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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
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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 Churchill-Wyoming craton showing the location of the Thelon basins and the Kiggavik area on
its Eastern border; (C) simplified geological map of the Kiggavik area (Orano internal document)
highlighting the occurrence of the QB (yellow) along the major faults; and (D) 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 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 JSE, 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
Sisson fault (JSF) underlain by at least 10 m of white quartz veins; (B) heterogeneous size, pervasively
hematized clasts cemented by a white quartz matrix; (C) right lateral relay step, N80 trending main
veins (outcrop on the JSF); (D) optical microphotograph picture (OM): Clasts bearing quartz veins in the
Thelon sandstones; (E) oriented data of thick quartz veins for deposits and prospects; and (F) histogram
of all measured quartz vein dips in the Kiggavik area.

3. Sampling and Methods

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

The QB has been observed in the field but the scarcity of outcrops in the area is the reason why
most observations and oriented measurements were taken from drill holes within the deposits and
prospects in the Kiggavik area (location in Figure 1C). Porosity was measured systematically in the
field following the fluid resaturation method. A clean and dried sample is weighted, saturated with
a liquid of known density, and then reweighed. The weight change divided by the density of the fluid
results in the pore volume. Many of the observations and samples come from the recently drilled
Contact prospect (2014 and 2015 Orano exploration campaigns). More than 5000 m of drill core were
reviewed, with several hundreds of meters dedicated to the characterization and study of the QB.
Recent drilling (2014-2015) in the Kiggavik area was done with NQ™ coring providing a 47.6 mm
diameter sample. Oriented data measured on drill core were restored in their original position and
plotted with Dips 6.0 software (Rocscience, Toronto, ON, Canada). Uncertainty on fault/fracture
orientation measurements is estimated to be +10°.

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-les-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) um, with a fluence of ~10 J/ cm? and
a repetition rate of 5 Hz. The laser beam was focused onto the sample with a Schwarztschild reflective
objective (magnification x25; 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: “Li, 1B, 22Na, 24Mg, 27 A1, 285, 39K, 44Ca, 48Ti, 57 Fe, 74Ge, 8°Rb, 88Sr, 89Y, 907y, 133Cg, 13884
and 153Eu for the first session, and “Li, 1B, 22Na, 2 Al, 2Si, 4°Sc, 4/Ti, >1V, 23Cr, %°Mn, >Co, ONi,
63Cu, 67n, 9Ga, 72Ge, 75 As, 5Rb, 8851, 90Zr, BNb, %Mo, 1151n, 1185, 121G, 133Cg 1378, 181, 1821y
197 Au, 298Pb, and 297Bi for the second session. 23Si or 2Si were used as internal standard, using a 5i0p
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 °O
and 0 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 um diameter. A mass resolution (AM/M) of 5000 was used, to resolve potential interference of
170 on 0. Two in-house standards were used (Brésil (6180 = 9.6%0) and Brésil-2 (580 = 19.6%)) to
set-up the instrument and correct for drifts and fractionations using a standard bracketing approach.
The internal precision for 5§80 was between 0.06 and 0.1%o (measurements on the standards Brésil
and Brésil-2 and on the different quartz generations of Kiggavik). 580 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, JSE, 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
trend of the breccia bodies is given by the thicker (>10 cm) veins and breccias, because where they
are visible, minor quartz veins are more randomly oriented or give a mean statistical value that is
different between two (2) nearby drill holes. By plotting the orientations of thick veins we infer the
true orientation of the quartz breccia (Figure 2E), which was revealed to be consistent with the major
fault trends in map view (Figure 1D). The QB usually displays a consistent high angle dip, reflecting
the orientation of the main fault trend: N30, dip to the NW at Contact, N175, dip to the W at Bong,
N50 and N90, dip to the NW and to the S, respectively, at End (Figure 2E). Even though the majority of
minor quartz veins display throughout the Kiggavik area a steep dip (60-90°), a significant amount of
veins (Figure 2F) shows relatively shallow dip angles (<30°).

Figure 3 summarizes the data collected on drill holes at the Contact prospect (Figure 3A). The QB
bodies usually display two main distinct zones, an outer zone and an inner (core) zone. The outer
zone (blue in Figure 3B) is represented by a dense to scarce network of millimeter to centimeter-thick
quartz veins, while the inner (core) zone (red in Figure 3B) is represented by thick (>10 cm thick) quartz
veins and a dense quartz vein network, where angular clasts of the fragmented host rock are barely
observable. Several QB core zones were crosscut by drill holes (Cont-24, Cont-16, Cont-06). These core
zones are discontinuous from the SW to the NE. They are tapering toward their ends (Figure 3C) both
laterally (for example, between Cont-26 and Cont-25, Figure 3B), and vertically (for example, between
Cont-10 and Cont-11, Figure 3B). This supports that they have elliptical shapes, connected by quartz
vein networks. This observation explains the important changes in thickness of the QB between two
nearby drill holes (e.g., Cont-06 and Cont-13).

