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Abstract 

The Noranda camp is a world-class region for volcanogenic massive sulphide (VMS) 

deposits hosted in the 2704-2695 Ma volcanic Blake River assemblage, Abitibi greenstone belt. 

Of the ~20 VMS deposits (past production ~225 Mt ore) in the Noranda camp, the most recent 

discovery of the West Ansil deposit in 2005 was attributed to the integration of multidisciplinary 

data (geological mapping, drilling data, geochemical data and geophysical surveys), in a 3D 

modelling platform (GoCAD). Although there has been limited success since the discovery of 

West Ansil (depth from the surface: 270 m), continued exploration has shown some potential at 

greater depth, such as the showing at 1300 m depth in the Ribago area evident by drill logs and 

core samples. VMS deposits in the study area occur less than 750 m below the surface, with the 

exception of Ansil, which occurs at a depth of 1260 m below the surface.  

 This research focuses on the potential for new deeper discoveries of VMS mineralization 

along known synvolcanic structures to help guide camp-scale exploration. A new implicit 

(interpolant-based) 3D geological model was built from an updated 2017 drill hole database 

combined with primary lithological interpretation from the 2005 3D GoCAD geological model in 

Seequentôs Leapfrog® Geo®. The 3D geological model is coupled with a 3D representation of 

geochemical alteration signatures, mass-balance calculations, and normative minerals. Compared 

to existing models, the new model has a depth of 2.5 km compared to the previous 1.5 km and 

provides geochemical vectors that consider structural trends resulting from synvolcanic faults, 

which are the inferred pathways for hydrothermal fluids. Structural trends guide the 3D 

interpolation of alteration models and extend to greater depths, highlighting metal-bearing 

hydrothermal fluid pathways. 

The proposed VMS targets were developed using 3D block model integration of the 3D 

geological model and all the developed 3D numeric models of alteration. Using queries, the block 

model highlights the proximal alteration zones associated with VMS deposits at the intersection 

of known synvolcanic faults and exhalite horizons in the area.  In addition, the targets were 

developed considering the possibility of multiple stacked sulphide lenses deeper in the stratigraphy 

and the effect of zone refining was evaluated.  

The developed queries yielded two potential targets in the Noranda South camp and seven 

potential targets in the Noranda Main camp. The Main camp targets are associated with the 

Beecham, Lewis, and Corbet exhalite along synvolcanic faults associated with high values of 

alteration and the gains/losses of major elements. Despite the sparse structural data, alteration-

modelling results of the South camp targets show VMS-style alteration extending southwest of the 

Beauchastel fault, with high values of normative alteration index and gains in Fe and Mg 

concentrated in the Powell andesite of the Powell block. Most of the potential targets occur at a 

depth range between 400-800 m, with the exception of three targets (MCT-3, MCT5, and MCT-

7) that occur below 1,000 m depth. In addition, most of the drilling in the area did not extend 
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deeper than the developed targets, as in the case of one potential target associated with Beecham 

exhalite. The target shows substantial alteration near the Beecham breccia horizon, but none of the 

drill  holes in the area intersects the horizon.   

The new 3D model and exploration targets presented here highlight the potential for VMS 

discoveries at greater depth if specific key structural trends are integrated with 3D alteration 

models. The potential targets are deeper than existing drill holes in the area (historical and new). 

The new 3D implicit geological model has improved on Noranda's previous 3D explicit geological 

model, mainly as the exhalite horizons have been updated using new contact points derived from 

recent and historical drill holes. The new 3D model can be dynamically updated as exploration 

progresses and new data becomes available. In addition, structural trends control the flow of rising 

hydrothermal fluids and are a key input to highlight deeper prospects.  

Keywords 

3D implicit geological modelling, VMS exploration, Noranda camp, Numeric modelling, Block 

modelling, Exploration targets, Leapfrog® Geo, Noranda 3D geological model. 
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Chapter 1  

1 Introduction 

The Noranda Camp is an economically significant part of the Abitibi greenstone belt 

(AGB). It is host to base and precious metal deposits of volcanogenic massive sulphides (VMS) 

with lesser amounts of orogenic gold and intrusion related Cu +/- Au +/-Ag (Roberts, 1956; 

Monecke, 2017). The largest economic deposit are the Au-rich Horne (53.7 Mt, 2.22% Cu, 

6.06 g/t Au, 13 g/t Ag) and Quemont (13.82 Mt, 1.32% Cu, 2.44% Zn, 5.49 g/t Au, 30.9 g/t 

Ag) VMS deposits (Mercier-Langevin et al., 2011a). The research conducted in the Noranda 

camp over the past century has significantly contributed to the VMS deposit model and 

exploration strategies for this deposit type (Martin et al., 2007; Gibson et al., 2007a). The 

volcanic-hydrothermal model of VMS deposits has evolved with the development of refined 

geological and geochemical exploration methods. This research project focuses on deep VMS 

exploration using geological and geochemical relations and targeting methods in a 3D 

environment. The relations and targeting methods are primarily derived from the VMS deposit 

model (Gibson et al., 2007a). In addition, previous geochemical vectoring in the Noranda Camp 

was in a 2D environment (De Kemp et al., 2011), and there is much need for 3D geochemical 

exploration as exploration moves to deeper regimes. 

 Over the past decade, 3D modelling programs have been improved in terms of 

efficiency and process simplicity. One of the most notable improvements includes the 

development of FastRBFTM interpolant (Fast Radial Basis Interpolant) (Cowan et al., 2003; 

Hodkiewicz, 2009). It is an industry-revolutionizing algorithm powering Leapfrog® 

(Seequent, 2021). The main difference between RBF and FastRBFTM is that FRBF can quickly 

process a large number of data points using regular computers. Whereas fitting an RBF is 

considered impractical for datasets over 1000 points, FRBF can overcome these limitations and 

reduce the processing time. The interpolantôs algorithm has extraordinary extrapolation 

capabilities and is widely regarded as the most superior implicit modelling engine on the 

market (Seequent, 2021). Over the past decades, such technological advances in 3D modelling 

have allowed the technology to become mainstream and part of the exploration toolbox for 

VMS or any exploration targeting. The implicit platform (interpolant-based modelling) has an 

inherent advantage over the previous 3D explicit geological model of Noranda developed by 

Martin in 2005, mainly because it is time efficient and allows for multiple interpretations. 
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Furthermore, it allows for dynamic updating of drill  holes and surfaces. Leapfrog® is also 

capable of extracting structural information directly from modelled surfaces. In this 

contribution, structural trends are applied to the 3D numeric models of alteration, which has 

not been accomplished in the previous work.  

In recent years, multiple research projects based on 3D mineral exploration were carried 

out that use 3D modelling platforms/technologies (e.g., Blewett et al., 2010; Czarnota et al., 

2010; Henson et al., 2010). These research projects highlight the various workflows dedicated 

towards guiding camp-scale exploration and uncover areas with potential for mineral deposits 

(e.g., Fallara et al., 2006; Martin et al., 2007; de Kemp et al., 2011; Bellefleur et al., 2014). 

However, previous methods of 3D exploration were carried out on an explicit 3D modelling 

platform, which uses manual 3D digitization of wireframes to develop a contact surface. The 

stratigraphic continuity at depth is entirely based on the geologist's interpretation using drill 

holes. In contrast, implicit modelling uses an interpolant function that honors 3D spatial data 

points to develop contact surfaces. This allows to develop 3D contact surfaces directly from 

lithologic contact points that are derived from drill hole data. In addition, previous 3D 

exploration studies have not considered structural trends in the 3D modelling of alteration 

zones. Some key 3D exploration studies are highlighted in the following section. 

Fallara et al. (2006) demonstrated how robust 3D maps can be used as interactive tools 

for mineral deposits exploration using two examples of 3D models, i.e., Joutel VMS mining 

camp and the Duparquet gold camp. The research discusses the creation of the model and the 

queries specific to the relevant exploration models. The developed targets are dependent on the 

details of the chosen queries, but it is apparent that this technique has the potential to generate 

promising exploration activity that can engender new targets. Additionally, the paper highlights 

the advantages of validating geological interpretations by considering geophysical and 

geochemical data.  

Martin et al. (2007) developed a 3D ñCommon Earth Modelò of the Noranda camp, 

which involved the compilation (historical and recent) and importing multi-disciplinary 

datasets (geological, geochemical, and geophysical) and the propagation of the derived 

properties throughout the 3D model. The results led to the discovery of the West Ansil mine, 

which is accredited to the use of GoCAD software. The 3D platform aided in the understanding 

of the data and defining relationships between the various datasets. The target was defined by 

a series of quantitative (proximity and property) queries and visual queries. 
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De Kemp et al. (2011) presented the 3D GIS applications that aid in interpreting 

relationship patterns amongst faults, folds, and geochemical trends with examples from the 

Noranda mining region. The paper also highlights the applicability of 3D GIS to support the 

discovery of new mineral resources at depth.  

Bellefleur et al. (2014) constrained their 3D model in the Noranda camp by using 

seismic reflection data derived from two seismic profiles, i.e., Ribago and Amulet. The seismic 

data interpretation is facilitated with the detailed three-dimensional geologic model built from 

an extensive number of exploration boreholes and is further supported by physical rock 

property measurements using borehole geophysics. The paper determines the use of 2D seismic 

imaging techniques to provide essential information on the geologic contacts and structures 

associated with VMS deposits at depth. The results indicate that seismic methods can image 

prospective contacts and deep-seated massive sulphide mineralization and be a valuable 

exploration tool in the Noranda mining camp. 

This study uses an implicit 3D modelling platform (Leapfrog®) to reconstruct the 3D 

geological model of the Noranda mining camp. The exploration strategies are based on the 

VMS deposit model, which focuses on specific stratigraphic markers indicative of volcanic 

hiatuses, key structural features representing hydrothermal upflow zones, and using 

hydrothermal alteration, represented in the whole rock geochemistry, as a prime indicator for 

the migration of metal-bearing hydrothermal fluid. Previous alteration models are 

predominantly isotropic and lack any directional trend marked by synvolcanic fault structures. 

Here it is shown that using structural trends help reveal possible exploration targets deeper 

along these structures.  

1.1 General geology 

The Blake River assemblage of the Abitibi subprovince developed between 2704-2695 

Ma (Thurston et al., 2008; McNicoll et al., 2014; Monecke et al., 2017). The Blake River Group 

(BRG) is part of the Blake River assemblage and covers the youngest submarine volcanic rocks 

of the AGB (Thurston et al., 2008; McNicoll et al., 2014; Monecke et al., 2017). The volcanic 

rocks of the BRG represent the host rocks to the VMS deposits of Noranda Camp (Gunning, 

1937, 1941; Gunning and Ambrose, 1940; Monecke et al., 2017). 

In the Noranda area, the Blake River assemblage is bounded by the Porcupine Destor 

Fault (PDF) in the north and the Larder Lake-Cadillac Fault to the south (LLCF). Major faults 



4 

 

further subdivide the volcanic stratigraphy into distinct structural blocks (Monecke et al., 

2017). The area between the PDF and Hunter Creek fault is known as the Hunter block. The 

region between the Hunter Creek fault and the Beauchastel faults and the Beauchastel and 

Horne Creek faults are known as Flavrian and Powell blocks. The Horne block is much smaller 

and lies south, between the Horne Creek fault and Andesite fault. The area between the 

Andesite fault and the CLLF is known as the Rouyn-Pelletier block. In addition to several 

structural blocks, the Noranda camp occupies the central to eastern parts of the BRG in Quebec 

and is further divided into smaller camps (Fig 1.1). The subdivided camps include the Northeast 

camp (Mobrun, Bouchard-Hébert deposits), East camp (South Dufault, Gallen-West 

MacDonald, Pinkos deposits), West camp (Aldermac, Baie Fabie-Magusi, Inmont and 

Halliwell deposits), Northern central camp (NCC Fig 1.1; West Ansil, Ansil, Old Waite, Vauze, 

East Waite and Norbec deposits), Southern central camp (SCC Fig 1.1; Amulet, Millenbach, 

Corbet deposit), and South camp (SC Fig 1.1; Horne, Quemont, DôEldona, and Delbridge 

deposits). This study is focused around portions of the Northern central, Southern central and 

Southern camps. 

 

Fig 1.1 General map of the Noranda Camp highlighting the Noranda camp and the major camp subdivisions 

(Mercier-Langevin et al., 2011b) 
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The BRG consists of several submarine volcanic and volcaniclastic sequences. The 

volcanic rocks are predominantly bimodal in composition (basalt ï basaltic andesite ï andesite 

versus rhyodaciteï rhyolite). Some volcaniclastic units are pyroclastic in origin, but most result 

from flow fragmentation (Ross et al., 2007; Mercier-Langevin et al., 2008; Ross et al., 2011a, 

b). The major formations of the BRG from youngest to oldest include Noranda formation, 

Bousquet formation, Dupuis formation, Carmac formation, Horne formation, Hebecourt 

formation, Duprat-Montbray formation, Rouyn-Pelletier formation, and Renault-Dufresnoy 

formation (Fig 1.2). 

