotopes were measured: 7 Li, 11 B, 23 Na, 24 Mg, 27 Al, 28 Si, 39 K, 44 Ca, 48 Ti, 57 Fe, 74 Ge, 85 Rb, 88 Sr, 89 Y, 90 Zr, 133 Cs, 138 Ba and 153 Eu for the first session, and 7 Li, 11 B, 23 Na, 27 Al, 29 Si, 45 Sc, 47 Ti, 51 V, 53 Cr, 55 Mn, 59 Co, 60 Ni, 63 Cu, 66 Zn, 69 Ga, 72 Ge, 75 As, 85 Rb, 88 Sr, 90 Zr, 93 Nb, 95 Mo, 115 In, 118 Sn, 121 Sb, 133 Cs, 137 Ba, 181 Ta, 182 W, 197 Au, 208 Pb, and 209 Bi for the second session. 28 Si or 29 Si were used as internal standard, using a SiO 2 concentration of 100%. Data reduction was done using Iolite software [58]. In situ oxygen isotope analysis of the main quartz generations was performed by secondary ion mass spectrometry (SIMS, CAMECA, Gennevillier, France) using the Cameca IMS1270 at CRPG/CNRS in Vandoeuvre-les-Nancy, France, following the approach of Hervig et al. [59]. The isotopes 16 O and 18 O were measured, based on standard polished sections coated with gold. A ~4 nA defocused primary ion beam of Cs impact energy 10 keV was used, producing sub-circular ablation craters of ~10–20 µm diameter. A mass resolution (∆M/M) of 5000 was used, to resolve potential interference of 17 O on 16 O. Two in-house standards were used (Brésil (δ18 O = 9.6‰) and Brésil-2 (δ18 O = 19.6‰)) to set-up the instrument and correct for drifts and fractionations using a standard bracketing approach. The internal precision for δ18 O was between 0.06 and 0.1‰ (measurements on the standards Brésil and Brésil-2 and on the different quartz generations of Kiggavik). δ18 O values are reported relative to the V-SMOW standard. 4. Results 4.1. Spatial Organisation and Macroscopic Characteristics of the QB Occurrence of QB has been recognized along various segments of the major faults within the Kiggavik area (e.g., ALF, JSF, Figure 1C,D and Figure 2A). The QB consists of a up to 30 m thick complex network of mosaic quartz-sealed breccia and veins (Figure 2A–C), typically displaying angular fragments and jigsaw pattern (Figure 2B), and associated with a pervasive iron-oxidation of the host rock (Figure 2B). This kind of observation is common in drill holes. Lithologies within and around the QB display a pervasive red-purple hematization, as documented at the Contact prospect [31]. Clasts bearing veins of the QB are observed in the sandstones of the Thelon formation
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(Figure 2D), indicating that QB predates formation of the Thelon Basin, as already suggested by several authors [29,31] and crosscuts, thus postdates, Hudsonian intrusions (ca. 1.83 Ga). Fault zones outlined by the QB are presumably better preserved in the field due to the silicification process that increases their resistance to erosion. The outcrop shown in Figure 2B illustrates the complexity of the identification of the main structural trends on limited exposures. We considered that the most regionally significant structural Minerals 2018, 8, x FOR PEER REVIEW 7 of 29 trend of the breccia bodies is given by the thicker (>10 cm) veins and breccias, because where they are visible,QBminor quartz veins are moreinrandomly or giveprocess a mean value that is are presumably better preserved the field dueoriented to the silicification thatstatistical increases their resistance two to erosion. different between (2) nearby drill holes. By plotting the orientations of thick veins we infer the The outcrop shown in Figure 2B illustrates the complexity of the identification of the main true orientation of the quartz breccia (Figure 2E), which was revealed to be consistent with the major structural trends on limited exposures. We considered that the most regionally significant structural fault trends in map QBthicker usually consistent high angle trend of theview breccia(Figure bodies is1D). givenThe by the (>10displays cm) veins aand breccias, because wheredip, they reflecting the orientation of the main fault trend: N30, dip to the NWoratgive Contact, N175, dip to that the isW at Bong, are visible, minor quartz veins are more randomly oriented a mean statistical value different two (2) nearby drill By plotting orientations of thick veins we infer N50 and N90, dip between to the NW and to the S, holes. respectively, at the End (Figure 2E). Even though thethemajority of true orientation of the quartz breccia (Figure 2E), which was revealed to be consistent with the major ◦ minor quartz veins display throughout the Kiggavik area a steep dip (60–90 ), a significant amount of fault trends in map view (Figure 1D). The QB usually displays a consistent high angle dip, reflecting ◦ ). veins (Figure 2F) showsofrelatively shallow dip dip angles the orientation the main fault trend: N30, to the(10 cm thick)These core observable.quartz Several QB corethezones drill holes (Cont-24, Cont-16, Cont-06). quartz veins and a dense quartz vein network, where angular clasts of the fragmented host rock are zones are discontinuous from the SW to the NE. They are tapering toward their ends (Figure 3C) both barely observable. Several QB core zones were crosscut by drill holes (Cont-24, Cont-16, Cont-06). laterally (for example, between Cont-26 and vertically (for their example, These core zones are discontinuous fromCont-25, the SW toFigure the NE. 3B), Theyand are tapering toward ends between Cont-10 and Cont-11, Figure 3B). supports theyand have elliptical connected (Figure 3C) both laterally (forThis example, betweenthat Cont-26 Cont-25, Figureshapes, 3B), and vertically (for by quartz example, between Cont-10 and Cont-11, Figure 3B). Thischanges supports that they have elliptical shapes, vein networks. This observation explains the important in thickness of the QB between two connected by quartz vein networks. This observation explains the important changes in thickness of nearby drill holes (e.g., Cont-06 and Cont-13). the QB between two nearby drill holes (e.g., Cont-06 and Cont-13).