sw CONT-10
156-176 (20)
176-100 (24
190-210 (20)
227233 (6)
> 240242 (2)
242243 (1)
FI 3W| % 243251 (8)
Drillhole CONT-26 CONT-25 CONT-24 CONT-23 CONT-22 CONT-12 CONT-11 CONT-16 CONT-06
105114 (9) —— 131-155 (24) 161-168 g))
Outer zone- 114-125 (1) 132.144 (12) 3 168-171 (3) o
Inner zone 123':: (:) 126128 (2) 1aa-140 (5) 1°0191(2) 201-213(12) 171.175 (4)
distribution | 2724 (1) 190181 () 406 140 (@) 14p153 (4) 192198 (4) 218220 (4) 213216 (3) 175183 (8)
2328 (4) 190182 (2) L0 Lor (4) 1BS:180 @) 28221(1) 220237 (17) 216238 (22) 183-187 (4)
(m) 238.245 (7) 269-200 (21) 237241 (4) 238243 (5) 187.194 (7) o
243255 (12) 224228 %4;
CONT-06_CONT-13 CONT-08 CONT-18 CONT-19 CONT-21 CONT-27| NE |

161-166 (7) 148-175 (27) 103-126 (23)
>168-171 (3) 175-176 (1) 126-130 (13)

171-175 (4) 130145 (6) 459 160 11) 165185 (20)

175183 (8) 162-183 (21) 180-220 (31)
183-187 (4) 185-108 (13) 167-185 (8)

|y 167-194 §7§ 108205 (7) 195200 (6) 227-251(24)
224-228 (4, 200-204 (4) 251-257 (6)

Figure 3. Organisation of inner (core) and outer zones of the quartz breccia (QB) crosscut in drillholes
at Contact. (A) Plan view of the drill holes; (B) lateral variation in thickness of QB inner (core) and
outer zones; and (C) simplified interpretative drawing of the QB intersected in drill holes (grey plane).



Minerals 2018, 8, 319 8 of 28

One observation not highlighted by previous studies in the Kiggavik area is the presence of
a 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
Figure 2; however, our detailed observations document numerous quartz healing events crosscutting
clay-altered cataclastic to ultra-cataclastic fault rocks that are now silicified and “preserved”. Clasts
are monomictic, sub-rounded, millimetric to centimetric in size and clay altered, embeded in a light
red to brown matrix (Figure 4A,B).

— | — roo 1t

mm Pervasively silicified fault zone
Quartz breccia

== Post-ore faulting (£7)

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 event
(End deposit); and (D) typical intersection of the QB displaying deep purple hematized rock, massive
and minor white quartz veins. Jigsaw textures are locally observable (e.g., at 189 m, yellow arrow;
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
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 £7). 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-OB 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.

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
chronology of the events; (D) zoom on the different generations of clasts; and (E) matrix of the latest
cataclastic event displaying white micas and micro-crystalline quartz.



Minerals 2018, 8, 319 10 of 28

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, <2%. Fault rock and samples displaying quartz
brecciation and pervasive silicification yield values slightly higher but <5%. Fractured and clay altered
fault rock display much higher values, up to 40%. Cataclastic fault rocks formed before the QB should
have displayed a high porosity, but after pervasive silicification they have a porosity comparable to
fresh rock (Figure 6), unlike strongly clay altered and fractured samples (Figure 6).
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Figure 6. Porosity measured for fresh samples (granitic gneiss from the Contact prospect), pervasively
silicified cataclastic fault rock, thick quartz veins within granitic gneiss, and clay-altered, fractured host
rock (examples for each category are displayed on the right of the chart).

4.2. Microscopic-Scale Characteristics of the QB

Microscopic observations indicate that the pervasive hematization spatially associated with
the QB is defined by disseminated micro-grains of hematite (aggregates of micrometric grains) and
specular hematite (Figure 7A; specular hematite being less common in samples compared to hematite);
possibly observed in banded veins synchronous with microcrystalline quartz (Figure 7B). Subhedral
specular hematite (~100-200 pm) is observed filling quartz vugs and disseminated in the host rock.
Where present, the specular hematite is responsible for the dark-red to purplish color of the oxidized
host rock. Anhedral magnetite (50-100 pm) was locally observed as being mixed with (likely replaced
by) hematite (Figure 7B) in banded quartz veins and likely represents changes in the oxidation state
of the fluid. These observations, along with the spatial association of iron oxidation and quartz
brecciation, support the overall synchronicity of the two phenomena. However, the precise timing of
the oxidation, within the several episodes of silicification, remains unconstrained.
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Figure 7. Optical microscope microphotograph (OM): (A) Disseminated hematite (Hem) and specular
hematite (Spec Hem). Qtz: Quartz; (B) banded microcrystalline quartz (Qtz) with synchronous anhedral
hematite and magnetite; (C) euhedral quartz crystals and arrays of dense monophase fluid inclusions
(vapor rich); (D) euhedral clear quartz cement a fracture that crosscuts previous quartz generations;
(E) trends of microcrystalline quartz (yellow); (F) comb quartz grains (example in yellow) engulfed
in a fine-grained quartz matrix; (G) moss quartz texture; and (H) bladed lattice calcite (white arrow)
replaced by quartz.
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Microscopic observations also document a variety of quartz textures (Figure 7C-F for example),
mutually crosscutting each other, and defining different conditions of quartz precipitation. The two
most common types of quartz are: Euhedral quartz (comb quartz, ~200 pm in size) and microcrystalline
quartz (~<50 um). Two generations of euhedral white quartz can be distinguished: One (millimetric
quartz) being characterized by dense arrays of monophase fluid inclusions (vapor rich), usually at
the tip of the quartz crystal (Figure 7C); and the second, clearer, nearly fluid inclusions-free, usually
observed as a late quartz generation (~100 um, Figure 7D). In addition to the banded microcrystalline
quartz-hematite texture, microcrystalline quartz is also observed filling vugs, and as conjugate “trends”
(Figure 7E) in subhedral quartz veins. In other samples, subhedral quartz can be found as clasts in
a microcrystalline quartz mass (Figure 7F). In term of quartz texture, comb quart, microcrystalline
quartz and “moss” textures were observed (Figure 7G). Additionally, rare recrystallized bladed calcite
were found (Figure 7H).

