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Abstract. The Proterozoic Athabasca Basin of northern Saskatchewan is one of the most important mining districts in Canada; hosting the world’s highest grade giant uranium deposits and prospects. In the basin, many of the near-surface deposits have been discovered; hence new ore deposits at greater depths need to be discovered. To help make new discoveries, 3D geological modeling in the GOCAD environment is being carried out for target generation. Here, we present our multidisciplinary approach, whereby a 3D geological model of the eastern sub-Athabasca basement of northern Saskatchewan was developed.
Introduction
The Athabasca Basin is the world's largest producer of uranium, accounting for about thirty percent of the world's uranium mine output. The extremely high-grade nature of its unconformity-type uranium deposits and their low discovery costs make the basin currently the most prospective uranium exploration province in the world, Ref. [1].
To better understand the genesis of these unconformity-type uranium deposits, we have been carrying out geological/geophysical investigations of the geology of the Wollaston Group and its underlying Archean basement over the last 25 years. These studies involved: 1) characterizing the basement geology in the vicinity of unconformity-type uranium deposits, 2) defining the role of basement lithologies and structure in the genesis of unconformity-type uranium deposits, 3) providing the lithological and structural architecture necessary for fully coupled modeling of the eastern Athabasca unconformity-type uranium deposits, and most importantly 4) identifying key exploration vectoring criteria using a combination of tools, including specifically the GOCAD software environment, as described in this paper.
Here, we present our multidisciplinary approach, whereby a 3D geological model of the eastern sub-Athabasca basement of northern Saskatchewan (i.e. the eastern and western Wollaston domains, the Wollaston-Mudjatik Transition Zone (WMTZ), and the Mudjatik Domain) has been developed in the common earth environment. The project was directed towards building a robust 3D model(s) of the upper 3-5 km of the Earth’s crust in three different scales: deposit-, district-, and regional-scale, using the GOCAD software platform (Paradigm) with the GOCAD® Mining Suite (Mira Geoscience).
Geological Setting
The ca. 1.75 Ga Athabasca Basin overlies basement rocks of the Archean to Paleoproterozoic Western Churchill Province, which is separated into the Rae Subprovince in the west and the Hearne Subprovince in the east by the northeast-trending Snowbird Tectonic Zone (SBTZ), Refs. [2, 3, 4] (Fig. 1). Basement lithological units of these two subprovinces comprise Archean orthogneisses, Paleoproterozoic paragneisses, and mafic to felsic intrusions, that were polydeformed and polymetamorphosed during the ca. 2.0-1.9 Ga Thelon-Talston orogeny in the west, and the ca. 1.9-1.75 Ga Trans-Hudson orogeny in the east, Refs. [3-6]. Most of the unconformity-related uranium deposits in the Athabasca Basin are located in variably reactivated, high-strain structural zones within the vicinity of the Wollaston-Mudjatik transition zone (WMTZ), which separates the Wollaston and Mudjatik lithostructural domains of the Hearne Subprovince, Refs. [6, 7] (Fig. 1). Uranium deposits in the Athabasca Basin are commonly associated with graphitic basement faults, that initially formed within old shear zones under ductile to brittle-ductile conditions during the Trans-Hudson Orogeny, and then reactivated episodically after deposition of the Athabasca Group, Refs. [1, 7-9].
The sedimentary rocks of the Athabasca Basin, known as the Athabasca Group, unconformably overly the crystalline basement, and sediment deposition started at ca. 1.75 Ga, Ref. [10] (Fig. 1). The current maximum thickness of the sedimen-tary cover is ca. 1.5 km (i.e. at Rumple Lake). However, it is interpreted to have reached a maximum thickness of ca. 5 km, based on P–T estimations from fluid inclusion studies, Refs. [11, 12].
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Figure 1: Location of the Athabasca Basin, including major lithostructural trends and major U deposits, modified/simplified from Ref. [1, 4, 6].
To better understand the geological setting of these unique giant deposits in the Athabasca Basin, seismic exploration methods were introduced across the Athabasca Basin of northern Saskatchewan and Alberta. As discussed by Ref. [13], seismic methods are extremely suitable to exploration in this geological setting because the uranium deposits typically occur at, above, and below the breached unconformity that separates a relatively undeformed clastic sequence from the underlying Archean/Paleoproterozoic crystalline basement rocks. As summarized by Ref. [13], the first successful program of high-resolution seismic methods in the Athabasca Basin took place during the Trans-Hudson Orogen (THO) Lithoprobe Project. This program led the way to many subsequent 2D high-resolution exploration surveys; Shea Creek in 1997, McArthur River in 2004, Russell Lake and Moore Lakes in 2004 and 2005, and then the Midwest Northeast and Millennium 3D high-resolution seismic surveys in 2007, see Refs. [13-16] for details.