The BRG hosts 31 VMS deposits, including past and current producers (Card and 

Poulsen, 1998; Mercier-Langevin et al., 2011b). The VMS deposits of the Noranda camp occur 

in the Noranda formation of the BRG. Most deposits are hosted within the Noranda Caldera, 

bounded to the north by the Hunter Creek fault and Horne Creek fault to the south. 

 

Fig 1.2 Regional map of Blake River Group highlighting the Noranda Formation and VMS deposits (Mercier-

Langevin et al., 2011b) 

1.1.1 Volcanism 

The rocks of the Noranda complex comprise a 7-9 km thick succession of bimodal 

mafic volcanic rocks that erupted during five significant cycles of volcanism. The term ñMine 

Sequenceò was assigned to the third volcanic cycle (Gibson and Watkinson, 1990; Mercier-

Langevin et al., 2011b) as the formation of massive sulphides coincided with this period of 

intense magmatic activity (third volcanic cycle) and the formation of the Noranda caldera 

(Hannington et al., 2003). The ñmine sequenceò (Noranda formation) straddles the Flavrian 

pluton and Powell blocks and also overlaps the neighbouring blocks to the NW (Hunter Block) 

and SE (Horne Block), respectively. The ore lenses associated with this sequence were formed 

during volcanic hiatuses that are more or less materialized by a single stratigraphic horizon. 
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Based on the synthesis of Gibson (1989), cycles 1 and 2 are the pre-caldera construction phases, 

whereas cycles 4 and 5 post-date caldera evolution (Gibson and Watkinson, 1990; Mercier-

Langevin et al., 2011b). 

1.1.2 Deposit types 

After a century of exploration, 20 economic volcanogenic massive sulphide (VMS) 

deposits and about 19 orogenic gold deposits, along with several intrusion-hosted Cu-Mo 

deposits and occurrences, have been discovered in the Noranda Camp (Gibson et al., 2007b). 

The most recent significant discovery of the West Ansil deposit was in 2005 (Martin et al., 

2007). The VMS deposits of Noranda Main camp characterize the typical ñNoranda typeò 

deposits. They are formed as lenses or masses of sulphides sitting on top of discordant sulphide 

stringers (feeders) formed near (tholeiitic-transitional) effusive centers. In contrast, the VMS 

deposits of the Noranda south and northeast camps (Horne and Bouchard-Hebert) are generally 

larger, tabular in shape and formed at least in part by sub-seafloor replacement of felsic 

volcaniclastic rocks (Gibson and Galley, 2007; Monecke et al., 2017).  

1.1.3 Alteration 

Hydrothermal alteration in these rocks is interpreted to reflect large-scale hydrothermal 

fluid flow associated with rapid crustal extension and rifting of the volcanic complex. The 

alteration includes abundant albite, chlorite, epidote and quartz (silicification), which exhibit 

broad stratigraphic and structural control and correlate with previously mapped whole-rock 

oxygen isotope zonation patterns, which are interpreted to map high-temperature upflow zones 

(Cathles, 1993; Hannington et al., 2003). The ñMine Sequenceò volcanic rocks are 

characterized by abundant iron-rich chlorite (Fe/Fe+Mg > 0.5), hydrothermal amphibole 

(ferroactinolite) and coarse-grained epidote of clinozoisite composition (<10 wt% Fe2O3) 

(Hannington et al., 2003). Alteration in the ñMine Sequenceò volcanic rocks persists along 

strike well beyond the limits of the primary ore deposits (as far as several tens of kilometres). 

It can be readily distinguished from greenschist facies metamorphic assemblages at a regional 

scale (Mercier-Langevin et al., 2011a). These deposits are generally associated with extensive, 

concordant to locally discordant sericite and quartz alteration envelopes and proximal zones of 

chlorite ± carbonate alteration of varying intensity (Piercey, 2009; Monecke et al., 2017). 
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1.1.4 Deformation 

Two major fault zones bound the BRG: the PDF to the north and the CLLF to the south 

(Pearson and Daigneault, 2009; Monecke et al., 2017). Rocks of the BRG were subjected to 

major north-south shortening events (regional D2) (Powell et al., 1995; Mercier-Langevin et 

al., 2011b). However, the deformation is heterogeneously distributed within the BRG; the 

central part is characterized by tilting of the strata and by the presence of major folds, whereas 

the northern and southern margins are characterized by the presence of laterally extensive 

shears and tight folds (Mercier-Langevin et al., 2011b). The BRG rocks are predominantly 

metamorphosed to lower greenschist facies (north) with subordinate lower amphibolite (south) 

facies (Jolly, 1980; Dimroth et al., 1983c; Gélinas et al., 1984; Powell et al., 1995). 

1.1.5 Study area 

The study area includes the Flavrian block, Powell block, and Horne block. These zones 

comprise the Noranda Main camp and part of the Noranda South camp. The Noranda formation 

is the primary lithology in this area and is bounded within the Noranda Caldera. The Noranda 

formation within the Noranda camp is characterized by effusive bimodal basalt and basaltic 

andesite flows and subordinate rhyolite flow dome complexes, including minor (less than 5%) 

pyroclastic deposits (Dimroth et al., 1983a; Paradis et al., 1988; Mercier-Langevin et al., 

2011b). Rocks in the Main camp dip shallowly to the east at 35ï60° and are underlain and 

intruded by the sub-volcanic Flavrian pluton, whereas the rocks in the rocks of the southern 

part are folded and dip at steep angles (Gibson, 1990; Kerr and Gibson, 1993; Mercier-

Langevin et al., 2011b). 

1.2 Thesis objective 

The project focuses on developing exploration targets for deep-seated (>750 m) VMS 

deposits in the Noranda camp (NC) using lithogeochemistry from a drill hole database and 

implicit 3D data-modelling and integration platform (Seequentôs Leapfrog® Geo®). The 

current drill hole dataset included 4,891 drill holes combined with 5,633 whole-rock 

geochemical samples and 9,924 samples from historical datasets. The goal is to define volumes 

of interest and guide further regional-scale exploration in 3D. Objectives include; 

¶ Construct a 3D geological model of Noranda Main and South camp in an implicit 3D 

modelling platform 
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¶ Quantify alteration using mass balance and normative alteration from geochemical 

analysis and evaluate the alteration composition in 3D and their spatial relation to VMS 

deposits 

¶ Generate and evaluate potential targets in 3D using spatial data analysis techniques 

 
Fig 1.3 General geology, main lithological units, and the VMS of the Noranda Main and South camp (Modified from 

SIGEOM, 2019) 

1.3 Methodology overview 

The project is based on an implicit (interpolant-based) 3D modelling platform that 

allows for dynamic updating of the geological model as the camp develops. Various 

multidisciplinary datasets, including Digital Elevation Model (DEM) data, geological maps, 

diamond drill hole (DDH), assay data, and geochemical data (historical and recent), are 

integrated into the Leapfrog® 3D platform for 3D geological modelling and 3D alteration 

modelling. The 3D geological model is primarily based on 2D geological maps and DDH data. 

At the same time, 3D geochemical data analysis and assay illustrate the alteration geochemistry 

associated with VMS deposits and its association to exhalites and synvolcanic faults, including 

the high-grade portions of the VMS deposits. The targets are developed using 3D queries on a 

3D block model integrated with the 3D geological model and 3D alteration model. The queries 
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are designed to highlight proximal alteration zones along synvolcanic faults and their 

intersection with exhalite horizons. 

1.4 Structure of the thesis 

The thesis has two chapters; the first chapter summarizes the regional geology and 

geodynamic setting of the Blake River Group to facilitate the interpretation of the main 

geological domains. In addition, the thesis objective and an overview of methods are 

highlighted in this chapter.  

The second chapter is a manuscript entitled ñVolcanogenic massive sulphide targeting 

in the Noranda Camp: Using a 3D implicit modelling platform for deeper exploration through 

the integration of structural and geochemical vectorsò intended for publication in a peer-

reviewed scientific journal. It discusses the key characteristics of the VMS model, alteration 

lithogeochemistry associated with VMS mineralization, and the mineralogical changes induced 

by metamorphism on alteration. In addition, the second chapter also discusses the implicit 3D 

modelling platform (Leapfrog®) and its advantages over traditional 3D modelling platform 

(GOCAD) particularly in deriving structural trends, 3D alteration modelling, and target 

generation.  
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Chapter 2  

2 Volcanogenic massive sulphide targeting in the Noranda Camp: 

Using a 3D implicit modelling platform for deeper exploration 

through the integration of structural and geochemical vectors 

2.1 Introduction 

Volcanogenic massive sulphide deposits are exploration targets, generally because of 

their polymetallic characters, such as Cu and Zn,  and high value per tonne. The ability to target 

these deposits through a combination of geological, geochemical, and geophysical techniques 

makes these deposits more favorable. In Noranda, the observation that mound-style VMS 

deposits are formed at the intersection of synvolcanic faults and exhalites was a key to develop 

the VMS model (Gibson, 2007). Some of the main VMS discoveries in the Noranda camp were 

based on mapping and careful interpretation of geological relationships combined with 

geophysical and geochemical tools. The more recent discoveries were attributed to using a 3D 

modelling platform and 3D GIS Integration (Martin et al., 2007; Monecke et al., 2017). 

However, no new deposits have been discovered since 2005, which might imply that the 

possibility of new near-surface (<750 m) discoveries might be exhausted, and a focus on deeper 

and larger deposits is warranted.  

The 3D geological model of Noranda was developed in GoCADTM (i.e., explicit model) 

and was credited with the 2005 discovery of the West Ansil deposit (Martin et al., 2007). Thus, 

any significant updates involving new drill hole data would require a complete rebuild of 

surfaces using wireframes, a tedious endeavor. Additionally, the 3D alteration models of 

Martin et al. (2007) are isotropic, i.e., they lack structural or stratigraphic (synvolcanic fault 

and/or exhalite) trends. Exhalites in the main camp represent periods of volcanic inactivity and 

are marked by volcaniclastic and tuffaceous units or an abrupt change in lithofacies. 

Synvolcanic faults act as conduits for rising, hot hydrothermal fluids that result in alteration. If 

such faults were part of the 3D exploration workflow, any structural information derived from 

these faults might provide 3D trends to help constrain and predict alteration along hydrothermal 

fluid pathways. Thus, using the synvolcanic faults identified using radiometric dating as 

structural trends for 3D alteration modelling provides the capability to define new deeper VMS 

targets along these fault structures. 
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This work presents a new 3D geological model constructed using an implicit 3D 

modelling platform (i.e., Leapfrog®) and a 2017 updated drill hole database. An implicit 

modelling platform has an inherent advantage over explicit geological modelling, mainly due 

to the dynamic updating capability of Leapfrog® and the ability to extract structural trends 

directly from modelled 3D surfaces (Hodkiewicz, 2009). The target generation process is 

similar to previous 3D exploration strategies, i.e., using a 3D block model with integrated 

properties. The key properties include the 3D geological model, hydrothermal alteration, and 

metal concentrations of samples. The quantified hydrothermal alteration is based on the relative 

gains and losses of major elements to the least altered samples of multiple precursors system 

using mass balance. In addition, normative alteration indices are also estimated to model the 

hydrothermal alteration proximal to VMS mineralization. Whereas higher metal concentrations 

are highlighted in 3D using the assay data, particularly around exploration targets. The final 

potential targets are developed using queries and filters that are applied to 3D block model 

properties. Further properties are attributed to cells with specific values of proximal affiliation 

to key stratigraphic markers and synvolcanic structures. These properties are primarily based 

on the conceptual VMS exploration model (e.g., Gibson et al., 2007a) to guide the target 

development process. The new 3D model is capable of proposing potential target zones deeper 

than the locally deepest drill hole, which is made possible by the implicit modelling and 

following key structural trends. 