Quartz observed under cathodoluminescence display weak luminescence intensity, with a 20 s
exposure time required in order to get enough signal for imaging. The most recurrent color observed
under cathodoluminescence is a deep blue observed for microcrystalline quartz veins, sometimes
synchronous with hematite (Figure 8A), and quartz cementing microbreccias. The fluid inclusion
(FI)-rich euhedral quartz crystals exhibit alternating growth zones of brown and blue luminescence
(oscillatory growth-zoning, Figure 8B). Clasts of euhedral quartz crystals are found within a blue
luminescent quartz matrix (Figure 8C). The brown luminescence is also observed in breccias where
the quartz has likely completely recrystallized, leaving the breccia texture only observable under
cathodoluminescence; the “cement” of the breccia displays a brown luminescence (Figure 8D).
These colors characterize the main generations of quartz in the QB.

The luminescence of the latest generation of quartz (i.e., euhedral quartz filling vugs and open
fractures), is dark blue with rare concentric zoning. It also displays greenish luminescence associated
with primary to pseudo-secondary fluid inclusions (Figure 8E). In terms of spatial occurrence of this
quartz generation, it is more frequently observed in the vicinity of the QB than in its inner zone.

Quartz which was formerly in contact with uranium minerals displays a characteristic
luminescence: Red/pink close to uranium-bearing minerals and yellow /greenish further from the
uranium-bearing mineral (Figure 8F). This is especially well observed in quartz veins that were later
microfractured as described by Grare et al. [31] and in quartz of the host rock (when not dissolved
by circulation of the uranium-bearing fluid). This peculiar luminescence is brighter than the original
luminescence of the quartz and displays a nearly uniform circular shape of 35-45 um width (Figure 8F).
The latest quartz generation, which fills vugs and open fractures, is characterized by dark blue
luminescence with rare concentric zoning. This generation is observed more in the vicinity of the QB.
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Figure 8. Cathodoluminescence microphotograph (CM): (A) Deep blue luminescent microcrystalline
quartz and red luminescent hematite in banded vein; (B) fracture cemented with euhedral quartz
(blue-brown luminescence in concentric zoning, yellow dotted line) and arrays of purplish Fls
(white arrow); (C) quartz breccia (green) cemented by subhedral, sub-millimetric blue-purple quartz,
crosscut by dark blue luminescent subhedral millimetric quartz vein (yellow), the white arrow
highlight brown-luminescent overgrowth; (D) OM and CM of the same zone: Subhedral and
microcrystalline quartz (blue luminescence) displaying microbrecciation/recrystallization (brown
luminescence). Yellow dashed line outlines a quartz crystal; (E) dark blue luminescent euhedral
syntaxial quartz. The boundary of the fracture on the left is lined with U-oxides (black and calcite
(orange); and (F) quartz vein orthogonally crosscut by a microfracture and cemented with pitchblende.
The boundaries of the microfractures display a “buffer area” where the luminescence of the quartz is
modified, from pink to yellow.
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4.3. Geochemical Signature of Quartz

4.3.1. Trace Element Concentrations

Concentrations of selected elements were measured with LA-ICP-MS for the three main
quartz generations (identified through microscopic texture and luminescence color): Deep blue
microcrystalline quartz, blue euhedral quartz with brown concentric zoning, late dark blue euhedral
vuggy quartz. Results are presented in Figure 9A for Li, K, and Ba; in Figure 9B for Zr, Ti, and B;
in Figure 9C for Mg, Na, Al, Fe, and Ca. Several elements we tried to measure show values below the
limit of detection and thus are not displayed here.
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Figure 9. Concentration of trace elements measured in quartz through LA-ICP-MS, for main quartz
generations: (A) Li, K, and Ba; (B) Zr, Ti, and B; (C) Mg, Na, Al, Fe, and Ca; and (D) Al vs. Ti
concentrations of main quartz generation. Zones correspond to values of hydrothermal quartz from
low T °C, orogenic Au, and porphyry-type deposits [60].

In some analyses, trace elements display extreme values above 10,000 ppm (e.g., Al or Mg,
Figure 9) which likely represent analysis of undetected solid inclusions, hence are not displayed in
Figure 9. The high Fe content in both the deep blue microcrystalline and brown-blue euhedral quartz
could reflect the analysis of micro-inclusions of iron oxides, related to the pervasive hematization
synchronous with the QB event. Microcrystalline quartz in banded veins associated with iron oxides
shows a small range of values for all elements except for K and Fe. Brown-blue euhedral quartz
displays bimodal concentrations for most of the elements consistent with observed concentric zoning.
For all quartz generations, Li, K, and Na are positively correlated with Al. Dark blue vuggy quartz
usually display a small range of values for most elements compared to other quartz generation, except
for Li (23-248 ppm) and Al (255-2593 ppm).