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Figure 2: GSC Bouguer gravity map of eastern half of the Athabasca Basin, including basin outline and location of major U deposits and known prospects.
3D GOCAD methodology
Over the last 20 years, mineral exploration has evolved into a more rigorous quantitative science. A significant part of this exploration science makes use of a 3D GIS environment in which rich archives of diverse historical and recent exploration data sets can be integrated, analyzed, and interpreted for the purpose of targeting new ore deposits (i.e. vector tools). The 3D visualization and modeling software, GOCAD, was specifically designed for geoscience applications, so building these 3D common earth models using this environment/software appears to be a very efficient and effective tool for characterizing and exploiting the regional-, district- to mine-scale 3D common earth models of ore deposits and for determining the complex processes that produced the economic mineralization. For example, the complex spatial and geological relationships between lithological units, geological structures, geochemical data, alteration data, and geophysical data can be studied in detail. As well, a wealth of knowledge of ore-forming processes can be integrated into and queried by what-if scenarios within the geostatistical module of the GOCAD environment. Finally, it can provide quantification of ore volumes, and most importantly for exploration programs, it can provide quantification of the alteration zones (i.e. footprints) of ore deposits.
Data acquisition and subsequent modelling was performed at different scales in order to display and correlate between regional-, district- to mine-scale 3D common earth models and their structural framework. All the modelling was carried out with gOcad (Paradigm) and GOCAD Mining Suite (Mira Geoscience).
The regional-scale model of the eastern sub-Athabsca basement complex is based upon extensive geological investigations over a 16-year period, as discussed in Ref. [6] and shown in Fig. 3. Detailed field mapping and core logging, in combination with interpretation of aeromagnetic maps provided a framework for identifying major shear zones, fault zones, and lithostructural domains (Fig. 4). Combined with structural analysis from interpreted seismic profiles and ground magnetic/gravity profiles, a geological 3D-model of the eastern sub-Athabsca basement was upgraded (i.e. reconstructed). Additional constraints are/will be provided by new drill hole and geophysical data sets as they become available, as well as additional potential field modelling, such as 3D inversions.
District-scale (i.e. semi-regional scale) modelling has mainly concentrated on some of the larger JV properties with known mineralization, such as the former JNR Resources Inc. Moore Lakes and Way Lake properties, where enough drill holes were available to allow construction of a semi-detail to detail model. Geological modelling was carried out using abundant drill core data, associated structural cross sections, and numerous airborne and ground geophysical surveys. At Moore lakes a pseudo-3D seismic survey was carried out, which provided extremely valuable 3rd dimension information, see Ref. [14]. The conceptual model was then tested and validated by observations from the drill cores.
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Figure 3: Thermotectonic evolution stages/events (A to F; circa 1860 - 1720 Ma) of the eastern sub-Athabasca basement complex, from Ref. [6].
Mine-scale 3D geologic modeling was carried out at Fraser Lakes zone B (1,300 m × 630 m × 328 m) using the GOCAD and GOCAD Mining Suite software packages. The Fraser Lakes zone B was specifically selected from the Way Lake property due to its fair to good outcrop exposures of the various Archean and Paleoproterozoic lithological units, including the U-mineralized granitic pegmatites and leucogranites. As discussed in Ref. [17], four main types of data were used to build the 3D GOCAD model of Fraser Lakes zone B: 1) A set of about 25 drill hole logs provided by JNR Resources Inc. The drilling pattern consists of subparallel, NWSE–oriented fences of drill holes. The drill holes provided geological, petrological, and downhole logging data, such as whole-rock geochemistry and radiometrics. Whole-rock geochemical data were available along sections of all of these drill holes, 2) Outcrop data from historical and recent geologic mapping and prospecting programs on the Way Lake property, including the Fraser Lakes uranium mineralization, 3) Airborne geophysical surveys that trace conductive geophysical anomalies in the basement and trend of fault structures associated with these rock types, and 4) Eight interpreted, roughly subparallel, vertical cross sections, constructed from detailed logging and mapping of lithological units and structures within the drill cores.