2.1.1 VMS exploration in Noranda 

The first discovery in the Noranda camp was the Horne deposit. In the following years, 

prospecting in the Noranda Main camp led to discovering several outcropping VMS deposits, 

including the Amulet Upper A, Amulet C, and Old Waite deposits in 1925 (Monecke et al., 

2017). The continued exploration resulted in the discovery of the Amulet F deposit at a shallow 

depth of 40 m in 1929. The Amulet Lower A deposit was discovered at a shallow depth of 200 

m in 1937 (Monecke et al., 2017). Subsequent discoveries in Noranda Main camp were based 

on mapping and interpreting geological relationships combined with geophysical and 

geochemical tools (Boldy, 1979; Gibson et al., 2007b). These innovative methods led to the 

discovery of the Vauze in 1957, Norbec in 1961, Millenbach in 1966, Corbet in 1974, and Ansil 

in 1981. The Ansil deposit is among the deepest discoveries of VMSs globally, located at a 

depth of 1280 m (Monecke et al., 2017).  
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Several major deposits are discovered by targeting intersections between marker beds 

and interpreted synvolcanic faults in areas showing extensive hydrothermal alteration. Most 

prominent are the Corbet deposit in 1974 and the Ansil deposit in 1981 (Monecke et al., 2017). 

More recently, in March 2005, the West Ansil VMS deposit in the Noranda main camp was 

discovered using the same approach with the added support of 3D modelling technology 

(Martin et al., 2007). The 3D geological model of the Noranda camp was built using an explicit 

3D modelling platform (GoCADÊ). The 3D geological model was constructed using 

wireframes based on 2D sectional interpretations developed in the Noranda Camp from 

approximately 10,000 drill  holes in the surface and underground databases. The geological 

model and alteration models were integrated into a 3D block model. The target was defined 

using several quantitative (proximity and property) queries. The previous 3D block model 

contained approx. 11,000,000 cells each measuring 50*50*25 meters. Each cell in the block 

model was populated with lithology, structural data, assay value, alteration indices, physical 

rock properties, mineralization, and drill hole data. The results led to the discovery of the West 

Ansil deposit (270 m depth) (Martin et al., 2007). More recently, deeper showings have been 

detected in the Noranda camp; for example, the showing at 1300 m proximal to the Ribago 

zone (Fig 2.1) establishes the possibility for deeper VMS deposits. 

 

Fig 2.1 Massive sulphide lens showings proximal to Ribago zone at 1300m depth. The core sample is acquired from 

2017 drilling projects (Falco Resources, 2017). 

2.2 Geology of the Noranda camp 

Parts of the volcanic rocks of the Blake River Group (BRG) (Fig 2.2) are favorable 

hosts to VMS deposits of the Noranda camp (Fig 2.3) (Gunning, 1937, 1941; Gunning and 

Ambrose, 1940; Wilson, 1948a; Monecke et al., 2017). The BRG is a part of the 2704-2695 

Ma Blake River assemblage, hosting the youngest submarine volcanic rocks of the Abitibi 

greenstone belt (Monecke et al., 2017) and is bounded in the north by the Porcupine Destor 

fault zone (PDFZ) and by Larder Lake-Cadillac fault zone (LLCFZ) in the south (Fig 2.2). The 

BRG is subdivided into distinct structural blocks bounded by major faults (Monecke et al., 

2017). The region between the Hunter Creek ï Beauchastel faults is termed the Flavrian block. 
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The area between Beauchastel ï Horne Creek faults is referred to as the Powell block, while 

the Horne block lies between Horne Creek and the Andesite fault. The Horne and Powell blocks 

are age equivalent and share lithological similarities with the volcanic succession exposed in 

the Rouyn-Pelletier block south of the Andesite fault (Monecke et al., 2008; Moore et al., 2014; 

Moore, 2015; Monecke et al., 2017).  

 

Fig 2.2 Subsection image of the Superior Craton highlighting the location of the Blake River Group (green) and 

major bounding structures, including Porcupine-Destor fault zone (PDF) in the north and Larder Lake-Cadillac 

Fault (LL CF) towards the south (Monecke et al., 2017). 

 

Fig 2.3 Regional map of Blake River Group highlighting the Noranda Formation and the location of VMS deposits. 

The study area is highlighted in a red square (Mercier-Langevin et al., 2011b). 

The Noranda camp is located in the central-eastern part of the BRG near the town of 

Rouyn-Noranda. The volcanic succession hosting VMS deposits, the Noranda formation, has 

a stratigraphic thickness of approx. 2,000 m (Monecke et al., 2017). It is dominated by coherent 
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basalt, andesite, and rhyolite flows that are intercalated with minor (<5%) amounts of 

volcaniclastic deposits formed by explosive volcanism (Dimroth et al., 1982; Paradis et al., 

1988; Gibson, 1990; Mercier-Langevin, 2011b). The Noranda camp is subdivided into Noranda 

Main camp, Noranda South Camp, Noranda East camp, Noranda North-East camp, and 

Noranda West camp (Fig 2.4).  

 

Fig 2.4 Main subdivision of the entire Noranda Camp with the study area represented as a black square. The 

subdivisions include the north-east camp, east camp, south camp, west camp, and the main/central camp. The 

main/central camp is further subdivided into northern (NCC) and southern parts (SCC) (Mercier-Langevin et al., 

2011b) 

The study area comprises parts of the Flavrian, Powell, and Horne blocks located in the 

Noranda Main camp and the northern part of Noranda South camp (Fig 2.5). The study area 

includes several major intrusions, including the synvolcanic Flavrian pluton and Powell pluton 
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and the Lac Dufault pluton (Monecke et al., 2017). The Flavrian pluton represents the 

synvolcanic intrusion that had a shallow depth of emplacement within the host rocks of the 

Noranda camp (Kennedy, 1985; Richard, 1988; Mercier-Langevin et al., 2011b). The Powell 

pluton occurs within the Powell block. The Powell pluton is considered the equivalent of 

Flavrian pluton separated by Beauchastel fault based on high-precision dating (Monecke et al., 

2017). However, the volcanic host rocks of the Main and South camps are lithologically 

different, suggesting slightly different age groups (McNicoll et al., 2014). The study area also 

includes the western part of the Lac Dufault pluton. A U-Pb zircon age of 2690.3 Ma (+2.2 

Ma, -2.0 Ma) (Mortensen, 1993) indicates that this intrusion formed after the submarine 

volcanism of the Blake River Group. Diorite-gabbro dikes and sills occur throughout the 

volcanic stratigraphy hosting the VMS deposits of the Noranda camp. They form a particularly 

dense network in the area, mainly north and west of the Lac Dufault pluton (Kerr and Gibson, 

1993; Mercier-Langevin et al., 2011b; Monecke et al., 2017). 

 
Fig 2.5 2D geological map of the study area, Noranda camp highlighting the main lithological units, 2D faults, and the 

VMS deposits of the Noranda Main and South camp. Deposits highlighted on the map are shown in the range of 

metric tons. Several previous seismic profiles and the recent metal-earth seismic profile are shown with deposits 

(Modified from SIGEOM, 2019). 
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The host rock of Noranda Main camp consists of a flow-dominated volcanic succession 

(Kerr and Gibson, 1993) consisting of mafic and felsic flows that were emplaced between 2700 

Ma (age of the late trondhjemite phase of the Flavrian pluton) and 2698 Ma (age of Dufresnory 

gabbro; McNicoll et al., 2014). In comparison, the host rocks of the Noranda South camp are 

among the oldest rocks in Noranda Camp (2702 Ma). They are predominantly composed of 

felsic volcaniclastic rocks emplaced in an extensional zone bounded by synvolcanic faults 

(Monecke et al., 2008; Monecke et al., 2017). The VMS deposits of the Noranda Main camp 

were generally formed by accumulations on the seafloor and are relatively small compared to 

the deposits of the Noranda South camp. The deposits of the South camp are formed through 

processes of sulphide infiltration and sub-seafloor replacement (Table 2-1 and Table 2-2) 

(Gibson, 1990; Galley, 1994; Galley et al., 1995; Setterfield et al., 1995; Ag (Monecke et al., 

2017). 

 

Fig 2.6 Generalized mound-style VMS deposit model with massive sulphide lens overlying a discordant stringer 

sulphide zone enveloped in hydrothermally altered rock. The diagram also shows base metal zonation indicated by 

numbered circles, with the highest numbers being Cu-rich and the lower numbers more Zn-rich (Gibson, 2007). 

The VMS deposits of the Noranda Main camp are classified as mound-style VMS 

deposit, which mainly occurs intercalated with coherent lithologies. They have two parts; a 

concordant (syngenetic) massive sulphide lens (>60% sulphide minerals) and a discordant 

(syngenetic to epigenetic) pipe-like sulphide/alteration zone occurring below the main massive 
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sulphide lens, referred to as the stringer zone (Gibson et al., 2007a; Monecke et al., 2017) (Fig 

2.6). The sulphide lenses can occur in multiple arrangements such as a single massive sulphide 

orebody overlying a stock work, clusters of multiple sulphide ore lenses and stockwork zones, 

and stacked sulphide lenses connected by stringer zones higher up in the stratigraphy (Fig 2.7) 

(Large, 1992). However, not all stringer zones that extend into the hanging connect to a 

sulphide lens at higher stratigraphic positions. On the other hand, VMS deposits in the 

volcaniclastic host rock, as in Noranda South camp, are generally more extensive and tabular 

in shape and form primarily by sub-seafloor replacement. They are typically not associated 

with stringer zones (Gibson et al., 2007a). 

 

Fig 2.7 A cross-sectional view of the Noranda Main camp portraying the mineralization style and designed to 

highlight relationships and general trends (de Kemp et al., 2011). 

The VMS deposits of the flow-dominated succession of the Noranda Main camp are 

associated with laterally restricted wall-rock hydrothermal alteration zones. These zones are 

well defined and have an outer sericite zone and inner chlorite zone. In Noranda South camp, 

the high permeability of the volcaniclastic host rocks results in a widespread alteration and 

more prominent alteration haloes beyond the footprint of the deposits (Monecke et al., 2017). 

The South camp alteration is characterized by a diffuse outer sericite (± carbonate) zone 

enclosing localized chlorite alteration associated with the deposits. These alteration zones 

exhibit variation in major element concentrations such as Fe-Mg gains (chlorite alteration), K 

gains (sericite alteration), and Na-Ca loss resulting from feldspar destruction (Large, 1992; 

Gibson et al., 2007a; Piercey, 2009). 

In some cases of the Noranda camp, the prolonged existence of a hydrothermal system 

has resulted in a process called zone refining caused by a high thermal gradient (Eldridge, 1983; 

Large, 1992; Gibson et al., 2007a; Monecke et al., 2017). Through zone refining, the hot 

hydrothermal fluids deposit Cu at the base of the deposit, re-dissolves Zn, Pb (± Au), and moves 
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them outwards towards the top of the lens (Monecke et al., 2017). In deposits with stacked 

massive sulphide lenses, the most in-depth lens has a higher (Cu/Cu+Zn)*100 ratios as zone 

refining occurred below the seafloor while the deposits were buried by younger lava flows 

(Kerr and Gibson, 1993). 

Table 2-1 Grade and tonnage of VMS deposits in the Noranda Main Camp shown in Fig 2.5 (Monecke et al., 2017) 

Deposit Mt ore Cu (%) Zn (%) Au (g/t) Ag (g/t) Depth (m) Years of operation 

Amulet Lower A 4.69 5.1 5.2 1.43 44.10 200 1937-1962 

Amulet Upper A 0.18 2.3 6.1 2.0 46.0 NA 1937-1962 

Amulet 11 Shaft 0.44 3.6 2.4 0.70 22.00 NA 1956-1962 

Amulet C 0.56 2.2 8.5 0.60 86.70 60 1930-1953 

Amulet F 0.27 3.4 8.6 0.30 46.30 40 1930-1937; 1944-1962 

Ansil 1.6 7.06 1.77 2.21 26.30 1280 1989-1993 

Bedford 0.23 1.45 - - - NA - 

Corbet 2.65 2.92 1.57 0.84 17.48 750 1979-1986 

East Waite 1.50 4.1 3.25 1.80 31.00 500 1952-1961 

Millenbach 3.48 3.42 4.28 0.91 46.25 730 1971-1981 

Norbec 4.6 2.61 3.88 0.65 43.8 400 1964-1976 

Old Waite 1.12 4.7 2.98 1.10 22.00 200 1928-1930; 1937-1948 

Ribago 0.48 0.4 7.9 1.9 23.3 600 - 

Vauze 0.36 3.1 2.2 0.69 30.78 50 1961-1965 

West Ansil 1.13 3.35 0.29 0.82 7.45 270 - 

 

Table 2-2 Grade and tonnage of VMS deposits in the Noranda South camp shown in Fig 2.5 (Monecke et al., 2017) 

Deposit Mt ore Cu (%) Zn (%) Au (g/t)  Ag (g/t) Years of operation 

Horne 53.7 2.22 - 6.06 13.0 1927-1976, 1985-1989, 1994 

Horne 5 112.7 0.18 0.85 1.53 16.44 1967-1976 

Joliet 2.08 1.0 - - - 1952-1959, 1961-1974 

Quemont 13.82 1.32 2.44 5.49 30.9 1949-1971, 2001 
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The VMS deposits in the Noranda camp occur along synvolcanic faults, which control 

the location of volcanic vent structures and the flow of hydrothermal fluids responsible for the 

transportation of metals (Gibson et al., 2007a; Piercey, 2009; Monecke et al., 2017). In 

addition, the mound-style VMS deposits of the Noranda camp occur along exhalite surfaces 

representing the paleoseafloor. These stratigraphic intervals are marked by a thin clastic-

chemical sedimentary unit or an abrupt change in lithofacies or lithofacies composition. These 

intervals represent hiata in volcanic activity, a necessary ingredient for VMS mineralization, 

development, and preservation in a flow-type environment. The Noranda Main camp VMS 

deposits are associated with five main stratigraphic intervals exhalites, including Corbet 

(Flavrian Andesite and Northwest Rhyolite), Lewis (Northwest Rhyolite and Rusty Ridge 

Andesite), Beecham (Rusty Ridge Andesite and the Amulet Rhyolite), C contact (Amulet 

Upper member and Millenbach Andesite), and Main contact (Millenbach Andesite and 

Millenbach Rhyolite) 

In addition to VMS deposits, several structurally controlled quartz-carbonate orogenic 

gold deposits occur in the Noranda South camp that are genetically associated with the LLCF 

(Monecke et al., 2017). The entire Noranda camp's total metal endowment, including Horne 5 

deposit, contains a reserve of more than 2.7 million tonnes of Cu, 3.0 million tonnes of Zn, 625 

tonnes of Au, and 4554 tonnes of Ag (Monecke et al., 2017). 