Li contents are homogeneous between the three quartz generations and are below 250 ppm.
Such values correlate positively with Al concentrations, Li balancing the replacement of Si by
Al [61]. Kis enriched in deep blue microcystalline quartz with values up to 1700 ppm, compared to
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concentrations below 100 ppm in the case of the two other quartz generations. Fe yields high values
(up to 7000 ppm) in the case of the two quartz generations of the QB (deep blue microcrystalline
and brown-blue euhedral quartz). B displays concentrations below 20 ppm except for 2 analysis.
Concentrations in B are lower in the case of post-QB dark blue vuggy quartz.

Deep blue microcrystalline and dark blue vuggy quartz yield low values of Ti (<20 ppm for most
measurements). Bi-modal concentrations of Ti were measured for brown-blue euhedral quartz, with
one group of values below 20 ppm and the other above 40 ppm.

4.3.2. Oxygen Isotope Values

Oxygen isotopes were measured in the main quartz generations while paying attention to
variations in luminescence, for instance for quartz displaying concentric zoning. Results are shown
in Table 1. 8'80guart, values are relatively homogeneous within one quartz generation (maximum
variation of 5%0) and are independent of Cathodoluminescence (CL) color variations except for dark
blue vuggy quartz: Zones of this quartz close to fluid inclusions display a green luminescence with
higher 6180quartz.

The different quartz generation display different ranges of §'8Oquart,, with values ranging between
+12%0 and +14%o for microcrystalline quartz with hematite, between +7.5%0 and +9.3%o for brown
blue quartz and between +14.4%o and +15.5%o for druzy/vug-filling quartz. These ranges show two
exceptions: Vug-filling euhedral quartz displaying green luminescence with higher isotopic values
(from +16.2%o to +21.9%o) in zones close to fluid inclusions (Figure 7C), and a microcrystalline quartz
vein crosscutting the one cemented with microcrystalline quartz and iron-oxides exhibiting much
higher isotopic values (from +18.8%o to +23.9%o).

élsoquartz values between the two main generations of quartz in the QB are different with
an average of +12.9% for banded microcrystalline quartz and +8.4%o for zoned euhedral quartz.

Table 1. 6180quartz measured in main quartz generations and calculated values of 6180ﬂuid. To calculate
518044, an average temperature of 250 °C was used for quartz generations of the QB (lines 1-3 of the
table), while an average temperature of 150 °C was used for late druzy quartz (lines 4-5).

Quartz Type CL Luminescence Color slsoqum Avg. n §180g4ia Avg.

Banded microcrystalline quartz

(alternated with iron oxides) Deep blue 12.0-14.0 12.9 14 24-53 39

Alternating blue and brown

Euhedral quartz with concentric zoning , 7.5-9.3 8.4 18 —1.6-0.3 —0.6
luminescence

“Late” microcrystalline quartz Deep blue 18.8-23.9 221 10 11.5-14.8 124

Vuggy quartz Dark blue 14.4-15.5 14.9 29 —5.3-25 -3.3

Quartz alteration associated with fluid Green 16.2-22.0 178 5 _2538 _03

inclusions

6180quartz and temperatures measured by fluid inclusion microthermometry in quartz veins in
the area [26,29,62] were used to calculate the §'8Og,iq following the equation of Clayton et al. [63],
set for measuring oxygen isotope exchange between quartz and water (assuming that the fluid was
in equilibrium with the quartz at the temperature of mineralisation). We considered homogenisation
temperatures in the range of 200-300 °C, avg. 250 °C (i.e., the range of temperatures revealed
by low salinity fluid inclusions), to be representative for the quartz generations of the QB and of
100-200 °C, avg. 150 °C (i.e., the range of temperature revealed by high salinity fluid inclusions),
to be representative for late druzy quartz probably precipitating from basinal brines [29]. However,
a microthermometric study on primary fluid inclusions for each quartz generation is missing actually
and would give a more accurate calculation of fluid isotopic values. Results are displayed in
Table 1. The §'0pyq value range from 2.4%o to 5.3%o (+3.9%0 on average) for microcrystalline
quartz associated with hematite. In contrast, late veinlets of micro-crystalline quartz display a much
higher 5180puiq value: Between +11.5%0 and +14.8%o (+12.4%c on average). Brown-blue quartz
precipitated from a fluid with a lighter 5180p,i4 value comprised between —1.6%0 and +0.3%0 (—0.6%0
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on average). Late vug-filling euhedral quartz yield lighter isotopic values from —5.3%0 to —3.3%
(—3.3%0 on average).

5. Interpretation of Results and Discussion

5.1. Origin and Nature of Silicifying Fluids

Although relations between most quartz trace elements and the conditions of quartz formation
are not direct, recent studies suggest that the quartz trace element composition may be influenced by
the rate of crystallization [64], pressure, temperature [65], and fluid composition [66,67]. Nevertheless,
it has been shown that—like CL textures, colors and intensity—the concentrations of trace elements
vary systematically among ore deposit types [67], and thus can be used to fingerprint the type of ore
deposits. Combined with oxygen isotope signature, trace elements of quartz generations can be used
to constrain the origin and nature of the fluids responsible for the formation of the QB.