At Fraser Lakes zone B, the cross sections and drill holes served as geometrical constraints for building triangulated surfaces within the GOCAD and GOCAD® Mining Suite software environment, representing boundaries of the geologic units and structures. The building of surfaces were carried out using the Discrete Smooth Interpolation method, Ref. [18]. A volumetric model (i.e., voxet) was derived exrternally from the partition of space by triangulated surfaces. Three main first-order volumes within the voxet were defined following the dominant lithology, age, and geochemical properties: Paleoproterozoic metasedimentary gneisses,  Archean orthogneisses, and U-mineralized granites/granitic pegmatites of Hudsonian age. These GOCAD results soon led to a NI 43-101 technical report of inferred resources for Fraser Lakes Zone B.
3D regional GOCAD model
Our eastern sub-Athabasca basement model is constrained by both geological studies and geophysical techniques, such as topographic, outcrop, drill hole, petrophysical, and petrological data, along with geophysical potential field, electrical, and high-resolution regional seismic data, in order to better understand the regional- to district-scale tectonics and controls on the uranium mineral system(s) operating pre-, syn-, and post-Athabasca deposition. The resulting data were interpreted and visualized as 3D-surfaces and bodies in GOCAD.
[bookmark: _GoBack]Our model reveals a framework of key lithological contacts, major high-strain zones, and the setting of unconformity-type uranium deposits. As a result, this new knowledge is being used to identify key exploration vectoring criteria for unconformity-type, magmatic, and metamorphic/metasomatic uranium deposits and to delineate new exploration targets in the basin. Hence, this regional-scale 3D GOCAD model can be utilized as a guide for exploration activities within the region (e.g. picking new drill targets). As well, this 3D model reveals the complex crustal architecture of the sub-Athabasca basement underlying the Athabasca Basin and the complex structural-alteration features of its associated unconformity-type deposits (Figures 4, 5, 6, 7). Eventually by adding a time component, our model will be used to construct a schematic 4D (i.e. 3D through time) geological evolution model for the eastern Athabasca Basin.
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Figure 4: Overhead view in the GOCAD environment of key lithotectonic domains, major high-strain zones, and major unconformity-type uranium deposits, from Refs. [6-9].
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Figure 5: Overhead view of thermotectonic interpretation of the eastern sub-Athabasca basement draped on top of the tilt derivative aeromagnetic data.
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Figure 6: High-angle view in 3-D showing key lithotectonic features and location of U deposits on top of the semi-transparent Athabasca unconformity. Below are the different Bouguer gravity layers.
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Figure 7: Overhead view in 3-D showing key lithotectonic features and location of U deposits on top of the semi-transparent Athabasca unconformity. Below is the tilt derivative aeromagnetic data.
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Figure 8: Two regional high-resolution seismic profiles from McArthur River and regional Lithoprobe Seismic Line S2B intersecting the upward tilted surface of the 1st derivative aeromagnetic map. 
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Figure 9: High-resolution 2D seismic lines cutting through the 3D voxet of the Moore Lakes uranium deposit. Drill holes are denoted as red lines with a blue collar.
Discussion and Conclusions
Building of the 3D GOCAD models have promoted the integration of many different geological, geochemical, and geophysical data sets, and most importantly promoted checking of data consistency. These simple to complex common earth models can be used with geostatistics and querying to define different mineralized envelopes of a particular deposit. The 3D models are giving us the capability to check and validate our geological hypotheses. The 3D models are being developed and used as a prospective tool for uranium exploration, in conjunction with the research of others [20, 21, 22, 23].
Results to date indicate that we have a much better understanding of the eastern Athabasca geological environment that we are exploring in for hidden uranium deposits. From this acquired knowledge, we can successfully pick high-priority lithostructural-,  geochemical-, and/or geophysical drill targets in the search for new uranium resources. Ultimately, this will lead to drilling/discovering new uranium deposits in less time.
In summary, the GOCAD common earth environment allows integration of multiple geological, geophysical, geochemical, and petrophysical data sets from surface to depth. As a result, we are able to manipulate and visualize the regional- to district- to mine-scale architecture of the Wollaston fold-and-thrust belt (Figures 4, 5, 6, 7, 8, 9) and its intersection with the Athabasca unconformity, especially with the aid of high-resolution seismic profiles (Figures 8 and 9). Most importantly, high-resolution seismic profiles and deeper drilling constrain the 3rd dimension. In addition, the GOCAD model can be imported easily into other modeling applications (e.g. FLAC3D, OST3D, HST3D, among other numerical modeling codes) for gaining further knowledge about the mineral systems that produced these giant ore deposits [21, 22].
In conclusion, our research is bringing new insight(s) to the role of the Archean/Paleoproterozoic basement in the genesis of unconformity-type U deposits of the Athabasca Basin. The ultimate test of our modeling exercises will be the drilling of some new deposits.
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