2.3 Methods 

The 3D exploration is accomplished by integrating various 3D datasets acquired from 

multiple sources. The datasets used in the construction of the 3D model include DEM data 

(United States Geological Survey, USGS), 2D geological maps acquired from online databases 

(SIGEOM), recent drilling data including the 2017 drill holes (Falco Resources Ltd.), and 

previously modelled 3D contact surfaces (Martin et al., 2005). The 2D maps include the 

geological information, lithological data, and contact boundaries that provide the surface 

representation of modelled 3D contact surfaces. The 2017 updated drilling data includes 4,891 

drill  holes totall ing 1,886,770 meters of drilling. Contact surfaces from the previous (Martin et 

al., 2007) 3D geological model show the 3D continuity of these contact surfaces and their  

lithologic boundary, providing information for grouping the new drilling contact points based 

on the corresponding stratigraphic contact surfaces and the lithologic boundary. The grouped 

3D drilling contacts are used to model individual surfaces in the complex geology of the 

Noranda camp. Geochemical datasets used to evaluate and quantify alteration include 15,557 
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whole-rock geochemical samples (Falco Resources Ltd.). The samples included previously 

analyzed 9,924 samples (Martin et al., 2007) with the addition of 5,633 samples from recent 

drilling (Fig 2.8). Furthermore, the targets are evaluated in metal concentrations and zonation 

using 19,070 assay samples (Falco Resources Ltd.). 

 

Fig 2.8 Geochemical samples in 3D space (A) plan view of sample distribution in 3D space (B) sample distribution 

viewed from west in 3D space to highlight the general depth of the samples  

The VMS model has provided the qualitative characteristics and relationships that have 

major significance to exploration. Previous research by Martin et al. (2005) provides a 

framework based on the VMS model, where exploration datasets are used to predict the 

location of VMS deposits. Exploration datasets are imported into a single platform where the 

datasets are integrated and interrogated in a common GIS environment. The integration process 

involves the 3D representation of these qualitative characteristics derived from the VMS model 

as quantifiable data. Subsequently, data analytics is conducted by interrogating the spatial 

relations of geologic features, geochemical anomalies, and VMS occurrence. The qualitative 

characteristics of the VMS exploration model include the hydrothermal alteration zones around 

VMS deposits and the associated gains and losses of major elements. In particular, the 

occurrence of mound-style VMS deposits along exhalites and synvolcanic faults predominantly 

in felsic lithologies. The mound-style deposits form through seafloor precipitation during 

volcanic hiata near hydrothermal upflow zones (Gibson, 2007; Piercey, 2009). 

2.3.1 Geological model 

Data compilation and importing of datasets are the most time-consuming and essential 

parts of the 3D geological modelling process. The process of importing datasets includes fixing 
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errors within the drilling and geochemical data, such as missing and overlapping intervals and 

null or non-empirical values. In addition, lithological codes are simplified using the primary 

lithology based on the drilling logs. The lithological definitions provided by Falco Resources 

simplified the lithological codes from the drilling data into overburden, mafic, felsic, diorite, 

exhalite, sulphide, and intrusion units. The drill hole contacts from the lithological units are 

used to develop the contact surfaces of the Noranda geological model. The reconstruction of 

the geological model develops important geological surfaces for this study, including 

synvolcanic faults and exhalite surfaces. Other outputs of geological modelling include 

lithological contact surfaces and lithological volumes. The 3D geological model provides the 

platform to relate alteration trends with major lithologies and contacts. Alteration trends within 

the geochemical data are determined using the alteration box plot (Large et al., 2001), which 

is comprised of the Ishikawaôs Hashimoto (AI)  (sericite) (Ishikawa et al., 1976) and the 

chlorite-carbonate-pyrite (CCPI) (chlorite) alteration index.  Furthermore, alteration is 

quantified using geochemical data analysis techniques, such as normative alteration indices 

based on metamorphic grade and mass balance estimations to highlight the gain and loss of 

individual elements in relation to the least altered precursor.  

2.3.2 Geochemical techniques 

The general alteration trends are first evaluated on the alteration box plot (Large et al., 

2001). The alteration box plot uses elemental ratios and calculates alteration indices to 

highlight the general diagenetic and hydrothermal alteration trends within the geochemical 

data. However, to develop camp scale alteration trends, normative alteration indices are 

developed using CONSONORM_LG (Trépanier et al., 2015). It is a normative mineral 

calculation program that approximates the metamorphic paragenesis of low-grade 

metamorphic rocks within the ACFMNK tetrahedron. These normative alteration indices are 

based on the ratio of alteration minerals to total rock minerals except quartz and are relatively 

insensitive to lithological variations compared to elemental ratios. The alteration minerals are 

calculated using the excess/deficit of major element concentrations in altered samples. 

CONSONORM_LG calculation sequence of normative minerals is based entirely on diagrams 

that use thermodynamic data, making CONSONORM_LG a more generalized version (i.e., 

applicable to metamorphosed volcanic rocks of sub-greenschist to amphibolite facies) of other 

normative methods such as NORMAT (Trépanier et al., 2015). 
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The normative alteration indices also provide added constraints in the screening process 

to filter out the least altered geochemical samples for mass balance analysis. The least altered 

samples are used to model the fractionation trends representing the unaltered precursor 

composition of altered samples. Subsequently, the multiple precursor method (MacLean, 1990; 

MacLean and Barrett, 1993) quantifies the overall element gains and losses relative to the least 

altered samples. Using MacLeanôsô multiple precursor method (MacLean, 1990; MacLean and 

Barrett, 1993; Barrett, 1994), gains/losses of elements were estimated using binary plots of 

immobile (Al -Ti) elements. The method uses Al and Ti immobile major elements to include 

the entire whole-rock geochemical dataset. 

To carry out the mass balance estimates, we need to classify the samples into mafic 

(basalts to basaltic andesite) and felsic (andesite to rhyolite) sequences. The classification is 

the main requirement of MacLeanôs multiple precursor mass balance method that uses Al-Ti 

plots (Maclean and Barret, 1993; Barrett, 1994). The Ti-enrichment in mafic volcanic rocks 

produces a sharp curve in the fractionation trend at the andesite and basaltic andesite transition 

on the Al -Ti plot (Fig 2.9) (MacLean and Barrett, 1993), which is what necessitates the 

classification. This method of mass balance estimation calculates the precursor composition by 

solving the intersection of a modelled least altered fractionation curve and the alteration lines 

of samples, as shown in (Fig 2.9 and Fig 2.10) (MacLean and Barrett, 1993; Gaboury, 2004). 

The Al-Ti plots are based on major elements and incorporate the entire geochemical 

dataset of 15,000+ samples to develop camp-scale alteration trends of mass balance results. 

The classification is carried out using a general ternary diagram that groups the samples into 

mafic (basalts-basaltic andesite) and felsic (andesite-rhyolite) sequences that exhibit Ti-

enrichment and depletion, respectively. It is based on immobile major elements (Al-Ti) of 

volcanic rocks and uses silica as a fractionation monitor. Si is a mobile element but has a high 

gradient for alteration and meaningful plots for classification (see: Geochemical sample 

classification). Some inaccuracy can result from highly silicified or silica-depleted rocks, 

which are addressed using the nugget effect in 3D modelling. The nugget effect represents a 

local anomaly in sampled values, one that is substantially different from what would be 

predicted at that point based on the surrounding data. Increasing the nugget value effectively 

emphasizes the average values of surrounding samples rather than on the actual data point. 
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Fig 2.9 Graphical representation of TiO2 vs. Al2O3 immobile element plots highlighting the intersection of the 

fractionation line and alteration lines as the precursor composition relative to mass gains/losses (MacLean and 

Barrett, 1993) 

 

Fig 2.10 Graphical representation of Zr vs. TiO 2 immobile element plots highlighting the intersection of the 

fractionation line and alteration lines as the precursor composition relative to mass gains/losses (MacLean and 

Barrett, 1993) 
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2.3.3 Alteration/numeric models 

The normative alteration indices and mass gains/losses values are analyzed in a 500-

meter domain around the West Ansil deposit in 3D to determine the range of alteration around 

a VMS deposit. The sample density around the West Ansil deposit is high, which would 

produce accurate 3D relations in localized zones. The domained estimator function creates a 

histogram diagram summarizing the number of samples in each specified bin size around the 

West Ansil deposit. The mean values of the alteration index or mass gain/loss derived from the 

samples in individual bins are overlaid on the binary plot using the third axis. The histogram 

helps quantify the range of alteration and trends in mass gain/loss around a specific VMS 

deposit. The West Ansil deposit has the necessary sample density to derive meaningful values 

for the range of the trends. 

After using an appropriate base range for the 3D numeric models, hydrothermally 

altered zones are developed using the normative alteration indices and mass gain/loss values. 

The 3D numerical modelling of alteration is based on the RBF (radial basis function) 

interpolant, which approximates a specific type of Kriging called Dual Kriging (Horowitz et 

al., 1996), also known as Global Kriging. Similar to Kriging, RBF interpolation does not use 

an overly-simplified method for estimating unknown points but produces a variogram function 

that models the known data and provides an estimate for any unknown point. Where Kriging 

is limited to a local search neighbourhood, RBF utilizes a global neighbourhood, which makes 

RBF well suited for producing large-scale trends. The critical differences between Kriging and 

RBF estimators are how the developed 3D mesh surfaces (contacts or faults) are constrained 

and how they extrapolate from known data (Table 2-3). 

2.3.4 Software and exploration targets 

Implicit modelling is a relatively new 3D modelling approach in which the 3D 

modelling of a surface is accomplished using an interpolant function between drill hole contact 

points (Seequent, 2019). Whereas 3D modelling in explicit modelling platforms is 

accomplished using a time-consuming technique involving manual construction of wireframes 

across multiple sections (Hodkiewicz, 2009). As a result, implicit 3D models are updated easily 

compared to explicit 3D models, and multiple data sources are easily incorporated in the 

lithological interpretations, including contact surfaces from other 3D models, structural data, 

and GIS vector data. Due to the dynamic updating, Leapfrog® is flexible and allows for testing 

multiple interpretations of surfaces (Hodkiewicz, 2009). In addition, 3D contact surfaces are 
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guided at greater depths using a global 3D trend developed from a 3D moving plane (Cowan 

et al., 2003). Global trends are applied to guide the extrapolation behaviour of the contact 

surface in sparse data domains. In comparison, explicit 3D modelling provides more control 

on the construction of lithological surfaces as each surface is developed using multiple well-

interpreted cross-sections (Kentwell, 2019). The surfaces are developed using multiple 

manually built wireframes connected across multiple sections to represent a contact surface. 

These interpretations are made entirely based on individual geological teams rather than using 

built-in parameters, making it difficult to replicate similar results.  