Quartz analyses yield low but detectable (<20 ppm) values of Ti except for quartz with concentric
zoning (>40 ppm). Additionally, all the quartz observed under cathodoluminescence display a weak
luminescence. Several authors showed that Ti content in quartz is positively correlated with the fluid
temperature and also with CL intensities [67-69], while Al is anti-correlated with CL intensity in most
of low temperature deposits (e.g., [70]). Such Ti-T °C relationship can be used to directly estimate the
temperature of the fluid in some specific case (i.e., the TitaniQ thermobarometer [71]).

Ti values for the QB indicate an overall temperature of formation below 350 °C [67], a value
consistent with temperatures obtained from fluid inclusion microthermometric studies at the End and
Andrew Lake deposit [26-29]. Concentric zoning with low and high Ti values (>40 ppm, characterizing
higher temperature) could reflect cyclic episodes of circulation of >350 °C fluids, which would agree
with concentric zoning and with the occurrence of dense trends of monophase vapor rich Fls at
the tip of some growth zones (Figure 7B). Associated with the bi-modal concentration of Al [67],
these observations support precipitation of quartz from a low temperature (<~350 °C) fluids, mixing
cyclically with high temperature (>~350 °C) fluids.

The §'80q,iq value of +3.9%o in average for microcrystalline quartz associated with hematite
points toward a magmatic origin (+5.5 to +10%s, although this may vary for a particular intrusion) for
the high temperature fluids [72,73]. This is consistent with the presence of the KIS at the presumable
time of emplacement of the QB (ca. 1750 Ma [46]). Moreover, oxygen isotopic values for the main
quartz generations of the QB are comparable to those obtained for quartz veins at the nearby Mallery
lake epithermal (low-sulfidation) deposit by Turner et al. [62]. The Mallery lake deposit displays
similar quartz brecciation formed at the time of emplacement of the KIS (ca. 1.75 Ga). In contrast,
brown-blue quartz precipitated from a fluid with a lighter §'80g,;q4 value of —0.62%o in average,
which could represent mixing between the magmatic derived fluids and a meteoric fluid: The 5'80puid
value of meteoric fluids at the latitude of the Kiggavik area at this time would have been ~—13% [74].
Such interpretation is consistent with the bi-modal distribution of Ti concentrations for this quartz
generation but also with the differences in concentrations for different trace elements between the
two quartz within the QB. This phenomenon is more easily explained by a fluid mixing rather by
changes in temperature for a same fluid (which could explained only the difference in §'80 values).
The two quartz generations have clearly different '80 values as the internal precision of the SIMS
measurements is <0.1%o. The observation of hematite surrounding magnetite in some microcrystalline
banded vein further supports an input of fluids with different redox signatures in the system.

Higher values of 518044iq (~12.9%) for microcrystalline quartz (another generation within the
same sample) could suggest a stronger input of magmatic fluids, which is however unsupported by
Ti values for this quartz generation. This apparent discrepancy could be explained by cooling of the
fluid before quartz precipitation. Contrasting 5'80g,,;q values between similar quartz generation in the
same samples (2 generations of microcrystalline quartz, deciphered on the basis of §!8Ogy;q) could
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be explained by a local effect of rock buffering within breccia cavity. As a result, veinlets would have
formed from an isotopically isolated fluid reservoir, thus yielding higher §'¥Oquart, values.

Cathodoluminescence observations support the above interpretations, as blue-purple quartz
luminescence is commonly found in quartz precipitated in magmatic/hydrothermal environments [75]
while brown luminescence is rather observed in sedimentary-diagenetic (i.e., lower temperature)
environments [76]).

The very low B content of the post-QB dark blue vuggy quartz could be explained by
co-crystallization of other minerals enriched in B in the uranium deposits of the Kiggavik area; such as
magnesiofoitite (dravite), which is commonly observed in environments seeing brine circulations [77].
Accordingly, the isotopic values for vug-filling euhedral quartz (post-QB) are consistent with those
obtained for quartz precipitated from relatively low temperature (~150 °C) brines in the Proterozoic
Athabasca [78] and Kombolgie basins [79,80] and linked to the formation of U deposits. Considering
that the QB predates the formation of the Thelon Basin, from which brines are likely derived, this
supports that brines circulated after the emplacement of the QB, in agreement with the findings of
Grare et al. [31]. In the Kiggavik area, the fluid inclusion studies by Pagel [26] on the hydrothermal
quartz, at Andrew Lake, and by Chi et al. [29] on the hydrothermal quartz, at End, are in agreement
with our observations. Indeed, these authors documented low temperature (100-200 °C)-high salinity
(25-38 wt % NaCl) fluids, low temperature (150-200 °C)-low salinity (<9 wt % NaCl) fluids, and high
temperature (200-300 °C)-low salinity (<9 wt % NaCl) fluids within the QB. Our study indicates that
low-T °C/high salinity fluids (brines) circulated after formation of the QB, while the high-T °C/low
salinity fluids are more characteristic of the QB that formed earlier in the history of the Kiggavik area.