Figure 3. Organisation of inner (core) and outer zones of the quartz breccia (QB) crosscut in drillholes



Figure 3. Organisation of inner (core) andholes; outer the quartz breccia (QB) crosscut in drillholes at Contact. (A) Plan view of the drill (B)zones lateral of variation in thickness of QB inner (core) and and (C)ofsimplified drawingvariation of the QB in intersected in drill holes (grey(core) and at Contact.outer (A) zones; Plan view the drillinterpretative holes; (B) lateral thickness of QB inner plane). outer zones; and (C) simplified interpretative drawing of the QB intersected in drill holes (grey plane).
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One observation not highlighted by previous studies in the Kiggavik area is the presence of One observation highlighted by previous studies in the areasystematically is the presence spatially of a a large (20–100 m) brittlenot fault zone predating emplacement of Kiggavik the QB but large (20–100 m) brittle fault zone predating emplacement of the QB but systematically spatially associated with it. Macroscopically, the QB consists of thin to massive quartz veins as described in associated withour it. Macroscopically, the QB consists of thin to massive quartz veins events as described in Figure 2; however, detailed observations document numerous quartz healing crosscutting Figure 2; however, our detailed observations document numerous quartz healing events clay-altered cataclastic to ultra-cataclastic fault rocks that are now silicified and “preserved”. Clasts crosscutting clay-altered cataclastic to ultra-cataclastic fault rocks that are now silicified and are monomictic, sub-rounded, millimetric to centimetric in size and clay altered, embeded in a light “preserved”. Clasts are monomictic, sub-rounded, millimetric to centimetric in size and clay altered, red toembeded brown matrix (Figure 4A,B).matrix (Figure 4A,B). in a light red to brown



Figure 4. (A) Pervasively silicified cataclastic fault rock; (B) same as (A), crosscut by a white quartz



Figure 4. (A) Pervasively silicified cataclastic fault rock; (B) same as (A), crosscut by a white quartz vein of the QB; (C) pervasively silicified fault zone crosscut by late fracturing and clay alteration vein of the (End QB; (C) pervasively fault zoneof crosscut late fracturing and clay alteration event deposit); and (D)silicified typical intersection the QB by displaying deep purple hematized rock,event (End massive deposit); and (D) typical intersection of thetextures QB displaying deep purple (e.g., hematized rock, massive and minor white quartz veins. Jigsaw are locally observable at 189 m, yellow and minor white quartz veins. Jigsaw textures are locally observable (e.g., at 189 m, yellow arrow; arrow; Contact prospect). Contact prospect). The quartz veins of the QB were observed in several locations as cutting across the cataclasites (Figure 4B). These early cataclastic fault rocks therefore predate the QB; they could be related to



The quartz veins of the QB were observed in several locations as cutting across the cataclasites (Figure 4B). These early cataclastic fault rocks therefore predate the QB; they could be related to extensional to trans-tensional faulting during formation of the Baker Lake Basin [31]. This early,
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now silicified fault zones and the QB are spatially associated, indicating that the pervasive silicification likely occurred at the onset of emplacement of the QB. However, even though the pervasive silicification of the fault zone is spatially and likely roughly temporally associated with the QB, we differentiate hereafter these two features: The silicified fault zone on one hand and the QB that results from brecciation sealed by quartz on the other hand. Both features display different thicknesses: In Figure 4C, the pervasively silicified fault zone with its light reddish color is observable along 40 m of drill core and is cut by numerous small quartz veins and a 4 m thick core zone of the QB. A late faulting and white clay alteration pattern is observed at depth 389–395 m (Figure 4C, post ore faulting f7). In Figure 4D, the silicified fault zone is observed along 5 m of drill core and is cut by 23 m of QB. The pre-QB silicified fault zone displays evidence of multiple events of tectonic brecciation and comminution. In the sample observed at micro-scale under transmitted light (Figure 5A), three generations of cataclastic fault rocks are observed, with each generation of cataclasis consuming the previous one. They are crosscut by at least three generations of quartz veins, building a complex pattern (Figure 5B,C). Minerals from the original host rock (psammo-pelitic gneiss with quartz, apatite, illite, muscovite, pyrite) are preserved in the first generation of clasts (pink, Figure 5B). A closer look at the cataclastic fault rocks reveals that the different cements are made of micro-crystalline quartz and white micas (Figure 5D,E). The superimposition of multiple generations of cataclasites indicates that the localized zone of deformation was repeatedly reactivated during progressive deformation. Minerals 2018, 8, x FOR PEER REVIEW
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Figure 5. (A,B) Thin section of a polyphase cataclastic fault rock crosscut by several generations of



Figure 5. (A,B) Thin section of a polyphase cataclastic fault rock crosscut by several generations of quartz veins of the QB. White arrow indicates a late microcrystalline quartz veinlet; (C) simplified quartz veins of theofQB. White(D) arrow a lategenerations microcrystalline quartz veinlet; (C) simplified chronology the events; zoomindicates on the different of clasts; and (E) matrix of the latest chronology of theevent events; (D) zoom theand different generations of clasts; and (E) matrix of the latest cataclastic displaying whiteon micas micro-crystalline quartz. cataclastic event displaying white micas and micro-crystalline quartz. In order to better understand and characterize the influence of silicification on fluid circulation, we selected porosity data measured in the field for four types of rocks: Fresh host rock (granitic gneiss, before fracturing and alteration), silicified type 1 (pervasively silicified fault zone), silicified type 2 (typical white QB), and clay-altered/fractured samples. Results are presented in Figure 6. Fresh granitic gneiss yields the lowest porosity values, 
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