The interpolant enables the fast construction of geological surfaces directly from drill 

hole contact points (Cowan et al., 2003, 2011; Kentwell, 2019). It incorporates all of the 

available drilling data in the construction of lithological contact. This study updates the 

stratigraphic surfaces, including the exhalite horizons, by generating new contact points from 

drilling data. The modified surfaces potentially include new zones for mineral prospectivity. In 

addition, using the surfaces from the 3D geologic model, Leapfrog® can extract structural 

information directly from mesh surfaces used to develop anisotropic numerical models using 

individual surfaces as structural trends. Structural trends derived from the updated horizons 

guide the interpolation of the 3D alteration models, which has not been previously 

accomplished. The structural trends create a flat ellipsoid anisotropy that varies in direction 

with the mesh, allowing for a more directed interpolation in the 3D alteration models (Henson 

et al., 2010).  

Several inputs can be used to direct structural trends, including field-derived structural 

data and 3D mesh surfaces, i.e., modelled exhalite and synvolcanic fault surfaces. Structural 

trends derived from synvolcanic faults and exhalites are applied in the 3D alteration models to 

guide the interpolation. The integration of structural information develops more realistic 

alteration shells and potentially highlights deeper prospective zones along these structures. 

Previously, synvolcanic faults or exhalites were not used to constrain/guide the 3D alteration 

models as developing localized trends that represent changes in surface continuity were not 

possible, and this is a unique feature of Leapfrog®. In addition, appropriate weights for strength 

and the range of structural trends are set for each surface. In addition to 3D alteration models, 

several distance-based models are created around the exhalites and synvolcanic fault surfaces. 

The added measures to the exploration targeting process defined new deeper potential targets 

in the Noranda camp. 
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The resultant geological, geochemical, and distance-based models are integrated into a 

3D block model for querying. It is also known as a common earth model or a voxel model. A 

3D block model consists of smaller blocks or cells, wherein each cell is loaded with data from 

the geological and numerical models. They include lithology, multiple alteration indices, 

elements loss/gains, and distance-based models. It is a powerful dynamic tool for developing 

3D spatial and quantitative queries with relevance to exploration targeting. Therefore, a set of 

3D spatial queries that reflect real-world processes associated with VMS deposits are 

developed to highlight potential zones of mineralization. 

Table 2-3 Comparing Kriging and RBF interpolants  (Seequent, 2021) 

 Simple Kriging Ordinary Kriging RBF 

Estimator Type Local Local  Global 

Spatial Model Type Data-driver variogram Data-driver variogram Data-driver variograms 

Spatial Model Sample 

Weighting 
Based on variogram Based on variogram Based on variogram 

Extrapolation behavior 
Estimator will drift to the 

specified mean 

Estimator will drift to the 

search neighborhood 

mean 

Drift behavior is chosen 

either specified mean or 

automatic 

2.4 Results 

2.4.1 3D geological modelling results 

Acquired datasets including DEM data (USGS), 2D maps (SIGEOM), drill hole data 

(Falco Resources Ltd), previously modelled contact surfaces (Martin et al., 2007), geochemical 

samples (Falco Resources and Martin et al., 2007), and assay samples (Falco Resources) are 

imported to Leapfrog® in their respective formats. 

First, elevation data is extracted from DEM and is used to develop the topography with 

an overlain 2D geological map over the study area (Fig 2.11). Secondly, the lithological codes 

from the drilling data are simplified into overburden, pluton, diorite, felsic, and mafic rock 

types using the standardized lithological codes developed by Falco Resources Ltd. Contact 

points are developed between individual rock types (such as felsic and mafic contact points). 

However, drill hole contact points with less than 25 meters of uniform lithologic thickness on 

respective sides are excluded from generating decisive contact points. The derived drill hole 
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contact points (such as; felsic/mafic contacts) are further grouped based on their spatial 

association with representative stratigraphic formations and fault blocks (i.e., Amulet rhyolite-

Rusty Ridge andesite contact in Fault Block 3) (Fig 2.12). Furthermore, contact lines are 

developed on the topographic surface from the 2D geologic map (Fig 2.11) using polylines 

(Fig 2.12). Third, a volume of rock (14 km N-S, 14 km E-W, and 2.5 km elevation) is developed 

over the study area representing the 3D geological model frame (Fig 2.13). The specified 

volume includes most of the known main deposits in the area and allows for deeper target 

generation. The volume is divided into six smaller blocks, as shown in Fig 2.13, mainly to 

facilitate geological interpretation along faults where the 2D geological map shows a 

significant lithological displacement. The fault vertices are derived from the previous (Martin 

et al., 2005) 3D fault surfaces. Fourth, contact surfaces are developed for individual fault blocks 

in chronological order, which determines the crosscutting relations between contact surfaces. 

In summary, the surfaces are integrated with stratigraphic contacts determined from the 

geological map and drilling data combined with the general dipping angle estimated from the 

3D moving plane (Fig 2.12) and the interpretation of surface continuity from the previous 

GoCAD 3D geological model (Fig 2.14). The 3D plane is used to model the global trend and 

is set in the direction of the 3D contact points. Finally, the 3D geological model is constructed 

by activating the contact surfaces in individual fault blocks. The activation cuts the 3D volume 

along contact surfaces with the respective lithology on either side. 

The 3D surfaces are integrated with the data points from previous (2005) 3D contact 

surfaces to guide the first order of interpretations of the stratigraphic and structural continuity 

in the current study, especially in sparse data regions. As multiple data inputs are used to 

constraint a surface, it can produce inconsistent results when two datasets spatially overlap. 

The snap to data feature in Leapfrog® allows specifying the appropriate spatial data points for 

surface generation. In addition, consistent surface interpolation at greater depth (data-sparse 

regions) requires a global trend. Each surface has a distinct trend analyzed from a 3D moving 

plane set parallel to drilling contact points.  
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Fig 2.11 Lithological information  from ArcGIS 2D maps (SIGEOM, 2019) (A) Attribute table highlighting  the 

formation and lithologic description (B) Geologic map of Noranda highlighting the different lithologies. 

 

Fig 2.12 Integration of multiple data including drill hole  contacts, map contact, and the trend from the 3D moving 

plane to constrain the Rusty Ridge Andesite-Amulet Rhyolite surface in fault block 3 

There are multiple contact surface generation options in Leapfrog®, including deposit, 

erosional, and intrusion surfaces. The surfaces are developed in a specific chronological order 

to set accurate cross-cutting relations. The overburden is modelled as the youngest erosional 
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surface, which cross-cuts all lithologies older than the overburden. The intrusive plutons, i.e., 

Flavrian, Powell, and Dufault plutons, are the 2nd youngest intrusion surfaces in the Noranda 

camp, while the diorite intrusions are the 3rd youngest intrusions. Lithological contact surfaces 

are modelled using a combination of erosional and deposit surfaces in individual fault blocks. 

The 3D geologic model (Fig 2.15) constitutes 76 lithological surfaces over six structural fault 

blocks (Fig 2.16). In addition to lithological surfaces, five exhalite surfaces and 13 synvolcanic 

faults (Fig 2.17 and Fig 2.18) are also modelled in 3D. 

 

Fig 2.13 Fault blocks of the Noranda 3D geological model based on lithological displacement shown on 2D maps and 

the 3D interpretation of the surfaces from the previous 3D geological model (Martin et al., 2005) 

 
Fig 2.14 3D contact surfaces of Rusty Ridge Andesite-Amulet Rhyolite in fault block 3 (A) GoCAD 3D surface 

vertices are integrated with the 3D interpolated surface of Rusty Ridge Andesite-Amulet Rhyolite contact; both are 

shown for comparison (B) Leapfrog® 3D surface shown separately with the GoCAD 3D surface. 
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Fig 2.15 3D geological model of Noranda, highlighting the primary  volcanic lithology of the Noranda, its diorite 

intrusions, and the parts of the plutons. The 3D model provides the interpolated lithological boundaries and volumes, 

faults, and exhalite surfaces. 

 

Fig 2.16 The image shows the collective view of 71 lithological contact surfaces applied as constraints in constructing 

the entire 3D geological model and highlights the general dipping direction of the stratigraphy. 

N 
S 

North-south 

cross section 

of West Ansil 
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Fig 2.17 The main structural features of the Noranda camp showing synvolcanic faults. The distance to known VMS 

deposits is projected on fault surfaces and highlighted as circled zones on individual faults. 

 

Fig 2.18 The main stratigraphic marker of Noranda Main camp highlighting key exhalite horizons, i.e. exhalites 

modified from the previous (Martin et al., 2005) 3D geological model. 
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2.4.2 Geochemical sample classification 

The sample classification is critical for mass balance estimation to ensure the precursor 

compositions are as accurate as possible. Most of the classification diagrams are based on major 

elements that are primarily mobile, and the concentrations are highly affected during 

hydrothermal alteration and cannot produce accurate classification results. A ternary diagram 

(5Si-15Al-300Ti) was developed to classify the samples into mafic (Ti enrichment) and felsic 

(Ti depletion) subgroups to illustrate individual fractionation trends for mass balance 

estimations. Using a ternary plot with immobile elements helps mitigate the displacement effect 

of alteration on the samples and produces a distinct fractionation trend.  

We developed the ternary classification diagram using a subset of samples (2,500 

samples) with analyzed trace element data. The samples are initially classified using the Pearce 

(1996) volcanic rocks classification diagram, which uses a ratio of Zr/Ti on the y-axis and 

Nb/Y on the x-axis (Fig 2.19). The classified samples are displayed on the Zr-15Al2O3-300TiO2 

ternary diagram, with Zr as fractionation monitor, to determine if the Pearce classification is 

represented accurately (Fig 2.20 A). The basalts (Pearce classification) show a clear Ti 

enrichment along with samples from basaltic andesite-andesite subgroup (Fig 2.20 A). In the 

following step, Zr is substituted with 5Si as a fractionation monitor (Fig 2.20 B). The samples 

classified using the Pearce diagram are used to develop the fractionation boundary between the 

andesite and basaltic andesite composition on the 5Si-15Al-300Ti ternary diagram (Fig 2.20 

B). 

Geochemical plots of the Zr-15Al-300Ti ternary diagram show the samples conforming 

to a distinct fractionation trend. The mafic samples on the Zr-15Al-300Ti ternary diagram (Fig 

2.20 A) exhibit clear Ti enrichment as generally observed in mafic volcanic rocks (Barrett and 

Maclean, 1993).  Since Zr data is not available for the entire dataset, Zr is replaced with 5Si as 

a fractionation monitor in the Zr-15Al-300Ti ternary diagram to classify the entire geochemical 

dataset (Fig 2.20 B). Si has a high gradient for any changes in concentration caused by 

hydrothermal fluid alteration and, therefore, produces meaningful plots for classification 

compared to other major mobile elements.  

Finally, the classification is applied to the entire dataset using 5Si-15Al-300Ti (Fig 

2.21). Samples classified as mafic (basalt-basaltic andesite) rock types show strong Ti 

enrichment trends (Fig 2.21), whereas felsic (andesite-rhyolite) samples show Ti depletion 
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trends (Fig 2.21). This method provides relatively accurate results to classify hydrothermally 

altered samples into mafic (basalt-basaltic andesite) and felsic (andesite-rhyolite) subgroups 

using only major elements. The main output of the classification is that two fractionation curves 

are developed for each of the classified subgroups with their respective samples, fractionation 

trend, and alteration lines. The classification avoids the dual intersection of alteration lines with 

two different parts of the fractionation trend caused by Ti enrichment in mafic samples 

discussed in Fig 2.9. 

 

Fig 2.19 Pearce (1996) diagram classifies samples into rhyolite dacite, andesite ï basaltic andesite, and basalts 

subgroups. The andesiteïbasaltic andesite classification boundary is essential to support the 5Si-15Al-300Ti ternary 

classification of mafic and felsic samples.  

The ternary diagram produces accurate results based on comparison to the Pearce 

(1996) plot; however, as the diagram is based on silica concentrations, highly silicified or silica 

depleted samples may produce outliers by classifying mafic samples as felsic and vice versa, 

respectively. The outliers are derived on the Pearce (1996) classification diagram (Fig 2.22, 

Fig 2.23) to determine their effect on mass balance results and overall 3D targeting. The subset 

of 2500 trace samples classified using the 5Si-15Al-300Ti ternary diagram are plot on the 

Pearce (1996) classification diagram (Fig 2.22 and Fig 2.23). Using the sample count density 

function (Fig 2.22), mafic samples plot in the andesite and rhyolite parts of the diagram are 

classified as mafic outliers. The samples of felsic composition are classified as mafic because 

of intense silica depletion and are called mafic outliers. Felsic outliers are classified similarly 
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and represent highly silicified samples. Among the classified samples, 57 out of 932 felsic 

samples are classified as mafic samples (6.11% inaccuracy). At the same time, only 36 out of 

1600 mafic samples are classified as felsic samples (2.25% inaccuracy). The total sample 

inaccuracy amounts to 3.67% of the total 2532 samples. Most of the outliers plot near the 

classification boundary (Fig 2.23) and will have minimal effect on the target generation 

process. The outliers are further discussed using alteration box plots and normative ternary 

alteration diagrams. 