Using data from several deposits type, it has been shown that deposits linked to low (Mississippy
Valley type, Carlin, Epithermal) and high (porphyry Cu-Au) fluid temperatures can be distinguished
one from another based on Al and Ti concentrations in quartz associated with orebodies [60].
Figure 9D plots Al-Ti concentrations for the main quartz generations in our study. The epithermal
domain of Figure 9D was built after data from low temperature (~100-350 °C) hydrothermal fluids.
The distribution is scattered even within one quartz generation (e.g., deep blue microcrystalline).
Primary (comb quartz) and secondary (“moss” quartz) textures [81,82] indicate primary quartz
deposition and recrystallization. Bobis [83] also attributed the rounded shapes of the moss texture
to recrystallisation of silica gel, which preserved the original structure and impurities of the silicate
phase. These quartz textures, along with recrystallized bladed calcite, also characterize phases of silica
precipitation by boiling and non-boiling hydrothermal fluids in a geothermal/epithermal system [84].
Some textures observed within the QB are typical of epithermal deposits, but they are rare. Commonly
encountered precious metals (e.g., Au, Ag) are lacking within the breccia even though they were
observed at the nearby Mallery Lake deposit [62]. However, such environment of formation is
consistent with the geochemical signature of quartz in the QB and is much more plausible for the
formation of the QB than orogenic Au and porphyric deposits.

To sum up, even though it is difficult to be truly conclusive with the measured trace elements
concentrations only, the combination of these data with oxygen isotope values and quartz textures
points toward a scenario in which high (magmatic-derived) and low (meteoric-derived) temperature
fluids interacted and mixed during silicification of the fault zone that led to the formation of the QB.
The important volumes of Si would have been provided by intrusive bodies of the KIS emplaced at
depth and related to the rift-related extensional tectonics that occurred at ca. 1750 Ma (Figure 10).
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Figure 10. Cross-section after Peterson et al. [46] and zoom in the zone of formation of the QB.

5.2. Fault Zone Processes Leading to the Formation of the QB: Cataclasis, Silicification and
Hydraulic Brecciation

Macroscopic observations of the QB and petrographic and textural observations on quartz,
although lacking a simple and clear chronology of events, provide additional constraints on
the processes behind its formation. Before emplacement of quartz cemented veins and breccias,
the superimposition of multiple generations of cataclasites indicates that a localized zone
of deformation was repeatedly reactivated during progressive deformation. The presence of
microcrystalline quartz in clasts generated before emplacement of quartz veins show that the pervasive
silicification of the fault zone was a syn-tectonic process. Regarding quartz-cemented fractures, the
common macroscopic textural observation of quartz cemented breccia with angular fragments and
jigsaw pattern indicates hydraulic brecciation [14] of the host rock. The pervasive silicification of the
fault zone was a first step (Figure 11A,B) before emplacement of the quartz veins and breccias of the
QB: It likely triggered fluid pressure build up in the fault zone leading to hydraulic brecciation of the
host rock, hence to the “building” of the so-called QB.

The complex patchwork of quartz textures observed under optical microscope shows a still
more complex pattern under cathodoluminescence, but highlights several events of quartz fracturing
(reworked quartz clasts) and recrystallization. The white quartz mass which displays fine-grained
subhedral quartz crystals also shows in some locations numerous fragments of earlier aggregates.
The conjugate trends of microcrystalline quartz likely reflect shearing in the quartz mass and
synchronous quartz recrystallization. A better evidence for such fracturing and synchronous quartz
crystallization is provided by white quartz veins in which euhedral quartz grains are surrounded
by microcrystalline quartz and other quartz of heterogeneous sizes (Figure 7F). We interpret this as
cataclasis and tectonic comminution (i.e., fracture propagation and wear abrasion) of previously formed
quartz mass and recrystallization of quartz (i.e., syn-tectonic). This process differs from the formation
of sub-horizontal quartz veins and hydraulic breccias related to transient fluid overpressurization
followed by fluid pressure drop and quartz precipitation [21].

To summarize, textures and crosscutting relationships of quartz cements reveal the following
sequence of events: (1) Episodes of brittle faulting and cataclasis, before silicification and
quartz-brecciation; (2) pervasive silicification of the fault zones (beginning of the QB event);
and (3) episodes of brittle fracturing synchronous with the circulation of silica-rich fluids (QB event).
During this last event, there were stages of hydrothermal hydraulic brecciation with slow and rapid
silica precipitation in relation to boiling of magmatic and/or meteoric fluids (trace elements and
180 data inconclusive). This boiling process is supported by the monophase fluid inclusions within
the quartz generations of the QB. The presence of 100% of monophase vapor inclusions can be only
explained by a boiling process, affecting either magmatic fluids (with a spatial separation between
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vapor and brines) or meteoric fluids heated due to emplacement of a magmatic intrusion at low depth
at ca. 1750 Ma. Boiling process can be marked in other geological environments by the presence of
monophase vapor fluid inclusions spatially associated with multiphase and of relatively high-salinity
brines due to demixion of the magmatic fluids. The absence of two-phase fluid inclusion in the
observed samples of the QB could indicate that the vapor migrated farther than the magmatic brines.
The hydraulic brecciation alternated with stages of fluid-assisted cataclasis and quartz recrystallization
(Figure 11A). Arrays of monophase fluid inclusions (vapor-rich) also indicate abrupt pressure drops
following rupture of the “seal” of the system [78]. The so-called QB therefore appears to be a composite
structural feature much more complex than previously thought, which consists of a mass of quartz
emplaced by alternating quartz healed hydraulic brecciation and tectonic-induced cataclasis with
synchronous quartz recrystallization during fault zone reactivation.
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Figure 11. (A) Evolution of inferred fault strength (frictional shear resistance) and fluid pressure in the
fault zone as a response of fluid pulse, fracturing and silica-precipitation. (B) Scheme depicting the
succession of events that produced the QB.

Intense multi-episodic hydraulic brecciation of the early fault zone at the time of QB formation
would have occurred during the interaction of two isotopically distinct fluids: Meteoric water,
mixed with a magmatic-derived fluid. The processes of faulting/fracturing discussed in this section,
that led to the formation of the QB, likely occurred at shallow depth (~2 km, [29]) and, looking at
relative chronology and geochemical constraints, were likely initiated by the emplacement of the
KIS (Figure 10). To a first glance, the fluid temperature of ~350 °C is not easy to reconcile with this
shallow depth even if considering an abnormal thermal gradient related to the emplacement of the
Kivalliq intrusions. We infer that hydrothermal fluids originated at a greater depth (about 5 km,
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which may indicate a 70° /km geothermal gradient), and flowed upward sufficiently fast to prevent
any significant cooling before they mixed with downward-moving meteoric fluids and precipitated the
quartz generations of the QB in thermal disequilibrium with the hosting basement rocks. Interestingly,
such a quartz cemented breccia and its complex spatial organization are similar to the meter-thick
hydrothermal quartz breccia related to the emplacement of an igneous intrusion described by Tanner
et al. [85] in Scotland.

We therefore propose a conceptual tectono-hydrological model for the QB formation involving
mixing of deep silica-rich fluids of igneous origin with downward-moving meteoric fluids. The possible
mechanisms allowing for such meteoric fluid downward flow in fault zones are either active seismic
pumping or passive meteoric infiltration throughout a permeable fault zone. We favor a mechanism of
syn-tectonic seismic pumping because beside the formation of quartz-filled fractures, the intrinsic low
permeability of the unaltered basement rock surrounding the fault zone and the impermeabilization of
the fault zone—including its damage zone—through multiple silicification events presumably make
a simple, gravity-driven downflow of meteoric fluids difficult, hence unlikely. Fluid pressure built
up at depth through the input of meteoric fluids and magmatic-derived fluids together with likely
pore cementation of basement rocks (that decreased porosity). Fluid mixed and flowed upward to
higher crustal levels along the fault zones which served as conduits (Figures 10 and 11). This upward
flow likely occurred cyclically as the fluid pressure evolved between hydrostatic and supralithostatic
(Figure 11A), depending, among other factors, on the sealing effectivity of the reactivated fault zone
by quartz precipitation [86]. In turn, fluid pressure increased during the QB event also likely favored
multiple reactivations of the high angle fault zone under the regional stress field.

5.3. Evolution of the Fault Zone Properties though Time and Structural Control on Later
Uranium Mineralization

The QB is found along many segments of the main fault (Figure 1C) trends, and uranium orebodies
are systematically spatially associated with more or less thick bodies of QB along these fault zones.
Even though a systematical study of QB thickness could not be undertaken throughout the area, the
QB was observed as being usually thinner where it is not associated with uranium mineralization,
which implies a possible control on later uranium mineralization by the thickness of the QB in
fault zones.

Cataclastic fault rocks formed before the QB should have displayed an initial high porosity,
but after pervasive silicification they likely ended with a low porosity comparable to that of the fresh
basement rocks, unlike strongly clay altered and fractured samples (Figure 6). Since the evolution of
the porosity can be to some extent directly linked to the evolution of permeability since it is controlled
by fracturing and mineralogical destabilization/dissolution, we can safely infer that these multiple
events of pervasive silicification, faulting/fracturing and quartz cementation caused the destruction
of the porosity (hence of the permeability) and thus directly impacted the fluid circulation within
the conduit.

At all deposits and prospects in Kiggavik, three main fracturing events postdate emplacement of
the QB (two stages of faulting/fracturing and uranium mineralization and one stage of faulting
and strong clay alteration [31]). The distribution of fractures and mineralization in some drill
holes intersecting uranium orebodies in the vicinity of the QB is shown in Figure 12A for Contact,
End, Bong and Andrew Lake. Post-QB fracturing and uranium mineralization are clearly restricted
to the hanging wall of the QB in Contact, where the thickness of the breccia is far greater compared
to the earlier silicified fault zone. At End, Andrew Lake and Bong, post-QB fracturing and uranium
mineralization are observed in both the hanging wall and the footwall, but still not within the QB
(inner zone). In the case of End, the QB displays lateral variations in thickness comparable—even less
important—to what is observed at Contact. This distribution indicates that post-QB fracturing was
preferentially localized in the hanging-wall and/or in the footwall of the OB, along its contact with the
host rocks, while most of the QB (core zone) remained poorly fractured.
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Figure 12. (A) Distribution of fracture density and uranium mineralization as a function of depth, for
selected drillholes from Contact (Cont), End, Andrew Lake (And) and Bong. Fracture density as black
lines; 0: Non-fractured drill-core, 10: Intensely fractured drill-core. Uranium mineralization in red:
U in ppm measured by assays, logarithmic scale). (B) Number of quartz veins as a function of depth
for Contact and End. (C) Simplified cross sections.
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A significant amount of quartz veins (Figure 12B) were observed up to the top of drill holes,
i.e., in the transition from the outer zone of the QB to the host rock. Such quartz veins are typically
re-opened and were also used as pathways for uranium bearing fluids at the first stage of uranium
mineralization [31]. Ore minerals are observed along the vein boundaries (Figure 13A) and cementing
orthogonal microfractures (Figure 13B,C; see also Chi et al. [29]). Quartz with uranium-oxides in their
vicinity display specific luminescence which has been described in many places worldwide [87-90];
it has been explained by the destabilization of the crystal lattice by radiation damages (due to liberation
of alpha particles through U?* decay series).