 

Fig 2.20 Ternary diagrams for discriminating mafic and felsic sequences. (A) Zr-15Al-300Ti diagram shows samples 

conforming to a distinct fractionation trend, and the Pearce classification is represented accurately (B) Zr is 

substituted with 5Si as a fractionation monitor, and a fractionation boundary is marked at the boundary of basaltic 

andesite and basalts 

 

Fig 2.21 The 5Si-15Al-300Ti ternary classification of mafic (green) and felsic (red) rock types is applied to 15000+ 

whole-rock geochemical samples. 
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Fig 2.22 Sample point density function applied on Pearce classification diagram used to develop outliers at 

fractionation boundary of basaltic andesite and andesite. The boundary is modified as an orange line to include the 

basaltic andesite samples in the mafic subgroup for developing outliers. 

 

Fig 2.23 Outlier  samples of the 5Si-15Al-300Ti ternary diagram (red: felsic samples and outliers; green: mafic 

samples and outliers) displayed on Pearce (1990) volcanic rock classification diagram. 

2.4.3 Quantifying alteration  

Alteration trends within the geochemical data are determined and quantified using 

different geochemical data analysis techniques, including alteration box plots, normative 

minerals, and mass gain/loss. Large et al. uses the alteration box plot that combines Ishikawa's 

(1972) alteration index (AI) with the chlorite-carbonate-pyrite index. The alteration box plot 
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provides a non-spatial 2D space to highlight the alteration trends within the geochemical data. 

The Hashimoto and CCP alteration indices quantify sericite and chlorite alteration (Large et 

al., 2001) and represent the x-axis and y-axis of the alteration box plot, respectively (Fig 2.24). 

The alteration box plot highlights the different alteration patterns in the geochemical data 

(Large et al., 2001). The geochemical dataset, classified into felsic (andesite - rhyolite) and 

mafic (basalts - basaltic andesites) rocks, are plot on the alteration box plot (Fig 2.24). The 

samples exhibit strong hydrothermal alteration trends. The main trends are formed towards the 

chlorite-pyrite, dolomite-ankerite, sericite, and albite mineral nodes, highlighted in Fig 2.24. 

However, elemental ratios are not used in 3D modelling and in developing potential targets but 

are used to affirm the trends observed in mass balance estimates and normative calculations. 

Alteration trends are also evaluated using normative mineralogy. The 

CONSONORM_LG (Trepanier et al., 2015) software uses a normative calculation procedure 

to estimate the mineralogy for low-grade metamorphic rocks (sub-greenschist). It is used to 

quantify alteration indices in terms of the ratio of alteration minerals to total minerals of rock 

except for quartz (fresh and altered samples). Using CONSONORM_LG, we have 

approximated the metamorphic parageneses of sub-greenschist metamorphic rocks for 

approximately 15,537 geochemical samples. The software calculates these normative alteration 

indices by default using a general equation. 

ὃὰὸὩὶὥὸὭέὲ ὍὲὨὩὼ
ὃὰὸὩὶὥὸὭέὲ άὭὲὩὶὥὰί

ὃὰὸὩὶὥὸὭέὲ άὭὲὩὶὥὰίὊὶὩίὬ άὭὲὩὶὥὰί
ρzππ 

Eq. ( 1) 

 

Fig 2.24 Alteration box plot showing geochemical trends using arrows. (A: Rock type ï mafic: basalt to basaltic 

andesite (green)) (B: Rock type ï felsic: andesite to rhyolite (red)). The main trends in mafic samples form towards 

the chlorite and carbonate mineral nodes, while in felsic samples, the trends form towards the chlorite, carbonate, 

epidote, albite mineral nodes (Modified after Large et al., 2001) 
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Fig 2.25 Ternary diagrams of alteration minerals showing hydrothermal alteration trends extending from the least 

altered samples (A: felsic (red) samples; B: mafic (green) samples) (MacLean and Barrett, 1993) 

Using CONSORNORM_LGôs calculation sequence of normative minerals, the 

greenschist (SchisteVert) tetrahedron model is chosen to approximate the metamorphic mineral 

assemblage, corresponding to the regional greenschist facies (P-T) conditions of the Noranda 

camp. The greenschist normative model approximates the metamorphic assemblage at 350°C 

temperature and 2.5 kbars pressure. The CONSONORM_LG greenschist model considers H2O 

and SiO2 to be in excess. The tetrahedronsô apexes correspond to the molar proportions of 

Al 2O3, CaO, FeO + MgO + MnO, and Na2O + K2O. They are designated as the A, C, FM, and 

NK apexes, respective of the ACFMNK tetrahedron (Trepanier et al., 2015). The alteration 

indices quantify chlorite and sericite alteration (Fig 2.25); they are mainly used as an added 

screening filter to identify the least altered samples (Table 2-4 Screening factors and criteria 

selected for identifying the least altered samples for mass balance calculation). 

Mass balance results are calculated using MacLeanôs multiple precursor mass balance 

method based on immobile elements (MacLean and Barrett, 1993). The rocks of multiple 

precursor systems consist of a seemingly continuous range of chemical composition along with 

a fractionation trend that may have resulted from several processes (magma mixing, 

contamination) or multiple events of volcanism. On the scatterplot of immobile elements, the 

net mass change of an altered sample is measured relative to its displacement from the 

fractionation trend (precursor composition) along the alteration line (slope). For a continuous 

fractionated volcanic series, there is potentially an infinite number of alteration lines. The 

intersections of alteration lines with the fractionation trend yield a specific precursor 

composition for each sample in terms of immobile elements. The fractionation trends using the 

least altered samples are shown in (Fig 2.26 to Fig 2.29). 
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Table 2-4 Screening factors and criteria selected for identifying the least altered samples for mass balance calculation 

S.No Screening factor Criteria 

1 ALT_PHYLLO alteration index <5% 

2 Normative Corundum in CIPW norm <5% 

3 Alteration box plots Least altered sample box 

4 Loss on ignition <4% 

5 Al/Na, Al/Na+K, Al/Na+Ca+K <9 

6 Rock type and silica content 45-55 wt% Mafic, 55-75 wt% Felsic 

7 Metal content Cu <150 ppm, Zn <200 ppm, Ba >200 ppm 

8 Mg and Fe content <7 wt% in Felsic, 10-20 wt% in Mafic 

9 Zr immobile vs. mobile elements plots Outliers 

 

Fig 2.26 Generalized fractionation trends on Al-Ti plots developed using least altered samples derived from the 

screening process. Altered samples form linear lines originating from the origin. 

Using the product of the Ti-enrichment factor and the altered sample composition, we 

derived the reconstructed composition, which is essentially the mass of the sample after 

alteration. The mass balance is calculated as the difference between the reconstructed 

composition and precursor composition. The calculations are easily adaptable to an excel sheet 

(Barrett and MacLean, 1994). 
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-ÁÓÓ &ÁÃÔÏÒ ÏÒ ÅÎÒÉÃÈÍÅÎÔ ÆÁÃÔÏÒ
4É/ ÐÒÅÃÕÒÓÏÒ

4É/ ÁÌÔÅÒÅÄ ÓÁÍÐÌÅ
 Eq. ( 2) 

2ÅÃÏÎÓÔÒÕÃÔÅÄ #ÏÍÐÏÓÉÔÉÏÎ-ÁÓÓ ÆÁÃÔÏÒ7zÅÉÇÈÔϷ ÁÌÔÅÒÅÄ ÓÁÍÐÌÅ Eq. ( 3) 

-ÁÓÓ &ÁÃÔÏÒ ÏÒ ÅÎÒÉÃÈÍÅÎÔ ÆÁÃÔÏÒ ×ÔϷ
4É/ ÐÒÅÃÕÒÓÏÒ

4É/ ÁÌÔÅÒÅÄ ÓÁÍÐÌÅ
 Eq. ( 4) 

 

Fig 2.27 Fractionation trends of A: Si and B: Al derived from the mean values of least altered samples pertaining to 

individual alteration lines  on the Al-Ti plot. The graphs show the mafic (green) and felsic (red) fractionation trend 

and their respective equations 

The calculated gain and loss are shown for a subset of 2,500 geochemical samples with 

analyzed trace elements around the West Ansil VMS deposit. A subset was chosen as it is 

difficult to discern trends in densely populated plots. The mass gain/loss samples are denoted 

as felsic and mafic (Fig 2.30 to Fig 2.33). The Fe- and Mg-enrichment trends highlight the 

chlorite alteration around the West Ansil VMS deposit, observed in both mafic and felsic 

geochemical samples. In addition, K-enrichment trends are observed in the data, highlighting 

the presence of sericite altered rocks, i.e., muscovite. The depletion trends in Na and Ca are 

representative of the destruction of feldspars and other Ca-bearing minerals. In addition, a Ca 

enrichment trend is observed, which may represent the semi-conformable epidote alteration, 

i.e., recharge zone. The graphs (Fig 2.30 to Fig 2.33) plot the precursor Ti as a fractionation 

monitor (x-axis) and major elements mass gain/loss results (y-axis). The plots highlight the 
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gains/losses of major elements associated with hydrothermally altered zones in the 

geochemical samples. 

 

Fig 2.28 Fractionation trends of A: Fe and B: Mg derived from the mean values of least altered samples pertaining to 

individual alteration lines  on the Al-Ti plot. The graphs show the mafic (green) and felsic (red) fractionation trend 

and their respective equations 

 

Fig 2.29 Fractionation trends of A: Ca and B: Na derived from the mean values of least altered samples pertaining to 

individual alteration lines on the Al-Ti plot. The graphs show the mafic (green) and felsic (red) fractionation trend 

and their respective equations 
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Fig 2.30 Mass gains and losses for A: Fe and B: Mg around West Ansil deposit. The gains in Fe and Mg are a result of 

hydrothermal alteration processes, including chlorite alteration. The felsic (red) samples range from rhyolites (low 

Ti) to andesites (high Ti) 
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Fig 2.31 Mass gains and losses for (A: Na) (B: Ca) and (C: K) around West Ansil deposit. Losses in Na and Ca are a 

result of feldspar destruction, whereas K gains highlight sericitization. Some Ca gains are observed and may be 

caused by epidotization. The felsic (red) samples range from rhyolites (low Ti) to andesites (high Ti) 
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Fig 2.32 Mass gains and losses for A: Fe and B: Mg around West Ansil deposit. The gains in Fe and Mg are a result of 

hydrothermal alteration processes, including chlorite alteration. The mafic sample (green) range from basaltic 

andesite (high Ti) to basalts (low Ti) 
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Fig 2.33 Mass gains and losses for (A: Na) (B: Ca) and (C: K) around West Ansil deposit. Losses in Na and Ca are a 

result of feldspar destruction, whereas K gains highlight sericitization. The mafic sample (green) range from basaltic 

andesite (high Ti) to basalts (low Ti)  
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2.4.4 Alteration 3D spatial relations to West Ansil 

Potential target zones are generated by examining and quantifying the 3D spatial 

relation of two independent datasets: mass gain/loss or alteration values and distance to deposit. 

The 3D relations determine the impact range of alteration on the surrounding host rock. The 

impact range defines the distance range for the interpolant in 3D alteration models. The impact 

range is determined using the subset of samples (1,718) in a 500 meter zone surrounding the 

West Ansil VMS deposit, as the majority of the data points lie within this zone (Fig 2.34).  

The 500 meter zone and the data points showing gain/loss and normative alteration 

values in 3D are highlighted in Fig 2.35 to Fig 2.41. The key 3D geochemical alteration 

signatures related to VMS deposits (gain and loss) are expressed in Fig 2.42 to Fig 2.49, that 

also displays the north-south cross-section of the 3D numeric models of sericite, chlorite 

alteration and mass gain/loss in the 500 meter zone around the West Ansil deposit. The West 

Ansil deposit is shown as an upper, middle, and lower ore lens. The cross-sections show high 

normative chlorite alteration at the center of the deposit. High normative sericite values are 

also observed near the deposit. Mass balance results of Fe and Mg show an average increase in 

gains, including K towards the center of the deposit. In addition, an increase in average Na and 

Ca losses are also observed in the central parts of the deposit lenses and are coincident with 

gains in Fe, Mg, and K. A high Ca gain zone exists just below the West Ansil deposit with Fe, 

Mg, and K loss, which might represent the recharge zone signified by prominent epidote 

alteration. A statistical representation of elements showing prominent trends towards the center 

of the 500 m domain around the West Ansil deposit is expressed in (Fig 2.50 to Fig 2.56). 

Elements showing a prominent peak or decline in mean alteration or mass gain/loss values 

towards the center of the ore deposit are selected for the targeting process. 

The impact range is determined using the estimation toolbox, which plots the mean 

values of element loss/gain or alteration indices in relation to the distance from a VMS deposit 

or any chosen domain. Leapfrog®ôs estimation toolbox analyzes the spatial association of 

elements loss/gain to the center of a chosen domain, i.e., 500 m around West Ansil deposit. 

The estimator function creates a histogram plot of sample count of adjustable bin size with the 

distance from the deposit on the x-axis (Fig 2.50-Fig 2.56). The mean values of gain/loss and 

alteration of individual bins are represented on the y-axis, whereas the sample count for 

individual bins is displayed using the third axis. The spatial plots provide the extent of 

alteration and the mean threshold value at that point. 
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The West Ansil deposit has a relatively high sample density and would produce 

accurate 3D spatial relation of the deposit to hydrothermal alteration trends. A distance-based 

3D shell is developed at 500 m around the West Ansil deposit as most of the samples points lie 

within this zone (Fig 2.34). It includes 1,718 geochemical samples with analyzed mass 

gain/loss and alteration values. Therefore, the elements showing prominent trends towards the 

center of the deposit are used to highlight camp-scale alteration zones in Noranda. The range 

of impact used to develop the 3D alteration models is measured between 450-500 meters for 

most major elements and alteration. Other elements, including Mn and P, show irregular 

patterns. The mean values of element gain/loss (Fig 2.50-Fig 2.56) show high Fe, Mg, and K 

gains along with high chlorite and sericite alteration values and high losses in Na and loss in 

Ca moving towards the center of the 500 m domain.  

 

Fig 2.34 A north -south sliced view of the 500 meter zones and the subset of 1,718 geochemical samples around the 

West Ansil VMS deposit. The West Ansil deposit has three primary  ore lenses: the upper, middle, and lower lenses. 

Trends from both sets of parameters including, normative alteration and mass balance, 

are consistent with hydrothermal alteration. The plots also show an anomalous mean value near 

the -400 m point on the x-axis (100 meters from the deposit), which is a lithological factor 

caused by the emplacement of a dyke that separates the upper-middle part from the lower part 

of the West Ansil deposit. Hydrothermal alteration results in a central chlorite-rich zone of the 



47 

 

alteration pipe, marked by Fe- and Mg-enrichment (Fig 2.50 to Fig 2.51) from 0 to -500 on the 

x-axis, where 0 marks the boundary and -500 the center of the deposit. In the sericite zone of 

proximal alteration, the feldspar breakdown causes loss in Na, Ca (Fig 2.52 to Fig 2.53) and a 

noticeable increase in K (Fig 2.54) due to sericitization. 

 

Fig 2.35 Geochemical 3D data points showing normative chlorite values. (Red = high chlorite index; Blue = low 

chlorite index). Highly chloritized samples are emphasized with larger data points in the 500 meter zone around the 

West Ansil deposit. 

 

Fig 2.36 Geochemical 3D data points showing higher normative sericite values. (Red = high sericite index; Blue = low 

sericite index). High sericite values are emphasized with lar ger data points in the 500 meter zone around the West 

Ansil deposit. 
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Fig 2.37 Geochemical 3D data points showing values of Fe gains/losses. (Red (positive values) = high Fe gains; Blue 

(negative values) = high Fe loss). The larger data points emphasize Fe-rich zones in relation to West Ansil. 

 

Fig 2.38 3D data points showing values of Mg gains/losses. (Red (positive values) = high Mg gains; Blue (negative 

values) = high Mg loss). Data points with a higher radius represent high Mg gain values. 
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Fig 2.39 3D data points showing increased mass gains/losses of K , (Red (positive values) = high K gains; Blue 

(negative values) = high K loss). High K gains are shown as larger datapoints. 

 

Fig 2.40 3D data points of fixed size highlighting loss values (negative value) for Na < -3: (Red (positive values) = high 

Na gains; Blue (negative values) = high Na loss). 



50 

 

 

Fig 2.41 3D data points with fixed size highlight ing loss values (negative value) for Ca. The data points show Ca loss 

values < -4. The color codes for Ca-loss values are shown in the legend. 

 

Fig 2.42 2D N-S section view of West Ansil deposit in the 500 meter zone and 3D geochemical data points. The West 

Ansil is highlighted as the upper, middle, and lower lens in relation to exhalites surfaces and the Flavrian pluton. 
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Fig 2.43 2D N-S cross-section of West Ansil deposit showing normative chlorite alteration index, high values are 

represented in red while low values are magenta. Normative chlorite alteration index > 60 at the central part of the 

deposit. 

 

Fig 2.44 2D N-S cross-section of West Ansil deposit showing normative sericite alteration index, high values are 

represented in red while low values are magenta. Sericite alteration index is > 15 proximal to the deposit.  
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Fig 2.45 2D N-S cross-section of West Ansil deposit showing mass gains of Na major elements, high values (positive) 

of Na gain are represented in red while low values of Na loss are magenta. Na loss is present in the central part of the 

deposit, with another pocket located slightly north of the deposit. 

 

Fig 2.46 2D N-S cross-section of West Ansil deposit showing mass gains of Ca major elements, high values (positive) 

of Ca gain are represented in red while low values representing Na loss are magenta. Ca loss is associated with the 

central part of the deposit, with another pocket located slightly north of the deposit. In addition, a prominent gain in 

Ca is located below the deposit. 

Na2O3 
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Fig 2.47 N-S cross-section of West Ansil deposit showing mass gains of Fe, high (positive) values of Fe gain are 

represented in red while low (negative) values representing losses are magenta. Fe gains occupy the central zones of 

all three lenses, with significant losses occurring below the deposit. 

 
Fig 2.48 N-S cross-section of West Ansil deposit showing mass gains of Mg, high (positive) values of Mg gains are 

represented in red while low (negative) values representing losses are magenta. Mg high concentration zones are 

closely associated with the lower and upper lens. In addition , major losses in Mg are observed below the deposit. 

FeO 
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Fig 2.49 2D N-S cross-section of West Ansil deposit showing mass gains of K, high (Positive) values are represented in 

red while low (negative) values representing losses are magenta. K gains are observed near the deposit, with 

prominent loss below the deposit. 

 

Fig 2.50 Graphical representation of spatial relation of 

mean Fe gain/loss values inside the 500 meter zone, 

from the boundary (0) to center of West Ansil VMS 

deposit (-500). The trend shows a mean increase in 

gain towards the center of deposit. 

 

Fig 2.51 Graphical representation of spatial relation of 

mean Mg gain/loss values inside the 500 meter zone, 

from the boundary (0) to center of West Ansil VMS 

deposit (-500). The trend shows a mean increase in gain 

towards the center of deposit. 

K2O 
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Fig 2.52 Graphical representation of spatial relation of 

mean Na gain/loss values inside the 500 meter zone, 

from boundary (0) to center of West Ansil VMS 

deposit (-500). The trend shows a mean increase in loss 

towards the center of deposit. 

 

Fig 2.53 Graphical representation of spatial relation of 

mean Ca gain/loss values inside the 500 meter zone, 

from boundary (0) to center of West Ansil VMS deposit 

(-500). The trend shows a mean increase in loss towards 

the center of deposit. 

 

 

Fig 2.54 Graphical representation of spatial relation of K gain/loss values to center of 500 meter zone around West 

Ansil VMS deposit. The trend shows a mean increase in gain towards the center of deposit. 
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2.4.5 3D camp scale geochemical/numeric modelling of alteration integrated 

with key structural trends 

Using a well-constrained dataset for West Ansil, elements are highlighted that show 

prominent alteration and mass gain/loss trends to the center of deposit and the range of these 

trends. The results highlight the appropriate parameters for the development of camp-scale 3D 

models of mass gain/loss and alteration values using the entire dataset for camp scale 3D 

numeric modelling. 

Using MacLeanôs (1993) multiple precursor method, elemental gain/loss of elements 

have been estimated for approximately 15,557 whole-rock geochemical samples. The results 

are modelled in 3D to highlight regions with high gains and losses of major elements (Fe, Mg, 

K, Na, and Ca). Several camp-scale numeric models are created that generate iso-surfaces 

based on the first and third quartile of the gain and loss values of key major elements, including 

Fe, Mg, K, Na, and Ca. These areas of element gains and losses highlight the alteration 

processes caused by hydrothermal fluid flow through the host rock. The 3D spatial zonation of 

element gains/losses, e.g., Fe, Mg, and K gains, coincides with Na and Ca losses, which is 

consistent with proximal alteration patterns associated with VMS deposits (Large, 1992; 

 

Fig 2.55 Graphical representation of spatial relation of 

chlorite index values to center of 500 meter zone 

around West Ansil VMS deposit. The trend shows a 

mean increase in alteration values towards the center 

of deposit. 

 

Fig 2.56 Graphical representation of spatial relation of 

sericite index values to center of 500 meter zone around 

West Ansil VMS deposit. The trend shows a mean 

increase in alteration values towards the center of 

deposit. 
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Gibson et al., 2007a; Piercey, 2009). The 3D models are anisotropic and incorporate trends 

developed from synvolcanic faults and exhalites. These trends (Fig 2.57) are applied to 

represent the flow of hydrothermal fluid along these zones, i.e., synvolcanic faults and 

exhalites.  

 

Fig 2.57 Structural vario grams generated directly from important structural and stratigraphic surfaces (synvolcanic 

faults (red) and exhalites (blue) 

The extraction of structural information directly from these synvolcanic faults and 

exhalite surfaces creates a flat anisotropy in the direction of a defined surface. The surfaces 

determine the local trend for the interpolant at each point on the surface. This is ideal for 

modelling mass gain/loss along the complex fault and exhalite structures as these structures 

represent the conceptual pathways for the flow of hydrothermal fluids. The range of these 

trends dissipates over a range of 300 meters from these structures, and beyond the range of 300 

meters from these structures, the model returns to isotropy. The main faults and exhalite 

surfaces used for the structural trends are highlighted in Fig 2.17 and Fig 2.18.  

3D numeric models of alteration and mass gains/loss are developed and incorporated 

with structural trends. Camp-scale numeric models are shown in a 2D view in Fig 2.59 to Fig 

2.64. Using a consistent legend for the numeric models in the following images, the zones 

shown in blue represent element gains while those in red represent element losses. The position 

of VMS deposits is marked as reference points, highlighting the relation of the deposits to the 
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3D models. The results from 3D modelling show pockets of areas with a high level of gains in 

Fe, Mg (Fe- and Mg- chlorite) and K (sericite) generally overlapping with a substantial loss in 

Na and Ca (breakdown of feldspar). Using the graphical representation of spatial relations at 

West Ansil, the values for gain and loss (Fig 2.59 to Fig 2.62) are set after the first and third 

quartiles of the sampled data, respectively. The values for the alteration index (Fig 2.64) only 

represent the third quartile of the sampled data.  

Some pockets of alteration are larger and form trends, while others are isolated, small, 

and do not conform to any large scale zones. Most of the larger pockets of alteration are 

observed in areas where hydrothermal up-flow zones are reactivated in multiple volcanic 

cycles, such as the Millenbach area (Monecke et al., 2017). These zones are further developed 

in a 3D block model using a category classification (Table 2-5), which shows that most of these 

zones are aligned with major synvolcanic structures (Fig 2.65). In addition to geochemical 

modelling, several distance-based models are also created to develop and highlight favorable 

zones around key mesh surfaces, i.e., synvolcanic faults and exhalites. The distance based 

modelling develops buffer zones around the selected 3D surface at the prescribed distances. 

However, any value can be applied for the distance-based models for building proximity 

queries when integrated into the 3D block model.  

 

Fig 2.58 3D numeric models of gains and losses of Fe estimated from mass balance calculations, location of VMS 

deposits are projected on the topography 
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Fig 2.59 3D numeric models of gains and losses of Mg estimated from mass balance calculations, location of VMS 

deposits are projected on the topography 

 

Fig 2.60 3D numeric models of gains and losses Ca estimated from mass balance calculations, location of VMS 

deposits are projected on the topography 
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Fig 2.613D numeric models gains and losses of Na estimated from mass balance calculations, location of VMS 

deposits are projected on the topography 

 

Fig 2.62 3D numeric models gains and losses of K estimated from mass balance calculations, location of VMS deposits 

are projected on the topography 

 

 



61 

 

 

Fig 2.63 3D numeric models of normative chlorite  alteration indices estimated from CONSONORM_LG, location of 

VMS deposits are projected on the surface. Values for chlorite  3D alteration haloes are set at >20, and the legend 

represents the colour codes. 