. o ot S - * ht e - P T
gm- : Dissolved quartz veins  «: U-oxides and sulfurs
& : Iron oxides _| : Interpretation boundaries

Figure 13. (A) Plane polarized light picture and interpretation drawing of a quartz vein network
guiding the mineralizing fluid along its boundaries. Quartz and iron oxides display evidence for
dissolution; (B,C) macroscopic drill core sample scan and interpretation drawing: Examples of a QB
related quartz vein bearing pitchblende (Pch) along edges or in orthogonal microfractures.

This change of the luminescence, together with the fact that the micro-fractures cemented with
uranium minerals crosscut several generations of quartz, show that formation of the QB and deposition
of uranium bearing minerals are two distinctive events, supporting isotope data on dark blue vuggy
quartz. Uranium minerals and associated specific luminescence are only observed in the vicinity of the
QB. Vuggy quartz precipitated from basinal brines (potentially U-bearing; [29]) are observed mainly in
the outer zone and in the vicinity of the QB and further demonstrate the barrier role played by the QB
in fluid flow partitioning. These observations suggest that the QB behaved as a rigid and hard body
compared to the weaker host rocks, so that later deformation preferentially localized in the host rocks
along the contact with the strong QB body.

Quartz veins in the outer zone of the QB form a network that, when microfractured, helped
focusing mineralizing fluid flow—thus creating local traps for uranium deposition. Post QB fractures
located in its vicinity acted as preferential pathways parallel to the QB for later, uranium-rich brines,
leading to deposition of uranium ore bodies at ca. 1500-1300 Ma for main stages [28-30]. To conclude,
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the silicification processes ultimately led to the building of a complex quartz-cemented breccia body,
up to tens of meters thick, acting as a transverse hydraulic barrier depending on the vertical and
lateral variations in thickness and the degree of quartz cementation. As a result, the distribution of
mineralization in the Kiggavik area was heavily controlled—at different scales—by the mechanical and
hydraulic properties of the reactivated pre-existing fault zones where the QB was emplaced. The QB
behaved as a mechanically strong, transverse hydraulic barrier, that localized later fracturing and
compartmentalized /channelized vertical flow of uranium-bearing fluids, hence orebodies (Figure 12C)
in its hanging-wall and/or footwall during fault zone reactivation.

Even if the 3D architecture is not perfectly constrained, and would deserve proper 3D geometrical
and kinematic modelling, we could expect that relays within the QB, vertical and horizontal
variations in thickness, and overlap between QB bodies would likely influence fluid flow properties
(e.g., fluid velocity)—hence would impact uranium deposition rate [91]. The quartz breccia in
the Kiggavik area seems to be a good example of the “physical seal” developed by McCuaig and
Hronsky [92] in their mineral system concept, in conjunction with other factors to generate ore in
a considered area.

6. Conclusions

Based on a structural analysis combined with vein cement petrography, trace elements, and
oxygen stable isotope analysis of quartz, we constrain the nature, emplacement and significance of the
QB which strongly controlled the location of uranium deposits in the Kiggavik area (Nunavut, Canada).
The formation of the breccia bodies appears to be linked to fluctuations in pressure, temperature and
compositions of fluids during tectonic reactivation of the fault zones along which the QB was emplaced.
Faults formed during syn- to post-orogenic rifting processes and formation of the Baker Lake basin
(ca. 1850-1750 Ma) were subsequently reactivated, and cycles of underwent pervasive silicification,
hydraulic brecciation, and quartz recrystallization linked to cataclasis. This was associated with the
circulation of meteoric-derived fluids mixing with Si-rich magmatic-derived fluids at depth. This is
interpreted to be linked to the emplacement of the KIS at ca. 1750 Ma.

Post-QB fracturing at 1500-1300 Ma was constrained in the hanging wall and footwall of the
QB, with flow of basin-derived brines being channeled along the fault zones where QB emplaced.
The network of quartz veins in the vicinity of the QB was a favorable pathway for circulation of these
uranium-rich fluids and related uranium precipitation, as they were re-opened and micro-fractured.
Thus, the QB bodies likely exerted a major structural and hydrological control on the formation
of significant uranium orebodies in the Kiggavik area. Beyond regional implications, this study
demonstrates how an unconventional trap was built in impermeable Archean basement rocks. It also
emphasizes the importance of the spatial organization, and long-term evolution of fault zones in the
location of uranium orebodies of economic interest.
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