 

Fig 2.64 3D numeric models of normative sericite alteration indices estimated from CONSONORM_LG and the 

location of VMS deposits are projected on the surface. The value for sericite 3D alteration haloes is set at >10, and the 

legend represents the colour codes. 
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2.4.5.1 Proximal alteration zones 

The 3D alteration models are integrated into the 3D block model, and individual blocks 

are categorized into different alteration zones based on the gain and loss values of major 

elements. The alteration zones are based on gains and losses of major elements to highlight 

proximal hydrothermal alteration zones in the Noranda camp. These zones are verified with 

normative alteration index values. Most of the alteration zones are aligned with major 

synvolcanic structures (Fig 2.65). The classification is based on the gains/losses associated 

with chlorite and sericite alteration. It is carried out using the ñif (::) conditional statementò for 

assigning categories to gains/losses of elements. The classification includes Fe-chlorite (Fe 

gains), Mg-chlorite (Mg gains), and sericite (K gain, Na & Ca loss) alteration. The resultant 

blocks exhibit prominent zoning of gains and losses as Fe-chlorite is enveloped in Mg-chlorite 

and sericite. They are well developed near synvolcanic faults signifying hydrothermal upflow 

zones and recharge zones. The target generation criteria are discussed in the subsequent section. 

Table 2-5 Block model category classification of element gain/loss 

i f 

{([K2O] > 0.5 or [Na2O3] < -2 or [CaO] < -3) or ([MgO]> 1 or [Fe2O3] > 2ύ Ҧ  ƛŦ 

([Fe2O3ϐ Ҕ мΦр Ҧ ΨCŜ-/ƘƭƻǊƛǘŜΩ 

([MgO]) > 0.5 Ҧ ΨaƎ-/ƘƭƻǊƛǘŜΩ 

hǘƘŜǊǿƛǎŜ Ҧ Ψ{ŜǊƛŎƛǘŜ ŀƭǘŜǊŀǘƛƻƴΩ 

[CaO] > 1 or Na2O3 > 0.5 Ҧ Ψ9ǇƛŘƻǘŜ/albite ŀƭǘŜǊŀǘƛƻƴΩ  

hǘƘŜǊǿƛǎŜ Ҧ Ψ¦ƴŎƭŀǎǎƛŦƛŜŘΩ  

 

Fig 2.65 Block model query highlighting alteration zones based on gains/losses of major elements associated with 

proximal alteration zones. The zones are shown in association with synvolcanic faults. The Fe chlorite zones are 

enveloped by Mg chlorite and sericite alteration 
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2.4.6 Target generation 

The difference in VMS formation in the Main and South camps resulted in two separate 

block models with their respective targeting queries. The individual block dimensions are 

50x50x50 m3. The Main camp block model constitutes 4,045,000 blocks, while the South camp 

block model comprises 701,800 blocks. The Main and South camp 3D block models are 

defined north and south of the Beauchastel fault, respectively. Several 3D models are integrated 

into the 3D block model, including the 3D geological model, 3D numeric models (property 

queries), and 3D distance based models (proximity queries). The queries are developed using 

the calculation and filters tool section of the 3D block model. The calculations and filters 

section of the 3D block model uses estimators and data based on defined queries to derive new 

values and classifications. It is a powerful and versatile tool based on purely functional 

language to carry out complex calculations. Proximal alteration zones are highlighted using the 

numeric parameters based on the 3D spatial relations by applying proximity and property 

queries. The specific data and 3D models integrated into the 3D block model include the 3D 

numeric models of elemental mass gain/loss (Fe, Mg, Ca, Na, K), lithologies from the 3D 

geologic model, distance-based models of individual exhalite, synvolcanic faults, and VMS 

deposits. 

 

Fig 2.66 Block model queries using proximity filters to show zones within 200 meters of synvolcanic faults. VMS 

deposits are shown in relation to these faults. 

The queries highlight hydrothermally altered zones based on mass gain/loss data in the 

vicinity of synvolcanic faults and exhalites. The spatial proximity queries included blocks 

within 200 m of exhalites and 200 m of synvolcanic faults (Fig 2.66 and Fig 2.67). The resultant 
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block shows alteration zones at the intersection of synvolcanic faults and exhalites (Fig 2.68). 

Unexplored zones are highlighted by excluding zones proximal to drillholes (Fig 2.69) 

(distance to drillholes > 200 m). The exhalite based function was excluded from the Noranda 

South camp queries as the deposits are hosted mainly in volcaniclastic lithology, which does 

not necessitate the presence of exhalites.  

 

Fig 2.67 Block model queries using proximity filters to show zones within 200 meters of exhalite along with known 

VMS deposits. 

 

Fig 2.68 Block model queries using proximity filters and the alteration classification to show alteration zones within 

150 m of exhalites and 250 of synvolcanic faults. Fe and Mg gains are classified as Fe-chlorite and Mg-Chlorite, 

respectively. K gains combined with Na and Ca loss are classified as sericite. 
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Fig 2.69 Final targets from block model query filtering and the main fault block. The targets in the Main camp, MCT 

1 ï MCT 6 , are located in fault block-5, while MCT 7 is located in fault block 3. South camp targets, SCT 1 and SCT 

2, are located in fault block 2. 

The final 3D block model results display deep unexplored alteration zones restricted to 

synvolcanic and exhalite structures as a function of the proximity query. The resultant blocks 

highlight nine zones with a high number of new blocks representing alteration zones that may 

lead to potential targets for mineralization. The highest Fe-chlorite blocks (Fe gains > +2 gm) 

of the individual zone are set as potential targets.  

Potential targets of Noranda Main camp are named MCT-1 to MCT-7, and South camp 

is termed SCT-1 and SCT-2. The targets are evaluated in terms of alteration values and their 

nearest spatial association with synvolcanic fault, exhalite and other proximal features such as 

high metal concentration using assayed and geochemical data. The target zones, in general, 

show relatively moderate to high gains in Fe, Mg, and K combined with relatively moderate to 

high Na and Ca losses due to alteration (Table 2-6 and Table 2-7). Further analysis of the targets 

is carried out in 3D space against assay and geochemical concentration of Cu, Zn, Ag, and Au. 

The assay data allows to relate any high metal concentrations to the hydrothermal alteration 

around the exploration targets. Besides precious and base metal concentrations, the targets are 

also visually evaluated with drill hole traces to exclude any previously explored zones while 

ensuring sufficient drillhole spacing, representing enough new zones/blocks to allow for 

possible mineralization.  
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Table 2-6 Table of attributes of Noranda Main camp targets 

Target Location 
Exhalite and 
Synvolcanic 

fault 
Gains Loss 

Alteration 
index 

MCT-1 X = 642264.5211 

Y = 5353169.3862 
Z = 906 m 

Beecham breccia 

Amulet-F fault 

Fe = 2.3 

Mg = 1 
K = 0.7 

Na = -0.4 

Ca = -1.7 

Chlorite = 39 

Sericite = 16 

MCT-2 X = 641527.3264 

Y = 5353648.4801 
Z = 520 m 

Beecham breccia 

Amulet-F fault 

Fe= 2.5 

Mg = 2.0 
K = 0.25 

Na = 0.1 

Ca = -3.75 

Chlorite = 35 

Sericite = 12 

MCT-3 X = 641028.3906 

Y = 5354331.2398 
Z = 1274 m 

Lewis exhalite 

Old Waite fault 

Fe = 0.05 

Mg = 2.1 
K = 0.3 

Na = -0.2 

Ca = -0.4 

Chlorite = 24 

Sericite = 19 

MCT-4 X = 641226.5188 

Y = 5352319.7356 
Z = 905 m 

Corbet exhalite 

Despina fault 

Fe = 2 

Mg = 0.9 
K = 0.04 

Na = -0.2 

Ca = -3 

Chlorite = 25 

Sericite = 15 

MCT-5 X = 643285.6909 

Y = 5351762.6841 
Z = 1123 m 

Beecham breccia 

Amulet-Millenbach 
fault 

Fe = 0.5 

Mg = 1.1 
K = 0.15 

Na = -0.2 

Ca = -2.9 

Chlorite = 35 

Sericite = 16 

MCT-6 X = 641624.5546 

Y = 5353584.6093 
Z = 980 m 

Corbet exhalite 

Amulet-F fault 

Fe = 2 

Mg = 1 
K = 0.25 

Na = -0.8 

Ca = -3 

Chlorite = 42 

Sericite = 16 

MCT-7 X = 642062.4760 
Y = 5358250.8980 

Z = 1660 m 

Beecham breccia 
E-W fault 

Fe = 2.07 
Mg = 2 

K = 0.5 

Na = -2.5 
Ca = -3 

Chlorite = 32 
Sericite = 10 

 

Table 2-7 Table of attributes of Noranda South camp targets  

Target Location Gains Loss 
Alteration 

index 
SCT-1 X = 644177.5845 

Y = 5348495.6693 

Z = 950 m 

Fe = 2.4 
Mg = 0.6 

K = 0.4 

Na = -1.25 
Ca = -2.5 

Chlorite = 35 
Sericite = 8 

SCT-2 X = 645664.4699 
Y = 5348338.8633 

Z = 612 m 

Fe = 2.5 
Mg = -0.1 

K = 0.4 

Na =-1.4 
Ca = -4.9 

Chlorite = 44 
Sericite = 10 
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2.5 Discussion 

2.5.1 Effects of sample classification on quantifying alteration 

The geochemical classification is a key step in quantifying alteration, and it is essential 

to understand the limitations of the classification in mass balance calculation and quantifying 

alteration. Therefore, a subset of samples with analyzed trace element data are used to highlight 

the outliers of the ternary classification diagram (Fig 2.23). The outliers in the subset data are 

used to estimate the percentage of outliers in the geochemical dataset. Most trace element 

samples (3624 samples) are located proximal to Horne and West Ansil deposits, and the 

remaining 1,578 samples are widely dispersed throughout the camp with low sample density 

in 3D space. The subset of trace elements is a good representation of the entire geochemical 

data as it includes samples from all modelled lithologies. The sample subset effectively 

highlights any alteration patterns in the outliers. Diagrams used to interpret the effect of outliers 

based on silica mobility include normative alteration diagrams (Fig 2.70) and alteration box 

plots (Fig 2.71). 

 

Fig 2.70 A: Mafic samples and outliers, B: Felsic samples and outliers - Ternary diagrams of alteration minerals 

(MacLean and Barrett, 1993) showing hydrothermal alteration trends extending from the least altered (black circle) 

zone based on sample density 

The outlier samples on ternary normative alteration diagrams (MacLean and Barrett, 

1993) and alteration box plots (Large et al., 2001) highlight alteration trends within the outlier 

subgroup. Most are randomly distributed and do not conform to any individual alteration trends 

or mineral nodes. However, a relatively higher number of felsic and mafic outlier samples plot 

towards the chlorite and silica end-point on the normative alteration diagram (Fig 2.70), 

representing extreme silica mobility conditions. However, the results show that more mafic 

A B 
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samples are silicified and classified as felsic outliers. A similar random pattern of outliers are 

observed on the Alteration Box Plot (Large et al., 2001), wherein high silica mobility causes 

the random distribution of the outliers but with a relatively higher number of samples plotting 

towards the chlorite, dolomite, and epidote end member while most plotting in the least altered 

sample zones. An albite trend is also observed in felsic outliers. The random distribution 

suggests that the classification outliers are not part of an individual subgroup of alteration. 

However, a slight bias may occur in chloritized samples.  

 

Fig 2.71 A: Mafic samples with mafic outliers and B: Felsic samples with outliers are shown on an alteration box plot. 

Most outliers plot randomly, while there are some trends towards chlorite in both mafic and felsic samples. 

Additional trends occur towards albite and carbonate mineral nodes in the felsic samples. 

On the other hand, outlier samples account for only 3.67% of the total 1,500+ samples 

in the subgroup. Using the same percentage, the number of outliers in the entire geochemical 

dataset amounts to 450 samples. In addition, the effect of the known outlier samples in the 

target generation process is analyzed in a 3D scene. The outlier samples have anomalous values 

in terms of mass balance, which is resolved using the nugget tool. The nugget tool emphasizes 

the average values of samples surrounding the outliers rather than the outlier data points 

themselves (Seequent, 2019). The nugget effect is set at 20% of the variance in data. 

2.5.2 Geochemical relation to VMS deposits 

The 3D data points showing quantified alteration results in 3D demonstrate the 3D 

alteration patterns around VMS deposits, in particular the West Ansil VMS deposit (Fig 2.50 

A 

B 
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